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Introduction

Formalism

✦ Mixing: flavor eigenstates 6= mass eigenstates (with m1,2, Γ1,2)

|D1,2〉 = p|D0〉 ± q|D0〉

✦ q/p 6= 1 ⇒ indirect CP violation

✦ q/p = |q/p| · eiφ:
⊲ |q/p| 6= 1 ⇒ CP violation in mixing
⊲ φ 6= 0(π) ⇒ CP violation in interference of decays w/ and w/o mixing

✦ |A(D0 → f)|2 6= |A(D̄0 → f̄)|2 ⇒ direct CP violation

Experimental techniques

✦ Time-dependent analysis:
⊲ difference in proper decay time distributions of D0 → f and D̄0 → f̄

→ measure indirect CPV

✦ Time-integrated analysis:
⊲ difference in time-integrated decay rates of D0 → f and D̄0 → f̄

→ measure direct+indirect CPV
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To be presented

✦ Searches with time-dependent analysis:
(measure mixing and indirect CPV)

D0 → K+π− (Belle 2006, BaBar 2007)
D0 → K+K−, π+π− (Belle 2007, BaBar 2007)
D0 → K0

s π+π− (Belle 2007)
D0 → K+π−π0 (BaBar 2008)

✦ Searches with time-integrated analysis:
(measure CPV asymmetries ACP )

D0 → K+K−, π+π− (BaBar 2008, Belle 2008)
D0 → π+π−π0 (Belle 2008, BaBar 2008)
D0 → K+K−π0 (BaBar 2008)
D0 → K+π−π0 (Belle 2005)
D0 → K+π−π+π− (Belle 2005)
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Experimental method

✦ Hints:
⊲ tag the flavor at production
⊲ measure proper decay time distribution

✦ D∗+ → D0π+

⊲ flavor tagging by πslow charge
⊲ considerable background suppression

✦ D0 proper decay time t measurement:

t =
ldec

cβγ
, βγ =

pD0

MD0

σt ... decay-time uncertainty
(from vtx cov. matrices)

y:

e
-

e
+Beamspot

πs

K

π

D
0

ldec

D
*

fit D
0 decay vtx

extrapolate production vtx

✦ Measurements performed at Υ(4S)

⊲ to reject D∗+ from B decays: pCMS
D∗+ > 2.5 GeV/c

✦ Observables:
m = m(Kπ)

q = m(Kππs) − m(Kπ) − mπ
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D0 → K+π− (time-dependent)

✦ Proper decay time distribution

dN

dt
∝ [RD + y′

√

RD(Γt) +
x′2 + y′2

4
(Γt)2]e−Γt

RD ratio of DCS/CF decay rates
x′ = x cos δ + y sin δ

y′ = y cos δ − x sin δ (δ strong phase between DCS and CF)

✦ Fit D0 and D̄0 samples separately ⇒ R±

D, x′2±, y′±

✦ CPV in DCS decays:

AD =
R+

D − R−

D

R+
D + R−

D

✦ CPV in mixing and interference → by solving 4 equations for 4 unknowns:

x′± = (1 ±
1

2
AM ) · (x′ cosφ ± y′ sinφ)

y′± = (1 ±
1

2
AM ) · (y′ cosφ ∓ x′ sinφ)

→ x′, y′, φ, |q/p| = 1 + 1
2
AM
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D0 → K+π− (time-dependent)

Results
✦ Belle, PRL 96, 151801 (2006), 400 fb−1:

AD = (2.3 ± 4.7)%
AM = 0.67 ± 1.2
|φ| = 0.16 ± 0.44

→ consistent with no CPV

✦ BaBar, PRL 98, 211802 (2007), 384 fb−1:

AD = (−2.1 ± 5.2 ± 1.5)%

x′2+ = (−0.24 ± 0.43 ± 0.30) × 10−3 y′+ = (9.8 ± 6.4 ± 4.5) × 10−3

x′2− = (−0.20 ± 0.41 ± 0.29) × 10−3 y′− = (9.6 ± 6.1 ± 4.3) × 10−3

→ consistent with no CPV
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J. Stefan Institute, Ljubljana, Slovenia



