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Why study... 

•  SM rates are very low  ⇒ a good place to search for new physics 
[Most promising: singly Cabibbo-suppressed decays, see Grossman, 
Kagan, Nir, PRD 75, 036008 (2007) ]	


•  Now established that D0/D0bar mesons mix ⇒  is there CPV in the 
mixing? or CPV due to interference between mixed and direct decay 
amplitudes?	


... CP Violation in D Decays? 

... CPV in D Decays at an e+e- machine (Belle/BaBar)? 
•  Final states with neutral particles (γ, KS, π0) can be reconstructed 
that are difficult/impractical to reconstruct at a hadron machine	


•  Low backgrounds, high trigger/reconstruction efficiencies, minimal 
decay time bias, roughly flat acceptance over Dalitz plots, several 
control samples	
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The Belle Experiment runs at KEKB: 
KEKB collider: 
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BaBar, PRD 72, 
032005 (2005) 

ϒ resonances = bb bound states	


off-resonance on-resonance 

3.5 x 8.0 GeV beams: 
 βγ = 0.425 

At ϒ(4S) resonance: 
   (√s = 10.579 GeV) 

	
σ(bb) ≈ 1.1 nb 
	
σ(cc) ≈ 1.3 nb 
	
σ(uu) ≈ 1.4 nb 
	
σ(dd,ss) ≈ 0.3 nb 
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Formalism I: 
 c   u  

 u   c  

d,s 

d,s 

n  doubly-Cabibbo-suppressed w/r/t ΓD 
n  GIM mechanism cancellation 
n  long-distance contributions 

 c   u  

 u   c  

Kπ	

ππ	

KK 

i
∂

∂t

(
|D0〉
|D 0〉

)

=

(

M −
i

2
Γ

) (
|D0〉
|D 0〉

)

|D1〉 = p|D0〉 + q|D 0〉
|D2〉 = p|D0〉 − q|D 0〉

|D1(t)〉 = |D1〉 e−(Γ1/2+im1)t

|D2(t)〉 = |D2〉 e−(Γ2/2+im2)t

⇒ |D0〉 =
1

2p

(
|D1〉 + |D2〉

)

|D 0〉 =
1

2q

(
|D1〉 − |D2〉

)

|D0(t)〉 = e−(Γ/2+im) t

{

cosh [(∆γ/4 + i∆m/2)t] |D0〉 +

(
q

p

)

sinh [(∆γ/4 + i∆m/2)t] |D 0〉

|D 0(t)〉 = e−(Γ/2+im) t

{(
p

q

)

sinh [(∆γ/4 + i∆m/2)t] |D0〉 + cosh [(∆γ/4 + i∆m/2)t] |D 0〉

m ≡
1

2

(
m1 + m2

)
Γ ≡

1

2

(
Γ1 + Γ2

)
∆m ≡ m2 − m1 ∆γ ≡ Γ2 − Γ1

Flavor eigenstates are                   
not mass eigenstates: 

〈f |H|D0(t)〉 = e−(Γ/2+im) t

{

cosh [(∆γ/4 + i∆m/2)t] Af +

(
q

p

)

sinh [(∆γ/4 + i∆m/2)t] Āf

〈f̄ |H|D 0(t)〉 = e−(Γ/2+im) t

{(
p

q

)

sinh [(∆γ/4 + i∆m/2)t] Af̄ + cosh [(∆γ/4 + i∆m/2)t] Āf

Af ≡ 〈f |H|D0〉 Āf ≡ 〈f |H|D 0〉
Af̄ ≡ 〈f̄ |H|D0〉 Āf̄ ≡ 〈f̄ |H|D 0〉

Since ∆m t $ 1 and ∆γt $ 1, expand cos(∆m t), cosh(∆γ/2)t, sin(∆m t), sinh(∆γ/2)t:

R(D0(t)→f) = |Af|2 e−Γt

{

1 + [ y Re(λ) − x Im(λ) ] (Γt) + |λ|2
(x2 + y2)

4
(Γ t)2

}

R(D 0(t)→ f̄) = |Āf̄|2 e−Γt

{

1 +
[
y Re(λ̄) − x Im(λ̄)

]
(Γt) + |λ̄|2

(x2 + y2)

4
(Γ t)2

}

x ≡
∆m

Γ
y ≡

∆Γ

2Γ
λ ≡

q

p

Āf

Af

λ̄ ≡
p

q

Af̄

Āf̄
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Formalism II: 
λ =

q

p

Āf

Af

≡
∣∣∣∣∣
q

p

∣∣∣∣∣

√
RD ei(φ+δ)

