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Quantum correlated: phase input

 Relative D0, D0 phases can show up:

1. Quantum-correlated(“EPR”) D pairs @threshold: y(3770)

2. BDX, with common D, D final states(for CKM g)

3. DD mixing

1 is viewed as a source of information to be input for use by 2) & 3)

 Relevant datasets are CLEO-c(~0.82fb-1) and BESIII(~2.92fb-1)

Access to relative D0, D0 strong phase differences

Can obtain model-independent results
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CKM matrix

 3X3 unitary complex matrix

• 4 parameters

• 3 mixing angle and 1 phase




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Large g
NP could lead to 4⁰ effects 

PRD 92, 033002 (2015)
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gmearsured=(73.5+4.3
-5.0)
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Determine g by BDK

 Usually use BDK

 Include B and D amplitudes,  

relative strong phase and g

 3 method

use K+X-(X-=p-, p-p0, p-p-p+) CF and DCS (ADS)

 use CP-eigenstates (GLW)

 use self-conjugate multi-body states: Ksh+h- (Dalitz/GGSZ)
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DD mixing

 Neutral D mixing parameter



 In standard model, neutral D mixing is small

∝ 𝑉𝑢𝑖𝑉𝑐𝑖
∗ 𝑉𝑢𝑗𝑉𝑐𝑗

∗ , contribution from b is suppressed

Contribution from s and d is suppressed by GIM mechanism

Short-distance effect: 

 Long-distance effect

Enhanced to
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Time dependent decay rates

 Df(example f=Kp):

Define:



Wrong sign(WS) progress D0
K+p- with time(if no CPV)

PDG16
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

 Using the relevant dataset(BESIII & CLEO-c)

Reduce model-dep. of CKM g from BDK

Rotate measured x’,y’ parameters to x, y

Relative strong phase9



Time-intergrated decay rates

 No time dependent information at charm threshold

 Anti-sysmmetric wavefunction

 Double tag rates:



 CP tag: r=1.d=0 or p; l± tag: r=0

 Single and Double tag rates
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Double Tag (DT) techniques

 Threshold production at y(3770)

D generated in pair 

100% of beam energy converted to D pair (Clean environment, 

kinematic constrains)

Systematic uncertainties cancellations while applying double tag 

technique

Quantum Correlations and CP-tagging are unique

 Fully reconstruct about 15% of D decays
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Decay modes

 Flavored:

 Self-Conjugate:

 Neither
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DKp strong phase

 DKp vs DCP

CP-tagged rate asymmetry relative to r·cosd, straightforward analysis 
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DKp strong phase measurement

 2.92fb-1 data

 Direct result

𝑨𝑲𝝅
𝑪𝑷 = (12.7±1.3±0.7)%

PLB 734, 227(2014)
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DKp strong phase measurement

 BESIII measurement(2.92fb-1):

CLEO-c measurement(0.82fb-1):

 Agree with CLEO-c result of external inputs, CLEO-c use complex 

global fit

 HFLAV result:                                   (do not use BESIII result)

 I think they can directly use 𝑨𝑲𝝅
𝑪𝑷

 ADS method for extract g
CLEO-c： PRD 86 112001(2012)
BESIII:  PLB 734 227(2014)
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Multi-body ADS

 DKpp0 and DKppp can also be used

Large branching fractions than DKp

 Need to account for the resonant substructure

 Atwood and Soni (PRD68,033003(2003)) show how to modify the 

usual ADS equations for this case

 RK3p ranges from 

1=coherent(dominated by a single mode) to

0=incoherent(several significant components)
Need to find average 

strong phase
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Amplitude analysis of D0
K-p+p+p-

Understanding the substructure

 strong phase measurement g measurement

PRD95(2017)072010

Improve the absolute BF
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GGSZ method

 Total decay rate

Substructure allows regions of rD≈rB

Sizeable statistics

 Latest result:

Model dependent:

Babar: g=(68+15
-14+-4+-3)◦ PRL105,121801(2015)

Belle: g=(78+11
-12+-4+-9)◦ PRD81,112002(2010)

 Model independent:

 LHCb: g=(62+15
-14)

◦ JHEP1410,097(2014)
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g fit through GGSZ method

 A relationship 

can be shown 

between Dalitz

bin yields and ci

and si
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Binning of D0Ksp+p- Dalitz plot20



D0/D0
KSp

+p- measurement at BESIII
Consistent with CLEO-c, 

better stat. err

 Reduction of 
contribution to 
uncertainty of g meas. 
of 40%(80% for 20fb-1)

 The uncertainty on g
from ci,si contribution 
~2.6o(1.4o/0.9o with 
10/20 fb-1)

Preliminary result
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Measurement of ycp

 In absence of direct CPV:

 If no CPV, ycp = y

 According to quantum-correlation:

 BESIII measured:

Need more data or global fit

PLB744,339(2015)22



p+p-p0 & K+K-p0 CP Fraction

CLEO-c “Legacy data” results

CP fraction for a mixed –CP final state:

 If the CP-content is nearly pure, F+ is near 1 or 0.

 Result(PLB740,1(2015) ~0.82fb-1):

Analysis ongoing at BESIII

PLB740,1(2015)23



p+p-p+p- CP Fraction & more

CLEO-c “Legacy data” results

 Use more complex non-CP-eigenstate tags

PLB747,9(2015)

Analysis ongoing at BESIII
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KSX vs KLX decay rate asymmetry

 The KS & KL wave-functions lead to net amplitudes that are 

sums and differences of the CF and DCSD amplitudes

Up to 10% effects, depending on a relative phase

 BESIII study KSp
0(p0) and KLp

0(p0) asymmetry

While 

 Also can be used to extract ycp
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KSX vs KLX decay rate asymmetry measurement

Flavor tag use

Kp, Kpp0, K3p

R(KSLp
0) = (10.94+-1.24+-1.82)%

 CLEO-c(~281pb-1):PRL100,091801(2008)

R(KSLp
0p0) = (-11.56+-1.95+-2.69)% (measured for first time)

Br(KLp
0p0) = (1.280+-0.041+-0.059)% (measured for first time)



Statistical limited, previous ycp:

Preliminary result
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More studies at BESIII

 KsKK

 KKpp

 Ksp0h(w,h’)

 w h / hh / h’p0

 KsKp

 p0p0h / p0hh

 et al…
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LHCb projections

 If just consider GGSZ systematic uncertainty is 2~40(CLEO-c)

Run I –σ(g) = 7⁰ -limited impact of strong phase measurements

Run II -σ(g) = 3.5⁰ -becomes significant

Upgrade phase I σ(g) ~ strong phase uncertainty 
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Prospects of BESIII

 Now 2.9fb-1(3.5XCLEO-c)

 Preliminary result on ci and si suggest ~20 increase in precision

 If  an additional 10fb-1(4Xdata) at BESIII, would lead to the strong phase 
errors being sub-leading at the end of the LHCb phase I upgrade 

 Without more data the knowledge of strong phases will limit the 
precision of g

 Further if LHCb has a phase II upgrade the strong phase measurement 
would again be limiting

 LHCb-PUB-2016 suggests 15-20 fb−1

 With 20fb-1y(3770) data taken by BESIII

(cosdKp) ~ 5%

Uncertainty on g from ci, si in DKspp ~ 0.4o
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Strong phases in D hadronic decays
from LHCb-PUB-2016
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Summary

 Unique access to strong phases & ability to extract model-

independent results with charm at threshold (only BESIII now)

 Interest of B physics for CKM g measurement

 Interest of charm mixing study and searching for CPV 

 Future prospects are bright

More precision, new modes, new variables
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Thank you!
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