
Quantum Correlations of Neutral Charmed
Mesons at the BESIII Experiment

Alex Gilman

University of Liverpool

January 27th, 2025

1/28



2/28

Outline

Introduction

Quantum Correlations in e+e− → ψ(3770)

Correlations in e+e− → XDD

Future Prospects & Summary

Gilman University of Liverpool
Quantum Correlated DD at BESIII



3/28

Outline

Introduction

Quantum Correlations in e+e− → ψ(3770)

Correlations in e+e− → XDD

Future Prospects & Summary

Gilman University of Liverpool
Quantum Correlated DD at BESIII



4/28

Quark Flavour Physics and CKM Unitarity
I Precision measurements of hadrons constrain new physics energy

scales much higher than those achievable from direct searches with
modern colliders (104 GeV–1010 GeV)

I One avenue is testing unitarity of Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix, which rigidly constrains quark flavour
transitions in the SM.

I Can construct B-meson Unitarity Triangle from one such constraint
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Unitarity Tests
I Numerous measurements can constrain the Unitarity Triangle apex
I γ ≡ arg

(
−VudV∗

ub
VcdV∗

cb

)
, along with |Vub|

|Vcb| , allows for a determination of
the apex from processes that proceed through tree-level SM
interactions.

I The apex can also be determined from loop-level observables
I Difference between the two gives strong evidence for new physics
I Tree-level determination, especially γ, provides limiting uncertainty

Kεdm∆ sm∆& dm∆

βsin 2
(excl. at CL > 0.95)
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Measuring γ
I γ: Interference of tree-level amplitudes of B → Dh
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A
(
B→D0h

)
A
(
B→D̄0h

) = rBrDei(δB+δD+γ) A
(
B̄→D̄0h

)
A
(
B̄→D0h

) = rBrDei(δB+δD−γ)

I Can determine γ with negligible theoretical uncertainty excluding
tree-level new-physicsa, provided B and D amplitude parameters

I For given B → Dh process, can determine solution in (γ, rB, δB)
space through observations with D-decays of varying strong phases

I Similar relationship between parameters that characterise neutral
charm-meson mixing and strong phases

a Brod and Zupan, JHEP 01 (2014) 051
Brod, Lenz, Tetlalmatzi-Xolocotzi, and Wiebusch, PRD 92 (2015) 033002
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Beijing Electron-Positron Collider Mk. II (BEPCII)
I Symmetric e+e− collider
I Diameter of storage rings: ∼ 75 m
I ECM : 2 − 5 GeV

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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Beijing Electron Spectrometer III (BESIII)
I Hermiticity: 93% of 4π
I Drift Chamber: σp/p = 0.5%

at 1 GeV
I Time-of-Flight: σ = 80 ps
I EMC: σE/E : 2.5% at 1 GeV
I Superconducting Solenoid: 1T
I MUC: 9 layer RPC Muon

System
I Some notable differences of

charm decays at other
experiments

I Low boost ⇒ (almost) no
displaced vertices
[Exceptions: K0

S → ππ
and Λ → pπ]

I Momentum of final state
particles in the lab frame:
50 − 1500 MeV/c

I ∼ 100% trigger efficiency
I Excellent e+ ID, muons

more challenging!
Gilman University of Liverpool
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BESIII Physics Program
I In March 2025, BESIII published its 700th paper. Primary

topics of interest:
I Light Hadron Physics

I e.g. Weak phases in double-strange baryons, Nature 606,
64-69 (2022)

I R-value inputs to g − 2
I e.g. PRL 128, 062004 (2022)

I Precision τ Physics
I Projected uncertainty on τ mass < 0.1 MeV

I Charmonium and Exotic Hadron Spectroscopy
I e.g. Discovery of Zc(3900)/ Tb

ψ1(3900) in 2013
I Open-Charm Physics:

(D0(cu),D+(cd),D+
s (cs),Λ+

c (cdu), ...)

Gilman University of Liverpool
Quantum Correlated DD at BESIII

https://www.nature.com/articles/s41586-022-04624-1
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CP-symmetry induced correlations in e+e− → XDD̄

I e+e− → γ∗ → XD0D̄0 constrains the aggregate of final state particles to
the C -eigenvalue of the photon, C = −1.

I If CP is a good symmetry in D0 decays, then the D0 and D̄0 decays must
be correlated to state of definite CP.