λ̄ =
p

q

Af̄

Āf̄

≡
∣∣∣∣∣
p

q

∣∣∣∣∣

√
RD ei(−φ+δ)

N(D0 →f)

dt
∝ e−Γ t




RD +

∣∣∣∣∣
q

p

∣∣∣∣∣

√
RD [ y cos(φ + δ) − x sin(φ + δ) ] (Γt) +

∣∣∣∣∣
q

p

∣∣∣∣∣

2 (x2 + y2)

4
(Γ t)2

= e−Γ t




RD +

∣∣∣∣∣
q

p

∣∣∣∣∣

√
RD(y′ cos φ − x′ sin φ)(Γt) +

∣∣∣∣∣
q

p

∣∣∣∣∣

2 (x′2 + y′2)

4
(Γ t)2






N(D 0 → f̄)

dt
∝ e−Γ t




RD +

∣∣∣∣∣
p

q

∣∣∣∣∣

√
RDy′ cos φ + x′ sin φ)(Γt) +

∣∣∣∣∣
p

q

∣∣∣∣∣

2 (x′2 + y′2)

4
(Γ t)2






x′ ≡ x cos δ + y sin δ y′ ≡ y cos δ − x sin δ

|q/p| CPV in mixing

AD ≡ (RD − RD)/(RD + RD) CPV in the decay amplitude (direct CPV )

φ CPV in mixed/direct interference

No CPV (RD = RD, |q/p| = 1, and φ = 0):

dN(D0 →f)

dt
∝ e−Γ t

{

RD +
√

RD y′(Γt) +
(x′2 + y′2)

4
(Γ t)2

}
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Formalism II: 
λ =

q

p

Āf

Af

≡
∣∣∣∣∣
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p

∣∣∣∣∣

√
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Āf̄

≡
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p

q

∣∣∣∣∣

√
RD ei(−φ+δ)

N(D0 →f)

dt
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RD +

∣∣∣∣∣
q

p

∣∣∣∣∣

√
RD [ y cos(φ + δ) − x sin(φ + δ) ] (Γt) +

∣∣∣∣∣
q

p

∣∣∣∣∣

2 (x2 + y2)

4
(Γ t)2

= e−Γ t




RD +

∣∣∣∣∣
q

p

∣∣∣∣∣

√
RD(y′ cos φ − x′ sin φ)(Γt) +

∣∣∣∣∣
q

p

∣∣∣∣∣

2 (x′2 + y′2)

4
(Γ t)2






N(D 0 → f̄)

dt
∝ e−Γ t




RD +

∣∣∣∣∣
p

q

∣∣∣∣∣

√
RDy′ cos φ + x′ sin φ)(Γt) +

∣∣∣∣∣
p

q

∣∣∣∣∣

2 (x′2 + y′2)

4
(Γ t)2






x′ ≡ x cos δ + y sin δ y′ ≡ y cos δ − x sin δ

|q/p| CPV in mixing

AD ≡ (RD − RD)/(RD + RD) CPV in the decay amplitude (direct CPV )

φ CPV in mixed/direct interference

No CPV (RD = RD, |q/p| = 1, and φ = 0):

dN(D0 →f)

dt
∝ e−Γ t

{

RD +
√

RD y′(Γt) +
(x′2 + y′2)

4
(Γ t)2

}
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Belle CPV in mixing or interference 

“Wrong-sign” D0(t)→ K+π-   
[Zhang et al., PRL 96, 151801 (2006); 
 Li et al., PRL 94, 071801 (2005)] 
 
Fit for x’2, y’, |q/p|, φ = Arg(q/p) 
 

RM =
1

2
(x2 + y2)

2 yCP =
(

|q/p| + |p/q|
)
y cos φ −

(
|q/p| − |p/q|

)
x sin φ

2 AΓ =
(

|q/p| − |p/q|
)
y cos φ −

(
|q/p| + |p/q|

)
x sin φ

xK0ππ = x

yK0ππ = y

|q/p|K0ππ = |q/p|
Arg (q/p)K0ππ = φ

(
x′′

y′′

)

K+π−π0

=

(
cos δKππ sin δKππ

− sin δKππ cos δKππ

) (
x
y

)

(
x′

y′

)

=

(
cos δ sin δ

− sin δ cos δ

) (
x
y

)

AM =
|q/p|2 − |p/q|2

|q/p|2 + |p/q|2

x′± =

(
1 ± AM

1 ∓ AM

)1/4

(x′ cos φ ± y′ sin φ)

y′± =

(
1 ± AM

1 ∓ AM

)1/4

(y′ cos φ ∓ x′ sin φ)