D0 → K+K−, π+π− (time-dependent)

✦ Measure lifetime difference btw. D0 and D̄0

AΓ =
τ(D0 → fCP ) − τ(D0 → fCP )

τ(D0 → fCP ) + τ(D0 → fCP )
, fCP = K+K−, π+π−

✦ Expressed with indirect CPV parameters:

AΓ = 1
2
AMy cosφ − x sinφ , (|q/p| = 1 + 1

2
AM )

Results
✦ Belle, PRL 98, 211803 (2007), 540 fb−1:

AΓ = (0.01 ± 0.30 ± 0.15)%

→ consistent with no CPV

✦ BaBar, arXiv:0712.2249v1 (2007), 384 fb−1:

AΓ = (0.26 ± 0.36 ± 0.08)%

→ consistent with no CPV
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D0 → K0
s
π+π− (time-dependent)

✦ Time-dependent Dalitz analysis separately for D0 and D̄0

→ x, y, |q/p|, φ

Results
✦ Belle, PRL99, 131803 (2007), 540 fb−1:

|q/p| = 0.86 ± 0.30 ± 0.09

φ = −0.24 ± 0.30 ± 0.09

→ consistent with no CPV

9-13 September 2008

CKM 2008, Rome, Italy
Search for CP violation in D

0 decays at B factories (page 8) Marko Stari č
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D0 → K+π−π0 (time-dependent)

✦ Time-dependent Dalitz analysis separately for D0 and D̄0

→ x′′±, y′′±

Results
✦ BaBar, arXiv:0807.4544v1 (2008), 384 fb−1:

x′′+ = (2.53+0.54
−0.63 ± 0.39)% y′′+ = (−0.05+0.63

−0.67 ± 0.50)%

x′′− = (3.55+0.73
−0.83 ± 0.65)% y′′− = (−0.54+0.40

−1.16 ± 0.41)%

→ consistent with no CPV

9-13 September 2008

CKM 2008, Rome, Italy
Search for CP violation in D

0 decays at B factories (page 9) Marko Stari č
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Summary (time-dependent)

✦ Sensitivity (using Belle results, 540 fb−1):

decay |q/p| φ (rad)

K+π− 0.52 0.38 (scalled to 540 fb−1)
K+K−, π+π− 0.25 (assuming φ = 0 ⇒ |q/p| = 1 + AΓ/yCP )
K0

s π+π− 0.31 0.31

✦ HFAG average (includes also data from other experiments)

|q/p|
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|q/p| = 0.86+0.17
−0.15

φ = −0.15 ± 0.13

no CPV point at ∼ 1σ
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Time-integrated searches

✦ Measure CP-violating asymmetry ACP

ACP =
B(D0 → f) − B(D̄0 → f̄)

B(D0 → f) + B(D̄0 → f̄)

Principle of measurement

✦ Initial flavor tagged by the charge of π from D∗+ → D0π+

✦ Number of reconstructed decays:

Nreco = Nprod

D∗+ · B(D∗+ → D0π+) · B(D0 → f) · ǫf · ǫπ

✦ Contributions to asymmetry in Nreco:
⊲ production (AFB)
⊲ branching fractions (ACP )
⊲ efficiencies (Aǫ)

✦ If AFB, ACP , Aǫ ≪ 1:

Areco = AD∗+

FB + Af
CP + Af

ǫ + Aπ
ǫ
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Time-integrated searches

Areco = AFB + Af
CP + Af

ǫ + Aπ
ǫ

✦ Asymmetry of slow pion efficiency (Aπ
ǫ ) can be measured

using tagged and untagged D0 → K−π+ (BaBar, PRL100, 061803 (2008))

Atag
rec = AFB + AKπ

CP + AKπ
ǫ + Aπ

ǫ

Auntag
rec = AFB + AKπ

CP + AKπ
ǫ

✦ Asymmetry of D0 → f efficiency (Af
ǫ ):

⊲ is zero for K+K−, π+π−

⊲ other decays: Af
ǫ determined with MC (systematics!)