I First published by Goldhaber and Rosnera with the first measurement from
the CLEO collaborationb with data at e+e− → ψ(3770) → DD̄ to measure
δD in D0 → K−π+

a M. Goldhaber and J. Rosner, PRD 15 (1977) 1254
b CLEO, PRD 80 (2008) 072001
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Quantum Correlations at ψ(3770)

𝛾∗
𝑒!𝑒"

Tag 𝐷##

Signal 𝐷#

𝜋"

𝐾$#

CP Eigenstates
Flavour Eigenstates

Self-Conjugate

𝜋!

I In e+e− → γ∗ → DD, D0 and D0 are constrained to C = −1 :

P(D0D0 → X1X2)

P(D0 → X1)P(D0 → X2)
= 1+

(
rX1

D rX2
D

)2
−2rX1

D rX2
D cos

(
δX1

D + δX2
D

)
I BESIII has collected 20.3 fb−1 at ECM = 3.773 GeV:

I 2.9 fb−1 in 2011
I 17.4 fb−1 in 2022-2024
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Quantum-Correlated Tag Decay Modes
I Flavour Tags

I D0 → K+e−ν, is flavour-definite, so allow for a normalising
determination of P

(
D0 → X

)
I Cabibbo-favoured decays, e.g. D0 → K+π−, used as quasi-flavour

tags
I CP Tags

I D0 → ππ,K+K−,K0
Sπ

0, etc. are CP-eigenstates
(neglecting O(10−3) CP violation)

I D0 → π+π−π0 has high coherence (Rπππ0

D ≈ 95%), so it can be
treated as an approximate CP eigenstate.

P(D0D0 → X kCP)

P(D0 → X)P(D0 → kCP)
= 1 +

(
rX

D
)2 ∓ 2RkCP

D rX
D RX

D cos
(
δX

D
)

I Note that other tags with non-trivial phases needed to determine
sin

(
δX

D
)
, e.g. K0

S/Lπ
+π−

Gilman University of Liverpool
Quantum Correlated DD at BESIII



14/28

Strong Phases in D0 → K 0
S ,Lπ

+π−

I Using 7.9 fb−1 of data @ ECM = 3.773 GeV
I Measurement of D0/D0 → K0

Sπ
+π− strong phase parameters ci [si ] ≡

amplitude-weighted cos [sin] δD in phase-space bin i
I Phase space described by m± ≡ m

(
K0π±)

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

E2
beam − p2

D or M2
missI In terms of fractional yields of flavour-tagged K0

Sπ
+π− ≡ Ki

I K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki + K−i + 2ci

√
KiK−i

)
I K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT
(
KiK−j + K−iKj ∓

√
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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Binning schemes from
CLEO PRD 82,112006 (2010)

Green points are determined with constraints between KS,L amplitudes
Red points without constraints
Blue points are predictions from
BaBar and Belle,
PRD 98, 110212(2018)
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S
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� 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).
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Strong Phases in D0 → K 0
S ,Lπ

+π−

I Using 7.9 fb−1 of data @ ECM = 3.773 GeV
I Measurement of D0/D0 → K0

Sπ
+π− strong phase parameters ci [si ] ≡

amplitude-weighted cos [sin] δD in phase-space bin i
I Phase space described by m± ≡ m

(
K0π±)

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

E2
beam − p2

D or M2
miss

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

+π− ≡ Ki

I K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki + K−i + 2ci

√
KiK−i

)
I K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT
(
KiK−j + K−iKj ∓

√
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. 
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[Optimized sensitivity] [Optimization including backgrounds][minimum variation in DdD]
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Binning schemes from
CLEO PRD 82,112006 (2010)

Green points are determined with constraints between KS,L amplitudes
Red points without constraints
Blue points are predictions from
BaBar and Belle,
PRD 98, 110212(2018)
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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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Strong Phases in D0 → K 0
S ,Lπ

+π−

I Using 7.9 fb−1 of data @ ECM = 3.773 GeV
I Measurement of D0/D0 → K0

Sπ
+π− strong phase parameters ci [si ] ≡

amplitude-weighted cos [sin] δD in phase-space bin i
I Phase space described by m± ≡ m

(
K0π±)

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

E2
beam − p2

D or M2
missI In terms of fractional yields of flavour-tagged K0

Sπ
+π− ≡ Ki

I K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki + K−i + 2ci

√
KiK−i

)
I K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT
(
KiK−j + K−iKj ∓

√
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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Binning schemes from
CLEO PRD 82,112006 (2010)