Γ(D0 →K+π−) + Γ(D 0 →K−π+)

Γ(D0 →K−π+) + Γ(D 0 →K+π−)
= RD

Γ(D0 →K+π−) − Γ(D 0 →K−π+)

Γ(D0 →K+π−) + Γ(D 0 →K−π+)
= AD

Γ(D0 →K+K−) − Γ(D 0 →K+K−)

Γ(D0 →K+K−) + Γ(D 0 →K+K−)
= AK +

〈t〉
τD

Aindirect
CP

Γ(D0 →π+π−) − Γ(D 0 →π+π−)

Γ(D0 →π+π−) + Γ(D 0 →π+π−)
= Aπ +

〈t〉
τD

Aindirect
CP

2Aindirect
CP =

(
|q/p| + |p/q|

)
x sin φ −

(
|q/p| − |p/q|

)
y cos φ

D0(t)→ K0 π+π- Dalitz plot analysis 
 [Zhang et al., PRL 99, 131803 (2007)] 

 
Fit for x, y, |q/p|, φ = Arg(q/p) 

Time-dependent  D0(t)→ K+K-, π+π-	

[Staric arXiv:1212.3478 (2012);  
Staric et al., PRL 98, 211803 (2007); 
Abe et al., hep-ex/0308034 (2003)] 
 
Fit for yCP, AΓ	


RM =
1

2
(x2 + y2)

2 yCP =
(

|q/p| + |p/q|
)
y cos φ −

(
|q/p| − |p/q|

)
x sin φ

2 AΓ =
(

|q/p| − |p/q|
)
y cos φ −

(
|q/p| + |p/q|

)
x sin φ

xK0ππ = x

yK0ππ = y

|q/p|K0ππ = |q/p|
Arg (q/p)K0ππ = φ

(
x′′

y′′

)

K+π−π0

=

(
cos δKππ sin δKππ

− sin δKππ cos δKππ

) (
x
y

)

(
x′

y′

)

=

(
cos δ sin δ

− sin δ cos δ

) (
x
y

)

AM =
|q/p|2 − |p/q|2

|q/p|2 + |p/q|2

x′± =

(
1 ± AM

1 ∓ AM

)1/4

(x′ cos φ ± y′ sin φ)

y′± =

(
1 ± AM

1 ∓ AM

)1/4

(y′ cos φ ∓ x′ sin φ)

Γ(D0 →K+π−) + Γ(D 0 →K−π+)

Γ(D0 →K−π+) + Γ(D 0 →K+π−)
= RD

Γ(D0 →K+π−) − Γ(D 0 →K−π+)

Γ(D0 →K+π−) + Γ(D 0 →K−π+)
= AD

Γ(D0 →K+K−) − Γ(D 0 →K+K−)

Γ(D0 →K+K−) + Γ(D 0 →K+K−)
= AK +

〈t〉
τD

Aindirect
CP

Γ(D0 →π+π−) − Γ(D 0 →π+π−)

Γ(D0 →π+π−) + Γ(D 0 →π+π−)
= Aπ +

〈t〉
τD

Aindirect
CP

2Aindirect
CP =

(
|q/p| + |p/q|

)
x sin φ −

(
|q/p| − |p/q|

)
y cos φ
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Belle time-dependent D0(t)→ K+K-, π+π- 

1)  tag flavor via D*+→ D0π+ 

2)  determine resolution function from MC/data studies 
3)  do simultaneous binned fit to K+K- , K-π+ , π+π-  samples 

Method:  

Staric, arXiv:1212.3478; Staric et al., PRL 98, 211803 (2007). 

yCP =
τ(K−π+)

τ(K+K−)
− 1

AΓ =
τ(D 0 →K+K−) − τ(D0 →K+K−)

τ(D 0 →K+K−) + τ (D0 →K+K−)

2/ndf= 792.9/684 (CL=  0.2%)

t (bins)
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Belle time-dependent D0(t)→ K+K-, π+π-  (cont’d) 

Staric, arXiv:1212.3478; Staric et al., PRL 98, 211803 (2007). 

yCP = (+1.11 ± 0.22 ± 0.11)%

AΓ = (−0.03 ± 0.20 ± 0.08)%

976 fb-1 preliminary: 

yCP vs. cos *

  22.93    /    17

yCP=1.06±0.23 %

A  vs. cos *

  20.92    /    17

A =-0.03±0.21 %

 vs. cos *

  15.59    /    17

= 408.2± 0.6 fs
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Note: as resolution function depends on D0 CMS angle (θ*), fit is performed in bins 
of cos θ*    

