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D1, D2 have masses M1, M2 and 
widths Γ1, Γ2 

Mixing occurs when there is a 
non-zero mass 

 or lifetime difference 

For convenience define, x and y 

where  

and define the mixing rate 

Mixing Phenomenology 

Neutral D mesons are produced 
as flavor eigenstates D0 and D0 
and decay via 

as mass, lifetime eigenstates D1, 
D2  

where                       and 

( < 5 x 10-4 ) 
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How Mixing is Calculated 
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Box diagram SM charm mixing rate 
naively expected to be very low 
(RM~10-10) (Datta & Kumbhakar) 

 Z.Phys. C27, 515 (1985) 
CKM suppression → |VubV*cb|2 

GIM suppression → (m2
s-m2

d)/m2
W 

Di-penguin mixing, RM~10-10 
Phys. Rev. D 56, 1685 (1997) 

Enhanced rate SM calculations 
generally due to long-distance 
contributions: 

first discussion, L. Wolfenstein 
Phys. Lett. B 164, 170 (1985) 

Standard Model Mixing Predictions 
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Standard Model Mixing Predictions 

•  Early SM calculations indicated 
long distance contributions 
produce x<<10-2: 
– x~10-3 (dispersive sector) 

•  PRD 33, 179 (1986) 
– x~10-5 (HQET) 

•  Phys. Lett. B 297, 353 (1992) 
•  Nucl. Phys. B403, 605 (1993) 

•  More recent SM predictions can 
accommodate x, y ~1% [of 
opposite sign] (Falk et al.) 
– x,y ≈ sin2 qC x [SU(3) breaking]2 

•  Phys.Rev. D 65, 054034 (2002) 
•  Phys.Rev. D 69, 114021 (2004) 

•  For a discussion of local duality 
[Bigi & Uraltsev], see 

•  Nucl. Phys. B592, 92-106 (2001) 

Partial History of Long-
Distance Calculations 
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Possible enhancements to mixing due to 
new particles and interactions in new 
physics models 

Most new physics predictions for x 
Extended Higgs, tree-level FCNC 
Fourth generation down-type quarks 
Supersymmetry: gluinos, squarks 
Lepto-quarks 

•  Large possible SM contributions to 
mixing require observation of either a 
CP-violating signal or | x | >> | y | to 
establish presence of NP 

•  A recent survey (Phys. Rev. D76, 
095009 (2007), arXiv:0705.3650) 
summarizes models and constraints: 

Heavy weak iso-singlet quarks 

Fourth generation Vector leptoquarks 
Q = -1/3 singlet 
quark 

Flavor-conserving  
Two-Higgs 

Q = +2/3 singlet 
quark 

Flavor-changing  
neutral Higgs 

Little Higgs Scalar leptoquarks 
Generic Z’ MSSM 
Left-right 
symmetric 

Supersymmetric 
alignment 

and more 

New Physics Mixing Predictions 
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In the D* tagged analysis, measure: 

Construct mixing variable                   where                     

and CPV asymmetry:                         where 

In the limit of CP conservation,  yCP = y  and ΔY = 0 

Lifetime Ratio Observables 

CP-mixed right-sign Cabibbo-favored (CF) decay lifetime 

CP-even singly Cabibbo-suppressed (SCS) decay lifetime 

In the untagged analysis, measure only: 

where               is the lifetime of the right-sign decay, with a small admixture of wrong sign decays 
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•  Mass projections (0.1447 < Δm < 0.1463 GeV/c2): 

•  Signal Purities (1.8495 < m < 1.8795 GeV/c2): 

D*-tagged D0 mass projections 
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Kπ and KK lifetimes differ!
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D*-tagged D0 Lifetimes 
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Combining 384 fb-1 tagged and 91 fb-1 untagged (BaBar): 
yCP = [ 1.03 ± 0.33(stat) ± 0.19(syst) ] % 

3.2 σ evidence - no CPV  (540 fb-1) 

3.0 σ evidence - no CPV  (384 fb-1) 
PRD 78 011105(R) (2008)  

PRL 98 211803 (2007)  

HFAG World Average: 
yCP = [1.072 ± 0.257 ] % 

arXiv 0808:1297 (2008) 
Michael D. Sokoloff 

D*-tagged  Lifetimes Ratio Results 
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•  Samples: 
–  Untagged D0→K-π+

–  Untagged D0→K-K+

•  Systematics considerations: 
–  Signal systematics mostly cancel in yCP 

–  Background systematics don’t cancel between modes 
–  To minimize backgrounds, restrict sample to narrow D0 mass region 

symmetric about nominal D0 mass:  
•  1.8545 < m  < 1.8745 GeV/c2  

•  Backgrounds: 
–  Mainly combinatoric, small admixture of misreconstructed charm 

decays 
–  Estimate combinatoric background decay time shape from sideband 

regions:  
•  1.81 < m < 1.83 GeV/c2    and   1.90 < m < 1.92 GeV/c2 

–  Estimate charm backgrounds from MC events 

•  Independent tagged and untagged samples 
•  Untagged sample size 4x tagged sample but 
  higher backgrounds 

Untagged  Lifetimes Ratio Analysis 
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channel:  Kπ KK 
signal events in signal box: 2 710 235 263 639 

purity in signal box: 94.2% 80.9% 

KK Kπ

Data and purity yields in 1.8545 < m < 1.8745 GeV/c2: 

side 
band 

lifetime 
fit region 

side 
band 

side 
band 

lifetime 
fit region 

side 
band 

Untagged  Sample Mass Fit to Data 
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KK combinatoric 
misrec charm 