Green points are determined with constraints between KS,L amplitudes
Red points without constraints
Blue points are predictions from
BaBar and Belle,
PRD 98, 110212(2018)
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Strong-phase parameters in DÆK
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� 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
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3,4 g in Low yields
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Strong Phases in D0 → K 0
S ,Lπ

+π−

I Using 7.9 fb−1 of data @ ECM = 3.773 GeV
I Measurement of D0/D0 → K0

Sπ
+π− strong phase parameters ci [si ] ≡

amplitude-weighted cos [sin] δD in phase-space bin i
I Phase space described by m± ≡ m

(
K0π±)

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

E2
beam − p2

D or M2
miss

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

+π− ≡ Ki

I K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki + K−i + 2ci

√
KiK−i

)
I K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT
(
KiK−j + K−iKj ∓

√
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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Strong Phases in D0 → K 0
S ,Lπ

+π−

I Using 7.9 fb−1 of data @ ECM = 3.773 GeV
I Measurement of D0/D0 → K0

Sπ
+π− strong phase parameters ci [si ] ≡

amplitude-weighted cos [sin] δD in phase-space bin i
I Phase space described by m± ≡ m

(
K0π±)

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

E2
beam − p2

D or M2
missI In terms of fractional yields of flavour-tagged K0

Sπ
+π− ≡ Ki

I K0
Sπ

+π− vs. CP tag: M±
i = hCP

(
Ki + K−i + 2ci

√
KiK−i

)
I K0

Sπ
+π− vs. K0

S,Lπ
+π− tag:

Mij = hDT
(
KiK−j + K−iKj ∓

√
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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Phases in D0 → K−π+π+π−

•Measurement of phase-space-averaged δD, coherence factors R,
and amplitude ratios rD with 2.9 fb−1

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

60 80 100 120 140
γ [o]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

∆
χ
2

With Binning No Binning

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

πK3R

0

50

100

150

200

250

300

350

)
o (

π
K

3

D
δ

Bin 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

πK3R

0

50

100

150

200

250

300

350

)
o (

π
K

3

D
δ

Bin 2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

πK3R

0

50

100

150

200

250

300

350

)
o (

π
K

3

D
δ

Bin 3
=2.302χ∆

=6.182χ∆
=11.832χ∆

Prediction

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

πK3R

0

50

100

150

200

250

300

350

)
o (

π
K

3

D
δ

Bin 4

Gilman University of Liverpool
Quantum Correlated DD at BESIII

https://link.springer.com/article/10.1007%2FJHEP05%282021%29164
https://arxiv.org/abs/1909.10196


15/28

Phases in D0 → K−π+π+π−

•Measurement of phase-space-averaged δD, coherence factors R,
and amplitude ratios rD with 2.9 fb−1

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

60 80 100 120 140
γ [o]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

∆
χ
2

With Binning No Binning

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

πK3R

0

50

100

150

200

250

300

350

)
o (

π
K

3

D
δ

Bin 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

πK3R

0

50

100

150

200

250

300

350

)
o (

π
K

3

D
δ

Bin 2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

πK3R

0

50

100

150

200

250

300

350

)
o (

π
K

3

D
δ

Bin 3
=2.302χ∆

=6.182χ∆
=11.832χ∆

Prediction

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

πK3R

0

50

100

150

200

250

300

350

)
o (

π
K

3

D
δ

Bin 4

Gilman University of Liverpool
Quantum Correlated DD at BESIII

https://link.springer.com/article/10.1007%2FJHEP05%282021%29164
https://arxiv.org/abs/1909.10196


16/28

Strong phases in D0 → K+K−π+π−
PRD 112 (2025) 012015
I Analysis of full 20.3 fb−1 sample @ ECM = 3.773 GeV
I Measurement of ci/si in four bins of D → K+K−π+π− phase space:

ci/si ∝
ˆ

dΦi ADĀD cos / sin (δD)

I Binning of 5-D phase-space optimisedc for measurement of CKM angle γ
I Yields determined for DD → K+K−π+π− vs:

I 3 quasi-flavour tags (K+π−,K+π−π0,K+π−π+π−)
I 10 CP tags
I K0

Sπ
+π− and K0

Lπ
+π−

I Part. reco. D → K+
missK−π+π− also included

ci/si from combined analysis of all yields
Compared to predictions from amp. model