(world’s most 
precise to-date) 
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Belle time-integrated D0→ K+K-, π+π- 

m (GeV)

×1
03  ev

en
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1M
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Belle preliminary using 976/fb

Af
CP ≡

Γ(D0 →f) − Γ(D 0 →f)

Γ(D0 →f) + Γ(D 0 →f)

Af
rec = Af

CP + AFB + Aπ
ε

AKπ
tagged = AKπ

CP + AFB + AKπ
ε + Aπ

ε

AKπ
untagged = AKπ

CP + AFB + AKπ
ε

uD0 = 1 − AKπ
untagged(pD0, cos θD0)

uD 0 = 1 + AKπ
untagged(pD 0, cos θD 0)

wD0 = 1 − Aπ
ε (pπ, cos θπ)

wD 0 = 1 + Aπ
ε (pπ, cos θπ)

(1) tag flavor via D*+→ D0π+ 

(2) measure tagging asym. using D0→ K+π-	


(3) correct for K+π- asym. by reweighting 

(4) correct for tagging π+ asymmetry by reweighting 

Method:  

15M  3.1M  

282K  123K  

Ko, arXiv:1212.1975; Staric et al., PLB 670, 190 (2008) 
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Belle time-integrated D0→ K+K-, π+π-  (cont’d) 

D0→K+K-                                     D0→π+π-

  4.058    /     3
P1 -0.3249E-02  0.2088E-02

|cos θ*|

A CP

a)
  6.537    /     3

P1  0.5470E-02  0.3575E-02

|cos θ*|

A CP
b)

-0.04
-0.03
-0.02
-0.01

0
0.01
0.02
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0.04
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-0.02
-0.01

0
0.01
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Belle preliminary using 976/fb

Af
CP =

Af,corr
rec (cos θ∗) + Af,corr

rec (− cos θ∗)

2

AFB =
Af,corr

rec (cos θ∗) − Af,corr
rec (− cos θ∗)

2

AKK
CP = (−0.32 ± 0.21 ± 0.09)%

Aππ
CP = (+0.55 ± 0.36 ± 0.09)%

∆ACP ≡ AKK
CP − Aππ

CP = (−0.87 ± 0.41 ± 0.06)%

Preliminary 
 976 fb-1  : 

Ko, arXiv:1212.1975; 
Staric et al., PLB 670, 

 190 (2008) 



  A. J. Schwartz         CP Violation in D Decays at Belle   DPF 2013 Meeting     12 

Fit for Direct CP Violation  (HFAG): 

aind
CP = (−0.01 ± 0.16)%

∆adir
CP = (−0.33 ± 0.12)%

No CPV (0,0) point:     
Δ χ 2 = 7.7,   CL=0.021, 
CPV favored at 2.0σ  
 

AΓ ≡
τ(D 0 →f) − τ(D0 →f)

τ(D 0 →f) + τ (D0 →f)
≈ −aind

CP

ACP (f) ≡
Γ(D0 →f) − Γ(D 0 →f)

Γ(D0 →f) + Γ(D 0 →f)

∆ACP ≡ ACP (K+K−) − ACP (π+π−) =



1 + y cos φ
〈t〉
τ



 ∆adir
CP +




∆〈t〉

τ



 aind
CP
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Belle time-integrated D+→ KS K+    

Ko et al., JHEP 1302, 098 (2013) 
AKSK+

rec = Ã
KSK+

CP + AFB + AK+

ε + AK0

A(D0 →K−π+) = AFB + AK−

ε + Aπ+

ε

A(D+
s →φ π+) = AFB + Aπ+

ε

A
KSK+

CP =
AKSK+,corr

rec (cos θ∗) + AKSK+,corr
rec (− cos θ∗)

2

AFB =
AKSK+,corr

rec (cos θ∗) − AKSK+,corr
rec (− cos θ∗)

2

Ã
KSK+

CP = A
KSK+

CP + AK 0

CP = (−0.25 ± 0.28 ± 0.14)%

A
KSK+

CP = (+0.08 ± 0.28 ± 0.14)%

(1) measure tagging asym. using D0→ K- π+	

	


(2) take sums and differences in bins of cosθ* 	
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C
P
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|+D
c.m.s.θ|cos
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-0.04

-0.02

0
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0 0.5 1

C
P

+ K S0 K
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0
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c.m.s.θ|cos
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Belle time-integrated D+→ KS K+    (cont’d)  
Ko et al., JHEP 1302, 098 (2013) 
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ε