✦ Efficiency corrected asymmetry:

Areco
corr = Areco − Af

ǫ − Aπ
ǫ = AFB + Af

CP

✦ Forward-backward asymmery is an odd function of cos θ∗

✦ ACP and AFB are then obtained by adding/subtracting bins at ± cos θ∗:

ACP =
Areco

corr(cos θ∗) + Areco
corr(− cos θ∗)

2

AFB =
Areco

corr(cos θ∗) − Areco
corr(− cos θ∗)

2
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D0 → K+K−, π+π− (time-integrated)

BaBar, PRL100, 061803 (2008), 386 fb−1

6TABLE I: Signal yields in re
onstru
ted modes. Listed un
ertainties are statisti
al only. Corre
tions are applied only to D0samples, but all post-
orre
tion samples are restri
ted to the phase spa
e of the 
orre
tion map.Raw yields Post-
orre
tion yieldsFinal state D0 D0 Corr. used D0 D0K� 3,363,000 � 6,000 3,368,000 � 6,000 none | |K��s 705,100 � 1,000 703,500 � 1,000 K� map 633; 300 630; 100KK�s 65,730 � 340 63,740 � 330 �s map 65; 210 63; 490���s 32,210 � 310 31,930 � 310 �s map 31; 900 31; 760
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os �j)� nD0(�j 
os �j)nD0(�j 
os �j) + nD0(�j 
os �j) (3)aCP = aCP (
os �) � (a+(
os �) + a�(
os �)) =2 (4)aFB(
os �) � (a+(
os �)� a�(
os �)) =2, (5)where nD0 and nD0 are the numbers of signal events forD0 and D0 after applying the weights dis
ussed above,aCP is the even 
omponent and aFB(
os �) the odd 
om-ponent. Eqs. 4 and 5 are approximate as se
ond-orderterms in a� have been omitted. The even part, repre-senting CP -violating e�e
ts, would provide eviden
e of auniform yield asymmetry. The odd part represents theprodu
tion asymmetry, in
luding higher-order QED 
on-tributions. From the several values of aCP obtained as afun
tion of j 
os �j, we obtain a 
entral value from a �2minimization.We 
onsider three sour
es of systemati
 error to besigni�
ant. One sour
e is the 
hoi
e of PDFs used todes
ribe the signal and ba
kground distributions, whi
ha�e
ts the statisti
al ba
kground subtra
tion. We esti-mate this systemati
 un
ertainty by substituting di�er-ent ba
kground shapes in m and �m and an alternativetwo-dimensional signal shape in the �ts to the taggedsamples. Another sour
e is the binning 
hoi
es madeand dependen
es in the �s-eÆ
ien
y 
orre
tion. We esti-mate the size of this un
ertainty by varying the numberof bins and the required number of events per bin in his-tograms used to 
al
ulate eÆ
ien
ies, and by adding a� dependen
e to the eÆ
ien
y 
orre
tion. We �nd thelargest un
ertainty here arises from the parti
ular 
hoi
eof binning in the �s-eÆ
ien
y map. Be
ause the system-ati
 un
ertainty in applying the �s-eÆ
ien
y 
orre
tionis the same for both modes, we evaluate its size usingTABLE II: Summary of systemati
 un
ertainties.Category �aKKCP �a��CP2-Dim. PDF shapes �0:04% �0:05%�s 
orre
tion �0:08% �0:08%aCP extra
tion �0:09% �0:20%Quadrature sum �0:13% �0:22%
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FIG. 3: CP -violating asymmetries in (a) KK and (b) ��,and forward-ba
kward asymmetries in (
) KK and (d) ��.In (a) and (b), the dashed lines represent the 
entral valuesand the hat
hed regions the 1� intervals, obtained from �2minimizations.the larger signal sample. Finally, we 
onsider the pro
e-dure for extra
ting aCP . We vary the binning and thea