Results employed in LHCb-PAPER-2025-019
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c LHCb, EPJC 83 (2023) 547
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Impacts on beauty-sector CPV Measurements
B+ → D[K0

S h+h−]K+ B+ → D[K3π]K+

using K3π binning
LHCb, JHEP02 (2021), 169 LHCb, JHEP 07 (2023) 138
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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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12
γ =

(
68.7+5.2

−5.1
)◦

from ∆δ
K0

S h+h−

D ∼ ±1◦

γ =
(
54.8+6.0

−5.8
+0.6
−0.6

+6.7
−4.7

)◦
from ∆δK3π

D =+6.7
−4.7!

2025 LHCb Combination LHCb-CONF-2025-003:
γ = (62.8 ± 2.6)◦, with ∼ 1◦ uncertainty from BESIII inputs
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Impacts on charm-sector CPV /Mixing Measurements
I LHCb average of D → K0

Sπ
+π− measurements from

arXiv:2208.06512
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∆δ
K0

Sπ
+π−

D ∼ 50% of total uncertainties on xCP , yCP
and ∼ 15% of total uncertainties on ∆x and ∆y

Major improvements to come with 20.3 fb−1 sample
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Outline

Introduction

Quantum Correlations in e+e− → ψ(3770)

Correlations in e+e− → XDD

Future Prospects & Summary

Gilman University of Liverpool
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Looking beyond e+e− → DD
I QC D0D0 pairs should exist at higher energies from e+e− → XDD

with C = (−1)nγ+1 for X with nγ photons.
I C -even constrained pairs have linear sensitivity to charm-mixing

effects, enhanced 2× relative to flavor-definite D mesons.

P([D0D0
]C → X1X2)

P(D0 → X1)P(D0 → X2)
= 1 +

(
rX1

D rX2
D

)2
+ 2CrX1

D rX2
D cos

(
δ

X1
D + δ

X2
D

)
+ (1 + C)O(x, y)

I The simplest example is e+e− → D∗0D̄0 → (γ/π0)D0D̄0, and the
recognition of prospects for probing the effects of charm mixing has
been long-recognised in literaturea

I Proposal for time-dependent studies of cc̄ → XDD at the LHC/Belle
II to probe T and CPT violationb .

a See appendix for citations
b P. Naik, JHEP 03 (2023) 038
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Correlations beyond ψ(3770) → DD
I BESIII has collected data at ECM = 4.13 − 4.23 GeV, where

e+e− → D∗0D̄0 and e+e− → D∗0D̄∗0

I This produces numerous different possibilities for producing DD:

FIG. 6: Exclusive cross sections for two-body and multi-body charm-meson final states, and total
observed charm cross section with combined statistical and systematic uncertainties.

EvtGen were varied from their nominal shapes. While a qualitative constraint of consistency
with our measured cross sections was imposed, some extreme variations are included in the
final systematic uncertainty. Both the direct e↵ect on the fitted yield of varying a specific
mode and the indirect e↵ect of varying other modes were computed, although the former
dominates in quadrature.

The yields for Ds final states are determined by direct counts after cutting on Mbc and
�E. Systematic uncertainty arises in these measurements if the Monte Carlo simulation
does not provide an accurate determination of the associated e�ciency. This is probed by
adjusting the selection criteria and recomputing the cross sections, again using the high-
statistics sample at 4170 MeV. The systematic uncertainties assigned based on these studies
are ±3%, ±2.5% and ±5% for D+

s D�
s , D⇤+

s D�
s , and D⇤+

s D⇤�
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In converting the measured yields to cross sections we must correct for the branching
fractions of the charm-meson decay modes. For each of the non-strange charm mesons,
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Identifying e+e− → XDD
PRL 135 (2025) 171901 PRD 112 (2025) 072006

I Analysis of 7.3 fb−1 of data @ ECM = 4.13 − 4.23 GeV
I Reconstruct only the DD pair
I Identify DD production mechanism with kinematic selection variables:

I For D∗D∗ ID, reconstruct a D∗ → γD candidate and veto D∗+ → π+D0

I Separate intermediate decays with missing-mass variables

e+e− → DD & e+e− → D∗D
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Measuring correlations in e+e− → XDD
PRL 135 (2025) 171901 PRD 112 (2025) 072006