A
KSK+

CP =
AKSK+,corr

rec (cos θ∗) + AKSK+,corr
rec (− cos θ∗)

2

AFB =
AKSK+,corr

rec (cos θ∗) − AKSK+,corr
rec (− cos θ∗)

2

Ã
KSK+

CP = A
KSK+

CP + AK 0

CP = (−0.25 ± 0.28 ± 0.14)%

A
KSK+

CP = (+0.08 ± 0.28 ± 0.14)%
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ε

A(D+
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ε

A
KSK+

CP =
AKSK+,corr

rec (cos θ∗) + AKSK+,corr
rec (− cos θ∗)

2

AFB =
AKSK+,corr

rec (cos θ∗) − AKSK+,corr
rec (− cos θ∗)

2

Ã
KSK+

CP = A
KSK+

CP + AK 0

CP = (−0.25 ± 0.28 ± 0.14)%

A
KSK+

CP = (+0.08 ± 0.28 ± 0.14)%
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Belle time-integrated D+→ KS π+  

|+D
c.m.s.|cos

0 0.5 1

C
P

+
S0 K

+ D A
-0.015

-0.01

-0.005

0

0.005

(1) measure tagging asym. using D→ K+π-π	

	


(2) take sums and differences in bins of cosθ* 	

	


3.2σ	


the measured A!þ
" in bins of plab

T!þ and cos#lab!þ together

with ADþ!K"!þ!þ
rec for comparison. The average of A!þ

"

over phase space is ðþ0:078$ 0:040Þ%, where the error
is statistical.

Based on a recent study of the AD [18], we obtain the
asymmetry in bins of K0

S momentum in the lab. For the
present analysis, AD is approximately 0.1% after integrat-
ing over the phase space of the two-body decay [18].

The data samples shown in Fig. 1 are divided into 10&
10& 16 bins of the 3D phase space (plab

T!þ , cos#lab!þ , plab
K0

S
).

Each D$ ! K0
S!

$ candidate is then weighted with a factor

of ð1' A!þ
" Þð1' ADÞ in the 3D phase space. The weighted

MðK0
S!

$Þ distributions in bins of cos#c:m:s:
Dþ are fitted simul-

taneously to obtain the corrected asymmetry. We fit the
linear component in cos#c:m:s:

Dþ to determine AFB while the

ACP component is uniform in cos#c:m:s:
Dþ . Figure 3 shows

A
Dþ!K0

S!
þ

CP and ADþ
FB as a function of j cos#c:m:s:

Dþ j. From a

weighted average over the j cos#c:m:s:
Dþ j bins, we obtain

A
Dþ!K0

S!
þ

CP ¼ ð"0:363$ 0:094Þ%, where the error is statis-
tical. Without the AD correction as in previous publications
[5–8], the value of ACP is ð"0:462$ 0:094Þ%.

The method is validated with fully simulated Monte
Carlo events [26] and the result is consistent with no
input asymmetry. We also consider other sources of
systematic uncertainty. The dominant one in the ACP

measurement is the A!þ
" determination, the uncertainty

of which is mainly due to the statistical uncertainties in
the Dþ ! K"!þ!þ and D0 ! K"!þ!0 samples.
These are found to be 0.040% and 0.048%, respectively,
from a simplified simulation study. A possible ACP in the
D0 ! K"!þ!0 final state is estimated with the relation,

ACP ¼ "y sin$ sin%
ffiffiffiffi
R

p
[27]. Using the 95% upper

and lower limits on D0- !D0 mixing and CP violation pa-
rameters [28], ACP in the D0 ! K"!þ!0 final state is
estimated to be less than 0.014% and this is included as

one of systematic uncertainties in the A!þ
" determination.

By adding the contributions in quadrature, the systematic

uncertainty in the A!þ
" determination is estimated to be

0.064%. We estimate 0.003% and 0.008% systematic un-
certainties due to the choice of the fitting method and that
of the cos#CMS

Dþ binning, respectively. Finally, we add the

systematic uncertainty in the AD correction, which is
0.016% based on Ref. [18]. The quadratic sum of the above
uncertainties, 0.067%, is taken as the total systematic
uncertainty.