 τKK (fs) = 405.85 ± 1.00 (stat.)                  τKπ (fs) = 410.39 ± 0.38 (stat.) 

yCP (%) = 1.12 ± 0.26 (stat.)  
Kπ  and KK lifetimes differ!

misrec charm 
combinatoric Kπ

Combined fit to KK and Kπ  data 

Untagged D0 Decay Time Fit to Data 
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Systematic variations: 
•  Signal: 

–  Different resolution function models 
–  Vary signal box size and position 

•  Combinatorial Background: 
–  Vary parameters in a correlated manner 

using covariance matrices 
•  Charm Background: 

–  Vary charm yields 
–  Vary charm lifetimes 

•  Selection: 
–  Vary decay time error selection 
–  Vary multiple overlapping candidate 

selection 
•  Detector: 

–  Apply different Silicon Vertex Tracker 
misalignments and beam spot positions 
in MC 

Summary: 

yCP systematic error:  ± 0.22% 
yCP statistical error:  ± 0.26% 

Systematic Uncertainties on YCP 

Source of 
systematic error: 

|Δ yCP | (%) 

Signal: ± 0.111 
Combinatorial: ± 0.115 
Charm: ± 0.086 
Selection: ± 0.071 
Detector: ± 0.093 
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•  We obtain the untagged result (384 fb-1 data set): 

•  Our previously published D* tagged D0 result from the 384 fb-1 data 
set is 

•  The tagged and untagged datasets share no events in common and are 
thus statistically uncorrelated.  Conservatively assuming a 100% 
correlation in the systematics between the two analyses, we obtain 

•  Assuming the systematics to be uncorrelated, we find 

yCP (tagged) = [ 1.24 ± 0.39 (stat) ± 0.13 (syst) ]% 

yCP (correlated) = [ 1.16 ± 0.22 (stat) ± 0.18 (syst) ]%  

yCP (untagged) = [ 1.12  ±  0.26 (stat) ±  0.22 (syst) ]%  

yCP (uncorrelated) = [ 1.17 ± 0.22 (stat) ± 0.14 (syst) ]%   

Combined  YCP Results 

Excludes the no-mixing hypothesis  
with a significance of  (incl. syst.) : 4.1 σ

Excludes the no-mixing hypothesis  
with a significance of  (incl. syst.) : 3.3 σ

PRD 78 011105(R) (2008) 
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Time-Evolution of D0→Kπ Decays 
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and δ is the phase difference between DCS and CF decays. 

DCS and mixing amplitudes 
interfere to give a “quadratic”  
WS decay rate (x, y << 1): 

where 

RS = CF WS = DCS 

K+π- 

DCS 

D0 

D0 
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Simplified Fit Strategy & Validation 
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Inconsistent 
with no-mixing 
hypothesis: 
      χ2=24 

Consistent with 
prediction from 
full likelihood fit 
         χ2=1.5 

Rate of WS events clearly increases with time: 

(stat. only) 

W
S/

R
S 

(%
) 
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Signal Significance with Systematics 
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Including systematics (~ 0.7 x stat) 
decreases signal significance 

1s 

2s 

3s 

4s 

5s 

No mixing 
Fit is inconsistent 
with no-mixing at 3.9σ

Best fit 

[ PRL. 98, 211802 (2007) ] 
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 “Wrong-sign” decay rate varies 
across the Dalitz plot: 

Subscript D indicates dependence on 
position in the Dalitz plot.  

Yields from 384 fb-1 

DCS term 

CF (mixed) term Interference term 

Phase between 
RS and WS 

Resonance phase 

1483 ± 56 signal events 

Bad charm 
Combinatorics DPF-2009 

m2(K+π-) [GeV2] 



Michael D. Sokoloff 20 

No mixing is excluded at 
the 99% confidence level. 

Stat+syst 

68.3% 
95.0% 

99.0% 
99.9% 

DPF-2009 

x’’: (2.61 ± 0.61 ± 0.39) % 

Y’’ :  (-0.05 ± 0.60 ± 0.34 )% 

RM: (2.9 ± 1.6) x 10-4 

+0.57 
-0.68 

+0.55 
-0.64 

x’’+: (2.53  ± 0.  ± 0.39) % 

Y’’+: (-0.05 ± 0.60 ± 0.50 )% 

+0.54 
-0.63 

+0.63 
-0.67 

x’’-: (3.55 \± 0.  ± 0.65) % 

Y’’-: (-0.54 ± 0.60 ± 0.41)% 

+0.73 
-0.83 

+0.40 
-1.16 
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Conclusions 
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PRD 78 011105(R) (2008) 

Preliminary 
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D0 → Kπ Reconstruction 
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Beam spot:  
σx ≈  100 µm  
σy ≈      7 µm  

Slow pion charge tags neutral 
D production flavor 

384 fb-1 e+e- → c,c 
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Decay Time Resolution 
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= 

Average D0 flight length is twice average resolution 
 Resolution function described by sum of 3 Gaussians 
 Resolution widths scales with δt 
 Mean of core Gaussian allowed to be non-zero 

 Observed core Gaussian shifted 3.6±0.6fs 

For combinatorial background, use Gaussians and 
power-law “tail” for small long-lived component 
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