I Analysis of 7.3 fb−1 of data @ ECM = 4.13 − 4.23 GeV
I Reconstruct DD pairs: Normalization DD → K−π+ vs. K+π−

and CP vs. CP final states: D → π+π−,K+K−, π+π−π0, and K0
Sπ

0

I Sort into e+e− → XDD production hypotheses

I Fit to M (D) vs.M (D) to determine yields
I Account for efficiencies and production mechanism cross-feed
I Compare corrected yields of DD → CP vs. CP to normalization

e+e− → D∗D∗
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Measuring correlations in e+e− → XDD
PRL 135 (2025) 171901 PRD 112 (2025) 072006

I Analysis of 7.3 fb−1 of data @ ECM = 4.13 − 4.23 GeV
I Reconstruct DD pairs: Normalization DD → K−π+ vs. K+π−

and CP vs. CP final states: D → π+π−,K+K−, π+π−π0, and K0
Sπ

0

I Sort into e+e− → XDD production hypotheses
I Fit to M (D) vs.M (D) to determine yields
I Account for efficiencies and production mechanism cross-feed

I Compare corrected yields of DD → CP vs. CP to normalization

e+e− → D∗D∗

DD → K+π− vs. K−π+ DD → K0
Sπ

0 vs. K0
Sπ

0

−0.02 −0.01 0.00 0.01 0.02 0.03 0.04

M2
miss,γDD

(GeV2/c4)

0

5

10

15

20

25

30

C
an

d
id

at
es

/
(0

.0
02

G
eV

2
/c

4
)

γπ0DD [C = +1]

γDD [C = +1]

γγDD [C = −1]

π0DD [C = −1]

Bkg.

Total MC

Data

1.75 1.80 1.85 1.90 1.95
m(K0

Sπ
0) (GeV/c2)

10

20

C
an

d
id

at
es

/
(0

.0
08

G
eV

/
c2

)

γπ0DD

1.75 1.80 1.85 1.90 1.95
m(K0

Sπ
0) (GeV/c2)

γπ0DD

1.75 1.80 1.85 1.90 1.95
m(π+π−π0) (GeV/c2)

10

20

30

C
an

d
id

at
es

/
(0

.0
08

G
eV

/
c2

)

γγ/π0π0DD

1.80 1.85 1.90
m(K+K−) (GeV/c2)

γγ/π0π0DD

1.75 1.80 1.85 1.90 1.95
m(K0

Sπ
0) (GeV/c2)

5

C
an

d
id

at
es

/
(0

.0
08

G
eV

/
c2

)

γDD

1.80 1.85 1.90
m(K+K−) (GeV/c2)

γDD

1.80 1.85 1.90
m(K−π+) (GeV/c2)

10

20

C
an

d
id

at
es

/
(0

.0
05

G
eV

/
c2

)

γπ0DD

1.80 1.85 1.90

m(K−π+) (GeV/c2)

γπ0DD

Data

Fit

K0
Sπ

0 vs. K0
Sπ

0

K0
Sπ

0 vs. Comb.

Comb. vs. K0
Sπ

0

Data

Fit

π+π−π0 vs. K+K−

Combinatorial

π+π−π0 vs. Comb.

Comb. vs. K+K−

Data

Fit

K0
Sπ

0 vs. K+K−

Combinatorial

K0
Sπ

0 vs. Comb.

Data

Fit

K−π+ vs. K−π+

K−π+ vs. Comb.

Comb. vs. K−π+

K−π+ vs. K+π−

~ntrue = A−1 ~Nmeas.
Aij ≡ prob. of prod. mech i being identified as j

Identified as
DD D∗D → γDD D∗D → π0DD D∗D∗ → γπ0DD D∗D∗ → γγ/π0π0DD

Tr
ue

DD 32.45 2.98 0 0 0.07
D∗D → γDD 0 25.44 1.57 0 1.94
D∗D → π0DD 0 0.40 30.06 0.55 0.50

D∗D∗ → γπ0DD 0 0 0 25.23 1.04
D∗D∗ → γγ/π0π0DD 0 0 0 0.25 8.83

(for D → K+π− vs. K−π+)

K
0
S
π

0 vs. π
+π
−

K
0
S
π

0 vs. K
+ K

−

K
0
S
π

0 vs. K
0
S
π

0

π
+π
−π0 vs. K

0
S
π

0

π
+π
−π0 vs. K

+ K
−

K
±π∓vs. K

±π∓

0

1

2

C
or

re
ct

ed
y
ie

ld
U

n
co

rr
el

at
ed

n
or

m
al

iz
at

io
n

Quantum-correlated prediction

DD [C = −1]