We find A
Dþ!K0

S!
þ

CP ¼ ð"0:363$ 0:094$ 0:067Þ%.
This measurement supersedes our previous determination

of A
Dþ!K0

S!
þ

CP [7]. In Table I, we compare all the available
measurements and give the new world average.
According to Grossman and Nir [19], we can estimate

the experimentally measured CP asymmetry induced by
SMK0 " !K0 mixing, A !K0

CP, assuming negligible DCS decay
Dþ ! K0!þ in the final state Dþ ! K0

S!
þ. By multi-

plying A !K0

CP by the correction factor 1:040$ 0:005 due to
the acceptance effects as a function ofK0

S decay time in our
detector, we find the measured asymmetry due to the
neutral kaons to be ð"0:345$ 0:008Þ%.
In summary, we report evidence for CP violation in the

decay Dþ ! K0
S!

þ using a data sample corresponding to
an integrated luminosity of 977 fb"1 collected with the
Belle detector. The CP asymmetry in the decay is mea-
sured to be ð"0:363$ 0:094$ 0:067Þ%, which represents
the first evidence for CP violation in charmed meson
decays from a single experiment and a single decay
mode. After subtracting the contribution due to K0 " !K0

mixing (A !K0

CP), the CP asymmetry due to the change

of charm (A"C
CP ¼ ADþ! !K0!þ

CP ) is consistent with zero,
A"C
CP ¼ ð"0:018$ 0:094$ 0:068Þ%. The measurement

in the decayDþ ! K0
S!

þ is the most precise measurement
of ACP in charm decays to date and can be used to place
stringent constraints on new physics models in the charm
sector [13,16].
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FIG. 3 (color online). Measured ACP (top) and AFB (bottom)
values as a function of j cos#c:m:s:

Dþ j. In the top plot, the dashed line
is the mean value of ACP while the hatched band is the $1&total

interval, where &total is the total uncertainty.

TABLE I. Summary of A
Dþ!K0

S!
þ

CP measurements (where the
first uncertainties are statistical and the second systematic),
together with their average (where only the total uncertainty is
quoted).

Experiment A
Dþ!K0

S!
þ

CP ð%Þ
FOCUS [5] "1:6$ 1:5$ 0:9
CLEO [6] "1:3$ 0:7$ 0:3
BABAR [8] "0:44$ 0:13$ 0:10
Belle (this measurement) "0:363$ 0:094$ 0:067
New world average "0:41$ 0:09

PRL 109, 021601 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending
13 JULY 2012

021601-5

Ko et al., PRL 109, 021601 (2012);  
 Ibid., 119903 (2012) AKSπ+

rec = Ã
KSπ+

CP + AFB + Aπ+

ε + AK0

A(D+ →K−π+π+) = AFB + AK−π+

ε + Aπ+

ε

A(D0 →K−π+π0) = AFB + AK−π+

ε

Ã
KSπ+

CP =
ÃKSπ+,corr

rec (cos θ∗) + ÃKSπ+,corr
rec (− cos θ∗)

2

AFB =
AKSπ+,corr

rec (cos θ∗) − AKSπ+,corr
rec (− cos θ∗)

2

Ã
KSπ+

CP = A
KSπ+

CP + AK 0

CP = (−0.363 ± 0.094 ± 0.067)%

A
KSπ+

CP = (−0.024 ± 0.094 ± 0.067)%
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Direct CP Violation Searches: 
D0→ π+π- 	
 	
976 fb-1  (+0.55 ± 0.36 ± 0.09)%  arXiv:1212.1975 
D0→ Κ+Κ- 	
	
 	
976 fb-1  (-0.32 ± 0.21 ± 0.09)%  arXiv:1212.1975 
D0→ ΚS π0	
 	
	
791 fb-1  (−0.28 ± 0.19 ± 0.10)%  PRL 106, 211801 (2011) 
D0→ ΚS η 	
 	
791 fb-1  (+0.54 ± 0.51 ± 0.16)%  PRL 106, 211801 (2011) 
D0→ ΚS η’	
 	
	
791 fb-1  (+0.98 ± 0.67 ± 0.14)%  PRL 106, 211801 (2011) 
D0→ Κ+π-π0 	
 	
281 fb-1  (-0.6 ± 5.3)%   PRL 95, 231801 (2005) 
D0→ Κ+π-π+π- 	
	
 	
281 fb-1  (−1.8 ± 4.4)%   PRL 95, 231801 (2005) 
D+→ π+η 	
	
 	
791 fb-1  (+1.74 ± 1.13 ± 0.19)%  PRL 107, 221801 (2011) 
D+→ π+η’ 	
 	
791 fb-1  (−0.12 ± 1.12 ± 0.17)%  PRL 107, 221801 (2011) 
 
D+→ ΚS π+    977 fb-1   (−0.363 ± 0.094 ± 0.067)%  (3.2σ)  PRL 109, 021601 (2012) 

