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CP violation in charm
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CP violation in charm
ParametrizationParametrization
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CP violation in charm

ParametrizationParametrization
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CP violation in charm

ObservablesObservables
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CPV measurements

Decays to CP eigenstates AA
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Decays to CP eigenstates
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CPV measurements

Decays to CP eigenstates HFAG htt // l t f d d / /hf /
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Decays to CP eigenstates

ResultsResults

HFAG, http://www.slac.stanford.edu/xorg/hfag/

t-dependent method 

)%15.030.001.0( ±±=ΓA
Belle, PRL 98, 211803 (2007), 540fb-1

)%08.036.026.0( ±±=ΓA

)(Γ

BaBar, PRD78, 011105 (2008), 384fb-1

dominant syst.: same as for yCP

AΓ = (AM /2)y cos φ -x sin φAΓ  (AM /2)y cos φ x sin φ

CPV in mixing and interference
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no CPV at ∼ 3 ·10-3
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Decays to CP eigenstates
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Decays to CP eigenstates
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Decays to CP eigenstates

CPV phenomenology Outlook
CPV measurements
Constraints on NP

KKDNKKDN →→ )()( 00Decays to CP eigenstates

PrinciplePrinciple KK
CPFB

meas

AAA
KKDNKKDN
KKDNKKDNA

++=

=
→+→
→−→

=

π
ε

)()(
)()(

00

t-integrated method 

Aε
π : π+ / π- detection eff. asymmetry 
D*+/ D0 +/ d t diff t

comparison of tagged/untagged 
(D*+ →D0π+),D0 →K-π+

CPFBε

D*+/- →D0π+/- ; e.g. due to different 
π+/- interactions on detect. material

AFB: forward-backward asymmetry
assuming AFB

D*=AFB
D ⇒

Atag Auntag = A π;AFB: forward backward asymmetry
γ*/Z0 → c c;
AFB is an odd function of θD (in CMS);
vanishes if integrated over θD; 

Atag-Auntag = Aε
π;

need to perform meas. in bins of 
pπ , θπ

g D
since working in bins of θπ(correlated
with θD) need to correct for it 

A f: physical CPV asymmetry )cos()(cos

2
)cos()(cos

D
meas

D
meas

D
meas

D
meas

FB

AA

AAA

θθ

θθ

−+

−−
=

B. Golob, D Mixing  & CPV 9/25Frontier of Particle Physics 2010, Hu Yu Village, Aug 2010

ACP
f: physical CPV asymmetry

2
)cos()(cos DD

CP
AAA θθ +

=



CPV measurements

Decays to CP eigenstates Aε
π in bins of  pπ , θπ (n.b.: O(10-2))
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Decays to CP eigenstates

ResultsResults
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CPV measurements

WS 2 body decays ⎤⎡
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WS 2-body decays
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CPV measurements

WS 2 body decays y’ +
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WS 2-body decays

ResultsResults
0

D0
D0 +D0

(no CPV)

y
.04

D0 → K+ π -

D0
0

BaBar, PRL 98, 211802 (2007), 384fb-1

-4               0                4·10-3x’ + 2

-.04

values from
B B PRL 98 211802 (2007) 384fb 1

AD = (23 ± 47) ·10-3

A = (670 ± 1200) ·10-3

BaBar, PRL 98, 211802 (2007), 384fb-1

Belle, PRL 96, 151801 (2006), 400fb-1

AM = (670 ± 1200) 10

does not fit for CPV param.
CDF, PRL 100, 121802 (2008), 1.5fb-1
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CPV measurements

Multi body self conjugated states same as eqs. on p. I/42
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Multi-body self conjugated states

PrinciplePrinciple
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(in mixing and 
interference)
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Multi body self conjugated states
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Multi-body self conjugated states

ResultsResults
0

95% C.L. contour

D0 → KS π+ π -

pq 10.030.0860/ ±±=

Belle, PRL 99, 131803 (2007), 540fb-1

rad

pq

)09.030.0
28.024.0(

09.029.086.0/

±±−=

±±=

ϕ

no evidence of direct CPV;
x, y almost unchanged w.r.t. no CPV fit

KS π+ π -/KS K+ K-

does not fit for CPV param.

BaBar, arXiv:1004.5053, 470 fb-1
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does not fit for CPV param.



CPV measurements

Other states )()( fMfM →Γ−→Γ
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Other states

PrinciplePrinciple
)()(
)()(

fMfM
fMfMACP →Γ+→Γ

→Γ→Γ
=

D+ → KSπ+ CF
various decay modes 
of D(s)

0(+)

t-integrated asymmetry;

D+ → KSK+ CS
Ds

+ → KSK+ CF
Ds

+ → KSπ+ CS

example: D(s)
+ → KSh+

h=K, π
charged mesons: CPV in decay only;

corrections for detector induced 
asymmetries and AFB (n.b.: p. II/9);

example: 
Arec(D → KSπ+ ) - Arec(Ds → φπ+ ) 
⇒ ACP(D → KSπ+)

(technically much more involved
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(technically much more involved 
due to pπ , θπ , θD dependence, see p. II/9)
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Other states
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Other states
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KS in final state not a
CP eigenstate itself;
in weak D decays K0, K0 produced;
CPV in K0 system ⇒
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ε
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K
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CPV in K system ⇒
even in absence of CPV in D system 
some asymmetry expected

R lR lResultsResults
AK

Belle, PRL 104, 181602 (2010), 673fb-1
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2.6 σ from 0, consistent with AK no CPV at ≥ 3 ·10-3