γDD [C = +1]

π0DD [C = −1]

γπ0DD [C = +1]

γγ/π0π0DD [C = −1]

Demonstration of correlations: X Procedure verified for strong-phase measurements X

Gilman University of Liverpool
Quantum Correlated DD at BESIII

https://arxiv.org/abs/2506.07906
https://arxiv.org/abs/2506.07907


23/28

Measuring correlations in e+e− → XDD
PRL 135 (2025) 171901 PRD 112 (2025) 072006

I Analysis of 7.3 fb−1 of data @ ECM = 4.13 − 4.23 GeV
I Reconstruct DD pairs: Normalization DD → K−π+ vs. K+π−

and CP vs. CP final states: D → π+π−,K+K−, π+π−π0, and K0
Sπ

0

I Sort into e+e− → XDD production hypotheses
I Fit to M (D) vs.M (D) to determine yields
I Account for efficiencies and production mechanism cross-feed
I Compare corrected yields of DD → CP vs. CP to normalization

e+e− → D∗D∗

DD → K+π− vs. K−π+ DD → K0
Sπ

0 vs. K0
Sπ

0

−0.02 −0.01 0.00 0.01 0.02 0.03 0.04

M2
miss,γDD

(GeV2/c4)

0

5

10

15

20

25

30

C
an

d
id

at
es

/
(0

.0
02

G
eV

2
/c

4
)

γπ0DD [C = +1]

γDD [C = +1]

γγDD [C = −1]

π0DD [C = −1]

Bkg.

Total MC

Data

1.75 1.80 1.85 1.90 1.95
m(K0

Sπ
0) (GeV/c2)

10

20

C
an

d
id

at
es

/
(0

.0
08

G
eV

/
c2

)

γπ0DD

1.75 1.80 1.85 1.90 1.95
m(K0

Sπ
0) (GeV/c2)

γπ0DD

1.75 1.80 1.85 1.90 1.95
m(π+π−π0) (GeV/c2)

10

20

30

C
an

d
id

at
es

/
(0

.0
08

G
eV

/
c2

)

γγ/π0π0DD

1.80 1.85 1.90
m(K+K−) (GeV/c2)

γγ/π0π0DD

1.75 1.80 1.85 1.90 1.95
m(K0

Sπ
0) (GeV/c2)

5

C
an

d
id

at
es

/
(0

.0
08

G
eV

/
c2

)

γDD

1.80 1.85 1.90
m(K+K−) (GeV/c2)

γDD

1.80 1.85 1.90
m(K−π+) (GeV/c2)

10

20

C
an

d
id

at
es

/
(0

.0
05

G
eV

/
c2

)

γπ0DD

1.80 1.85 1.90

m(K−π+) (GeV/c2)

γπ0DD

Data

Fit

K0
Sπ

0 vs. K0
Sπ

0

K0
Sπ

0 vs. Comb.

Comb. vs. K0
Sπ

0

Data

Fit

π+π−π0 vs. K+K−

Combinatorial

π+π−π0 vs. Comb.

Comb. vs. K+K−

Data

Fit

K0
Sπ

0 vs. K+K−

Combinatorial

K0
Sπ

0 vs. Comb.

Data

Fit

K−π+ vs. K−π+

K−π+ vs. Comb.

Comb. vs. K−π+

K−π+ vs. K+π−

~ntrue = A−1 ~Nmeas.
Aij ≡ prob. of prod. mech i being identified as j

Identified as
DD D∗D → γDD D∗D → π0DD D∗D∗ → γπ0DD D∗D∗ → γγ/π0π0DD

Tr
ue

DD 32.45 2.98 0 0 0.07
D∗D → γDD 0 25.44 1.57 0 1.94
D∗D → π0DD 0 0.40 30.06 0.55 0.50

D∗D∗ → γπ0DD 0 0 0 25.23 1.04
D∗D∗ → γγ/π0π0DD 0 0 0 0.25 8.83

(for D → K+π− vs. K−π+)