         (−0.024 ± 0.094 ± 0.067)% 
D+→ Κ0 Κ+    977 fb-1   (+0.08 ± 0.28 ± 0.14)%    JHEP 02 098 (2013) 
 
D+→ φ π+ 	
	
 	
955 fb-1  (+0.51±0.28±0.05)%  PRL 108, 071801 (2012) 
 
Ds

+→ ΚS π+ 	
673 fb-1  (+5.45 ± 2.50 ± 0.33)%   PRL 104, 181602 (2010) 
Ds

+→ ΚS Κ+ 	
673 fb-1  (+0.12 ± 0.36 ± 0.22)%   PRL 104, 181602 (2010) 
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HFAG global fit   www.slac.stanford.edu/xorg/hfag/charm/index.html 

Fit to 41 measured observables for 
10 parameters. Results: 

But χ2 is high, driven by LHCb D0→ K+π- : 
Observable χ2

∑
χ2

yCP 2.90 2.90

AΓ 0.03 2.94

xK0π+π− Belle 0.87 3.81

yK0π+π− Belle 1.63 5.44

|q/p|K0π+π− Belle 0.30 5.74

φK0π+π− Belle 0.98 6.72

xK0h+h− BaBar 1.44 8.16

yK0h+h− BaBar 0.39 8.55

RM (K+"−ν) 0.11 8.67

xK+π−π0 BaBar 6.26 14.93

yK+π−π0 BaBar 2.83 17.76

CLEOc

(x/y/RD/ cos δ/ sin δ) 10.83 28.59

R+
D/x′2+/y′+ BaBar 7.76 36.34

R−
D/x′2−/y′− BaBar 5.59 41.93

R+
D/x′2+/y′+ Belle 1.76 43.69

R−
D/x′2−/y′− Belle 0.66 44.35

RD/x′2/y′ CDF 11.46 55.81

RD/x′2/y′ LHCb 9.67 65.48

AKK/Aππ BaBar 0.71 66.19

AKK/Aππ Belle 1.56 67.75

AKK − Aππ CDF 1.57 69.33

AKK − Aππ LHCb (D∗ tag) 0.01 69.33

AKK − Aππ LHCb (B0→D0µX tag) 6.08 75.41

No direct 
CPV 

Parameter No CPV No direct CPV CPV -allowed CPV -allowed 95% C.L.

x (%)

y (%)

δ (◦)

RD (%)

AD (%)

|q/p|
φ (◦)

δKππ (◦)

Aπ

AK

x12 (%)

y12 (%)

φ12(◦)

0.49 +0.17
−0.18

0.66 ± 0.09

10.8 +10.3
−12.3

0.347 ± 0.006

−
−
−

21.3 +23.4
−23.8

−
−
−
−
−

0.46 ± 0.18

0.67 ± 0.09

11.4 +10.5
−12.7

0.347 ± 0.006

−
1.04 +0.07

−0.06

−1.6 +2.4
−2.5

22.9 +23.7
−24.0

−
−

0.46 ± 0.18

0.67 ± 0.09

4.8 +9.2
−7.4

0.49 +0.17
−0.18

0.74 ± 0.09

19.5 +8.6
−11.1

0.350 +0.007
−0.006

−2.6 ± 2.2

0.69 +0.17
−0.14

−29.6 +8.9
−7.5

25.1 +22.3
−23.0

0.16 ± 0.21

−0.16 ± 0.20

−
−
−

[0.10, 0.81]

[0.56, 0.92]

[−9.6, 35.4]

[0.337, 0.362]

[−6.9, 1.7]

[0.44, 1.07]

[−44.6, −7.5]

[−20.6, 69.2]

[−0.25, 0.57]

[−0.56, 0.23]

[0.10, 0.80]

[0.50, 0.85]

[−11.7, 35.9]

Parameter No CPV No direct CPV CPV -allowed CPV -allowed 95% C.L.

x (%)

y (%)

δ (◦)

RD (%)

AD (%)

|q/p|
φ (◦)

δKππ (◦)

Aπ

AK

x12 (%)

y12 (%)

φ12(◦)

