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Threshold Charm Production

Á Running near cc threshold produces quantum correlated D0 and D0:

Á e e Ʊ(3770) D0D0 [C = 1]    OR    e e ƞ* D0D0ƞ  [C = 1]

Á At Ʊ(3770), same-CPfinal states forbidden; opposite -CPstates enhanced

ÁTagging the CPof one D identifies the CPof other D.

Á Unique access to amplitude ratios, phases, & charm mixing.

ÁExploit interference effects in time -integrated rates.

Á D0 strong phases are necessary inputs for

Á Charm mixing studies at B-factories, CDF, FOCUS

Á CKM studies at B-factories and LHCb

Á CLEO-c Ʊ(3770) measurements of strong phases in

D0 K Ù K ÙÙ0 K ÙÙÙ KS,L
0h h
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Charm Mixing (no CPV)

Á Flavor eigenstates (D0, D0) mass eigenstates (D1, D2).

Á Mixing characterized by 

Á y = (0.73 ± 0.14)%:

Á Direct lifetime measurements:

ÁCompare K K and ÙÙ with KÙ.

Á Time-dependent Dalitz analysis of
K0

SÙÙ and K0
SK K

Á Intermediate CP-eigenstates give y.

Á Interference between CP+ and CP gives x.

Á yõ = y cosƟKÙ x sinƟKÙ (0.48 ± 0.23)%

Á Time-dependent wrong-sign rate D0 KÙ:

Á Interfering DCS and mixing amplitudes modulate
exponential decay time.

ÁAmbiguity from strong phase:
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Quantum-Correlations Overview: (3770)

e e ƞ* D0D0

C = 1

Forbidden by

CP conservation

CP+ CP+

CPĬ CPĬ

Maximal enhancement CP+ CPĬ

Forbidden if no mixing KĬÙ+ KĬÙ+

Interference of

CF with DCS (gives cosƟKÙ)

KĬÙ+ CP±

CP± KĬÙ+

Single Tags Unaffected

CP±

KĬÙ+

SL

X

Quantum correlations

are seen in data!Ʊ(3770)



Quantum-Correlated Decay Rates: (3770)

Á Evaluating

with                          gives

Á Interference with mixed amplitudes vanishes for C = 1

Á Exclusive rates probe bare amplitudes and strong phases directly.

Á Inclusive rates come from summing exclusive rates.

Á Dependence on y appears in the sum.

Á Interference between unmixed and mixed+DCSamplitudes.
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Final States Time-Integrated Rate ( x Ai
2Aj

2 )

Exclusive

i j 1 + r i
2 r j

2 2 r ir j cos(Ɵi Ɵj)

i j r i
2 + r j

2 2 r ir j cos(Ɵi Ɵj)

Inclusive i X 1 + r i
2 + 2 y r icosƟi

Same as incoherent decay

No y dependence

Anti-symmetric

wavefunction

i

iii rAy cos2 2
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Á For some final states, we know r and Ɵ:  reference points for interference

Á CPeigenstates: r=1 and Ɵ=0 or Ù ñsensitive to cosƟof the other side.

Á Semileptonic: r=0ñsensitive to A2 and r 2 of the other side.

Á To probe sinƟ, need to interfere with a final state with ƟÍ 0 or Ù.

Á Use CP-tagged exclusive rates to extract:

ÁcosƟKÙ: reconstruct K K (CP+) with KÙ KÙ must come from D1 (CP ).

Áy : reconstruct K K (CP+) with semileptonic SL must come from D1 (CP ).
Á Semileptonic width independent of CP, but total width depends on CP.

ÁMixing/amplitude/phase parameters from double ratios of yields:

Extracting Physical Parameters from Yields
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RWS= Ɓ(D0 K+Ù)/Ɓ(D0 KÙ)

= rKÙ
2 + rKÙyõ + (x2+y2)/2

DT rate ~ Ai
2Aj

2 [ 1 + r i
2 r j

2 2 r ir j cos(Ɵi Ɵj ) ]



Experimental Technique

Á Single tag: fully reconstruct one D

Á Double tag: reconstruct both D0 and D0

Á Both D0 and D0 fully reconstructed.

ÁOr one missing particle (Ƨ or K0
L):

Á Use detector hermeticity and beam

parameters to infer missing mass.

Pair-produced D0 and D0
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Clean event environment,

very low backgrounds

D0 KÙ

(CLEO-c)

KÙ vs. 

KL
0Ù0 

(CLEO-c)



Update: Strong Phase in D0 K ǢKǮ] 

Á Previous publication: PRL 100, 221801 (2008) / PRD 78, 012001 (2008).

Á Dataset: 281 pb-1 at Ʊ(3770) = 1 million C-odd D0D0

Á First meas. of strong phase between CF A(D0 KÙ) and DCS A(D0 KÙ).

Á Standard fit:

Á Extended fit:

Á New today : preliminary update with full CLEO -c dataset

Á 818 pb-1 at Ʊ(3770) = 3 million C-odd D0D0.

Á Additional final states.

Á Includes direct measurements of rKÙ
2 and sinƟKÙ.
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Effect of ƟKÙ(2008)

on HFAG average

[ Incl. external

mixing meas. ]

Not yet in

HFAG average



Final States   ǢKǮ]

Á Single tags for all fully -

reconstructed modes except 

K0
SÙÙ.

Á Double tags for almost all 

combinations of modes.