K
0
S
π

0 vs. π
+π
−

K
0
S
π

0 vs. K
+ K

−

K
0
S
π

0 vs. K
0
S
π

0

π
+π
−π0 vs. K

0
S
π

0

π
+π
−π0 vs. K

+ K
−

K
±π∓vs. K

±π∓

0

1

2

C
or

re
ct

ed
y
ie

ld
U

n
co

rr
el

at
ed

n
or

m
al

iz
at

io
n

Quantum-correlated prediction

DD [C = −1]

γDD [C = +1]

π0DD [C = −1]

γπ0DD [C = +1]

γγ/π0π0DD [C = −1]

Demonstration of correlations: X Procedure verified for strong-phase measurements X

Gilman University of Liverpool
Quantum Correlated DD at BESIII

https://arxiv.org/abs/2506.07906
https://arxiv.org/abs/2506.07907


24/28

δD
Kπ with e+e− → XDD

PRL 135 (2025) 171901 PRD 112 (2025) 072006
I Analysis of 7.3 fb−1 of data @ ECM = 4.13 − 4.23 GeV
I With similar procedure, can measure δKπ

D with DD → K+π− vs. Y ,
where Y is a CP-eigenstate or K0

Sπ
+π−

δD
Kπ =

(
192.8+11.0

−12.4
+1.9
−2.4

)◦ Compare to

δD
Kπ =

(
187.6+8.9

−9.7
+5.4
−6.4

)◦
with 2.9 fb−1 @ ψ(3770)

I Higher stat. error per fb−1 due to exclusion of D∗D∗ → π0π0DD and
part. reco. tags, e.g. D → K0

Lπ
+π−

I Significantly reduced syst. error due to mixed C-even and C-odd sample.

BESIII combination
of 7.3 fb−1 of data @ ECM = 4.13 − 4.23 GeV

and 2.9 fb−1 of data @ ECM = 3.77 GeV:

δD
Kπ =

(
189.2+6.9

−7.4
+3.4
−3.8

)◦
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Outline

Introduction

Quantum Correlations in e+e− → ψ(3770)

Correlations in e+e− → XDD
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Prospects for Strong Phase Measurments
I LHCb’s stated goal is 1◦ uncertainty on γ
I New sample of 20.3 fb−1 at the ψ(3770) is ∼7x larger than

previous sample ⇒ updated strong phase measurement will
not limit γ uncertainty

I BEPCII Upgrade has been completed
I Much higher instantaneous luminosity at ECM > 4 GeV
I Access to ECM up to 5.6 GeV
I Possibility of new samples of e+e− → XDD to further improve

Gilman University of Liverpool
Quantum Correlated DD at BESIII
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Further opportunities with quantum-correlated DD pairs
I Proposed Super-Tau Charm Factorya aims to collect O(ab−1)

samples at open-charm pair-production thresholds
I With methods described in this talkb , strong prospects for

measurements of mixing and time-dependent CPV in D
meson decays from purely hadronic final states, estimated
with realistic efficiencies

I Previous estimates of sensitivity including some semileptonic
modescalso show exciting prospects

x (10−4) y (10−4)
∣∣∣ q

p

∣∣∣ (%) φ (◦)

Hadronic 1 ab−1 6.9 2.0 3.4 2.5
Semileptonic 1 ab−1 6.0 6.1 1.7 1.7

a STCF CDR: https://arxiv.org/abs/2509.11522
b BESIII, PRL 135 (2025) 171901
c A. Bondar, A. Poluektov, and V. Vorobiev, PD 82 (2010) 034033.
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Summary
I Quantum-correlated DD pairs at BESIII provide model-independent

measurements of strong-phase parameters essential for CKM unitarity
tests

I Strong-phase inputs from BESIII contribute ∼ 1◦ uncertainty to
LHCb’s γ combination: γ = (62.8 ± 2.6)◦

I New 20.3 fb−1 sample at ψ(3770) is ∼7× larger than previous
dataset ⇒ significant improvements forthcoming for D → K0

Sπ
+π−,

K+K−π+π−, and other modes
I First demonstration of quantum correlations in e+e− → XDD̄ at

ECM = 4.13–4.23 GeV, and observation of C -even correlated pairs
I BEPCII upgrade enables higher luminosity at ECM > 4 GeV,

possibility for more e+e− → XDD data at BESIII
I Proposed Super Tau-Charm Facility would provide O(ab−1) samples

opening new opportunities for charm mixing and CPV studies

Gilman University of Liverpool
Quantum Correlated DD at BESIII
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