epted range of j 
os �j; the largest un
ertainty 
omesfrom the latter. All other sour
es of systemati
 un
er-tainty are highly suppressed be
ause the �nal states arere
onstru
ted identi
ally for D0 and D0. We summa-rize the 
ontributions to the total systemati
 un
ertaintyin Table II. The smaller �� sample size in
uen
es the
al
ulation of its systemati
 un
ertainty.For KK, we measure aKKCP = (0:00 � 0:34 (stat.) �0:13 (syst.))%. For ��, we measure a��CP = (�0:24 �0:52 (stat.) � 0:22 (syst.))%. Statisti
al un
ertainties of0.1% in the �s 
orre
tion have been in
luded in the �nalstatisti
al un
ertainty values. The even and odd asym-metries for ea
h mode as a fun
tion of j 
os �j are shownin Fig. 3. We 
on
lude from the �2 minimizations inFig. 3(a,b) that there is no eviden
e of CP violation ineither of the Cabibbo-suppressed two-body modes of D0de
ay. This result is in agreement with Standard Modelpredi
tions. It also provides a new 
onstraint on theoriesbeyond the Standard Model [3℄, some of whi
h predi
t
AKK

CP = (0.00 ± 0.34 ± 0.13)%

Aππ
CP = (−0.24 ± 0.52 ± 0.22)%

consistent with no CPV
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D0 → K+K−, π+π− (time-integrated)

Belle, arXiv:0807.0148 (2008), 540 fb−1
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CP = (−0.43 ± 0.30 ± 0.11)%

Aππ
CP = (+0.43 ± 0.52 ± 0.12)%

consistent with no CPV
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D0 → K+K−, π+π− (time-integrated)

Direct CPV
✦ By combining ACP and AΓ one can obtain the direct CPV contribution

(errors are uncorrelated because different observables used to extract them)

✦ Y. Grossman, L. Kagan and Y. Nir, PRD75, 036008 (2007):

⊲ Af
CP = af

d + af
ind

⊲ decays to CP eigenstate: aind = −AΓ

⇒ af
d = Af

CP + AΓ

exp. aKK
d (%) aππ

d (%)
BaBar +0.26 ± 0.50 ± 0.15 +0.02 ± 0.63 ± 0.23
Belle −0.42 ± 0.42 ± 0.19 +0.44 ± 0.60 ± 0.19

average −0.12 ± 0.35 0.24 ± 0.46

→ no sign of direct CPV

shown in black → my calculations
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Other decay modes (time-integrated)

✦ 3 and 4 body decays studied

✦ Dalitz plot dependent efficieny corrections used (obtained from MC)
⊲ larger systematics

✦ All searches consistent with no CPV

Belle, D0 → π+π−π0 (532 fb−1)
PLB662, 102 (2008)

BaBar, D0 → π+π−π0, K+K−π0 (Dalitz analysis, 385 fb−1)
arXiv:0802.4035v1 (2008)

Belle, D0 → K+π−π0, K+π−π+π− (281 fb−1)
PRL95, 231801 (2005)

decay ACP (%) experiment
D0 → π+π−π0 +0.43 ± 0.41 ± 1.23 Belle
D0 → π+π−π0 −0.31 ± 0.41 ± 0.17 BaBar (Dalitz)
D0 → K+K−π0 +1.00 ± 1.67 ± 0.25 BaBar (Dalitz)
D0 → K+π−π0 −0.6 ± 5.3 Belle
D0 → K+π−π+π− −1.8 ± 4.4 Belle
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Conclusions

✦ Many D0 decay modes have been searched at B-factories (Belle, BaBar) for
CP violation.

✦ No evidence has been found.

✦ The most stringent constrains obtained from decays to CP eigenstates
(K+K−, π+π−) and, by using Dalitz analysis, from decays to charge
conjugate states (K0

sπ+π−, π+π−π0).

✦ Several CP asymmetries measured to ±0.25%.

✦ Average of CPV parameters |q/p| and φ consistent with no CPV to ±0.15.
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