0.49 +0.17
−0.18

0.66 ± 0.09

10.8 +10.3
−12.3

0.347 ± 0.006

−
−
−

21.3 +23.4
−23.8

−
−
−
−
−

0.46 ± 0.18

0.67 ± 0.09

11.4 +10.5
−12.7

0.347 ± 0.006

−
1.04 +0.07

−0.06

−1.6 +2.4
−2.5

22.9 +23.7
−24.0

−
−

0.46 ± 0.18

0.67 ± 0.09

4.8 +9.2
−7.4

0.49 +0.17
−0.18

0.74 ± 0.09

19.5 +8.6
−11.1

0.350 +0.007
−0.006

−2.6 ± 2.2

0.69 +0.17
−0.14

−29.6 +8.9
−7.5

25.1 +22.3
−23.0

0.16 ± 0.21

−0.16 ± 0.20

−
−
−

[0.10, 0.81]

[0.56, 0.92]

[−9.6, 35.4]

[0.337, 0.362]

[−6.9, 1.7]

[0.44, 1.07]

[−44.6, −7.5]

[−20.6, 69.2]

[−0.25, 0.57]

[−0.56, 0.23]

[0.10, 0.80]

[0.50, 0.85]

[−11.7, 35.9]
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Belle time-integrated D0→ K+π- π+ π-  
White et al., arXiv:1307.5935,  submitted to PRD 
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New result, 791 fb-1  : 
 

D0→ K+π- π+ π- “wrong-sign” 
decays are due to both a doubly-
Cabibbo suppressed amplitude 
and mixing: 

Normalize to Cabibbo-favored 
D0→ K-π+ π+ π- decays 
 
2-d binned fit to MK3π  and  

 Q = MD*π – MD 

RWS =
Γ(D0 →K+π−π+π−)

Γ(D0 →K−π+π−π+)

= RD + αy′√RD +
1

2
(x2 + y2)

(y′ = y cos δ − x sin δ)

3358 ± 79 
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Belle time-integrated D0→ K+ π- π+ π-   (cont’d)  

ratio
Entries  184472
Mean    1.368
RMS    0.5879
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41
2Efficiency Proj. for MAcceptance calculated 

in 5-dimensional 
space of mh+h- bins 
(576 bins total): 

RWS = R′
WS ·

ε(K−π+π+π−)

ε(K+π−π+π−)

N ′(Kπππ) =

576∑

i=1

[
Ni − Nbkg · fi

εi

]

⇒ RWS =
N ′(K+π−π+π−)

N ′(K−π+π+π−)

Take α and strong phase δ  from CLEOc: 

N ′(K+π−π+π−) = 37 297 ± 881

N ′(K−π+π+π−) = 11 510 000 ± 20 000

⇒ RWS = (0.324 ± 0.008 ± 0.007)%

BD0→K+π−π+π− = (2.61 ± 0.06 +0.09
−0.08) × 10−4

RD = (0.327 +0.019
−0.016)%
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Summary 

time-dependent D0(t)→ K+K-, π+π-	


976 fb-1 preliminary:   yCP  =(1.11 ± 0.22 ± 0.11)% 
      AΓ  = (-0.03 ± 0.20 ± 0.08)% 

time-integrated D0→ K+K-, π+π- 
976 fb-1 preliminary:   ∆A  ≡ AKK −Aππ = (−0.87 ± 0.41 ± 0.06)% 

time-integrated D+→ KS Κ+ 
977 fb-1 final:     A = (+0.08 ± 0.28 ± 0.14)% 

time-integrated D+→ KS π+ 
977 fb-1 final:     A = (−0.024 ± 0.094 ± 0.067)% 

      [ A + A(K0)  =  (−0.363 ± 0.094 ± 0.067)% ] 

time-integrated D0→ K+ π- π+ π- 
791 fb-1 preliminary:    B = (2.61 ± 0.06 +0.09 

–0.08 ) × 10-4 

Taking α and δ from CLEO:  RD = (0.327 ± 0.019)% 

No sign of new physics, but:  
these searches represent “low-lying fruit” and will be extended by a 
factor of ~50 with the upcoming Belle II experiment 

⇒ 
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Extra/Backup 
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HFAG global fit: 2-d likelihood functions 
www.slac.stanford.edu/xorg/hfag/charm/index.html 

CPV-allowed plot, no mixing (x,y) = (0,0) point:   Δ χ 2 = 263.8  
No CPV (|q/p|, φ) = (1,0) point:   Δ χ 2 = 5.371,   CL = 0.068 , CPV favored at 1.8σ  
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Belle time-integrated D+→ KS K+  
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Same underlying direct CPV as D0→ K+K-: 	
  (can check for new physics) 
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B factory performance – final tally: 

2000      2002       2004       2006       2008       2010       2012 

Lu
m

in
os

ity
  (

fb
-1

) 

World integrated luminosity on ϒ(4S): 

CLEO 
 11 fb-1 