Á Like-sign and opposite-sign.

Á At most one missing 

particle ( K0
L or Ƨ).

Á Except for KeƧvs. K0
LÙ

0

(2 missing particles).

Á 261 yield measurements

Á K0
SÙÙ from PRD 80, 

032002 (2009)
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Flavored 
hadronic

CP CP Semilep Mixed

KÙ K K K0
SÙ

0 K e Ƨ K0
SÙÙ (bin 0)

KÙ ÙÙ K0
SƢ K e Ƨ K0

SÙÙ (bin 1)

K0
SÙ

0Ù0 K0
SƲ KÕƧ K0

SÙÙ (bin 2)

K0
LÙ

0 K0
LÙ

0Ù0 KÕƧ K0
SÙÙ (bin 3)

K0
LƢ K0

SÙÙ (bin 4)

K0
LƲ New in update K0

SÙÙ (bin 5)

K0
SÙÙ (bin 6)

K0
SÙÙ (bin 7)

~3000

CP-tagged KÙ

cosƟKÙ

~1400 K0
SÙÙ vs. KÙ

sinƟKÙ

~3500

CP-tagged KlƧ

y

~30 WS KlƧvs. KÙ

r KÙ
2



Fit Parameters

Á 51 fit parameters (3.5x TQCA-I)

Á Number of DD pair and 21 branching fractions (8 for K0
S )

Á B(K ), B(K0
L ), B(K0

L
0 0) will be new CLEO-c measurements.

Á We fit for all non -trivial r and cos and sin (9 fit parameters each), 

plus mixing parameters y and x2.

Á ST yield f ~ Br ~    1 + r f
2 + 2 y r fcos f

Á DT yield f/g ~       1 + r f
2 rg

2ð2 r fcos f rgcos gð2 r fsin f rgsin g

Á DT yield f/gbar ~       r f
2 + rg

2ð2 r fcos f rgcos g + 2 r fsin f rgsin g

Á Semileptonic:       r = 0

Á CP+:                     r = 1, = 

Á CP-:                     r = 1, = 0

Á Main focus is on , with secondary focus on y.
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K0
SǮ+ǮĬand K0

LǮ+ǮĬ

Á CLEO-c has studied strong phases in DŸ K0
SÙÙ

Á Main tool: CP tagging, analogous to KÙ.

Á For multibody modes, must also account for coherence:

Á Measure yields in 8 Dalitz plot bins against CP/ KÙ/SL/K0
SÙÙ tags:

ÁUse missing mass technique for K0
LÙ+ÙĬ. Single tags for K0

SÙ+ÙĬonly, not K 0
LÙ+ÙĬ.

Á Each bin treated as separate decay mode with its own RcosƟand RsinƟ.

ÁBins with Ɵ~ 0 or Ùact like CPeigenstates.

Á Statistics roughly equal to sum of all other (pure) CPeigenstates.

ÁBins with Ɵ~ ±Ù/2 allows measurement of sinƟKÙ
.

Á Include RcosƟand RsinƟas free parameters in fit.

coherence

factor

average

strong

phase

Phys.Rev.D80:032002,2009

arXiv:0903.1681



K0
SǮ+ǮĬ& K 0

LǮ+ǮĬ
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K0
Ś

+ˊī vs flavor tag K0
Lˊ+ˊī vs flavor tag

M2( + -) M2( + -)

M2(K0
L -)

M2(K0
L +)M2(K0

S +)

M2(K0
S -)M2(K0

S +)

M
2
(K

0
S

-)

M
2
(K

0
L

-)

M2(K0
L +)

ÁNot identical ï180o phase difference for Doubly Cabibbosuppressed amplitudes



CP tagged K0
SǮ+ǮĬ
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K0
Ś

+ˊīvs CP-even tag K0
Ś

+ˊīvs CP-odd tag

M2( + -) M2( + -)

M2(K0
S -)

M2(K0
S +)M2(K0

S +)

M2(K0
S -)M2(K0

S +)

M
2
(K

0
S

-)

M
2
(K

0
S

-)

M2(K0
S +)

ÁNot identical ïCP-odd K0
S not in CP-odd tag, CP-even S,D-wave not in CP-even tag
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Semi-Muonic Decays

Á CLEO muon chambers inefficient below 1 GeV.

Á Instead, use kinematics to separate D0 KÕƧ from backgrounds 
using missing energy and momentum.

Á Main background: D0 KÙÙ0

Á Roughly doubles semileptonic statistics.

U = Emiss | Pmiss|

| Pmiss|

CLEO-c

Preliminary



Semi-Muonic Decays   ǢKǮ]

Á Wrong-sign uses similar technique, but 

300x lower yield.

Á Primary background: mis-ID KÙ flavor in RS 

decays.

Á Dramatically reduced by requiring kaon to 

be in Cherenkov counter acceptance.

ÁS/(S+B) goes from 50% to 97%.

Á Combined KeƧ/ KÕƧ relative uncertainty 

~25%.

Á Unlike with incoherent D0, wrong-sign 

gives r2, not RWS.

Á Mixing effects cancel in the interference 

term
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CLEO-c

Preliminary

RWS = Ɓ(D0 K+Ù)/Ɓ(D0 KÙ)

= rKÙ
2 + rKÙyõ + (x2+y2)/2

U = Emiss | Pmiss|

Right-sign

Wrong-sign

KÕƧvs. KÙ