CPV measurements

Averages
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Averages
ResultsResults

same fit as for the 
mixing parameters

HFAG, 
http://www.slac.stanford.edu/mixing parameters, 

+ CPV parameters

x       (0.59 ± 0.20)%

xorg/hfag/

χ2/n d f =

δ (27.6 +11.2
−12.2 )°

y       (0.80 ± 0.13)% 

δ (23 2 +22 3 )°

χ /n.d.f.=
31.9/(30-8)=
31.9/22

δKππ (23.2 +22.3
−23.3 )°

RD (0.332 ± 0.008)% 

AD (−2 0 ± 2 4)%

(largest cont.
from K+π -π0

and Cleo-c)

C
P

V

AD ( 2.0 ± 2.4)% 

|q/p|  0.91 +0.19
−0.16 

φ (−10.0 +9.3
−8.7 )°
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Constraints on NP

Constraints from mixing
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Constraints from mixing
(examples from

)
c u

b’ b’
W+

D0 D0

Vcb’ Vub’*

E. Golowich et al., PRD76, 095009 (2007)

4th generation of fermions4th generation of fermions

b’ beside d,s,b exchanged 
i l

u c

b b’
W-

D D0

Vcb’Vub’*
in loop; 

|Vub’Vcb’|<1.4 ·10-3

for m > 400 GeV m
b’

[G
eV

]

lines of
constant |x|for mb’ > 400 GeV

more severe constraints 
than from CKM unitarity

m

than from CKM unitarity

complementarity of 
such constraints w.r.t. 
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|Vub’Vcb’|
down-like FCNC obvious
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Constraints from mixing
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Constraints from mixing

E. Golowich et al., PRD76, 095009 (2007)

Rd~
RR--parity violating SUSYparity violating SUSY

squark-lepton (or vice versa) 
h i l

D0 D0
iL
l kRd

iL
l

kRd~

exchange in loop; 

kRdm~

[GeV]

lines of
constant |x|
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Constraints on NP

Constraints from CPV c u
W±
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Constraints from CPV
SCS decays (probing penguins);
small in SM, small DCPV;
SUSY: squark gluino loops;

s
Vcs Vus

g q

q
i t t

for M12 relation to 
observables
see p II/27 28SUSY: squark-gluino loops; 

could lead to CPV
q

approximate current sens.
|M12|

GeVm 300~ =
|M12| vs.  

( )̃ f
Y. Grossman et al., PRD75, 036008 (2007)

see p. II/27, 28

GeVm 1000~ =

m(g) for 
rf=1%{ { D

integrt
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dept

rA

AAA

sinsin4

2/
..

=

=+
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δϕ
see eqs. on p. II/6, 8
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f
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ff

fffD
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=

= δϕ

)%68.008.0( ±−=KK
DA

t ib t f O(1%) ll dcontrib. to rf of O(1%) allowed 
using current constraints from mixing; 

if φf, δf ∼ O(1) (i.e. if no similar CPV suppression in 4
~

sinsin4
D

ff

D
f

AAr
δϕ

=
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if φf, δf O(1) (i.e. if no similar CPV suppression in 
NP like in SM) AD constraint excludes all shown values

ff



Outlook

Near future facilities
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Near future facilities

CharmCharm--factoriesfactories

main results from BES-III
expected in the near future;

LHCbLHCb

great hopes for nice results,
∫Ldt
[ab-1]great hopes for nice results, 

although 1 fb-1(by end of 2011)
may not be enough 

[ab ]

Super BSuper B--factoriesfactories

- Super KEKB, 5 ab-1 in 2016;
L
[cm-2s-1]
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- SuperB, Frascati



Outlook

Illustrative expected sensitivities
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Illustrative expected sensitivities 
Mixing parametersMixing parameters

current W.A.
expected

Charm-factories
20 fb-1:  σ(RM) ~ 1 ·10-4

(from ψ(3770) →K-π+, K-π+)

BES III, arXiv:0809.1869 

n.b.: p. I/39

(n.b.: RM ~ 1 ·10-4 ); 
σ(y) ~ 0.3% 
σ(cos δ) ~ 0.04

LHCb
10 fb-1: σ(x) ~ 0.25%, σ(y) ~ 0.05%
(estimated from precision on ’2 ’ and )

G. Wilkinson et al., public note LHCb-2007-49

Prediction is very difficult, 
(estimated from precision on x’2, y’ and yCP)

Super B-factories
Super KEKB: 5 ab 1: (x) (y) 0 1%

A.G. Akeroyd et al., arXiv:1002.5012 

especially of the future.

N. Bohr (1885 - 1962)
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Super-KEKB: 5 ab-1: σ(x), σ(y) ~ 0.1% 
(combined from Kπ, KK, Ksππ)
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Illustrative expected sensitivities
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Illustrative expected sensitivities 
CPV parametersCPV parameters

ϕ2sin)(2
)(
)(

+
+

++ =
Γ
Γ

≡ SBrR
XS
SSr M

Charm-factories
several possibilities;

decays to same sign CP states;

)( +

C
CP eSeS

eSeSA ≈
Γ+Γ
Γ−Γ

= +
+

−
+

+
+

−
++= 1

)()(
)()(

not sensitive due to RM
suppression;

C=+1 initial state (D0D0 γ);
20 fb 1 (A ) 0 6% ( t t l ) C

M

ARAb

AxAy =−≈

−=

Γ

1

sincos
2

ϕϕ

20 fb-1: σ(AΓ) ~ 0.6%  (stat. only)

Super BSuper B--factoriesfactories

BES III, arXiv:0809.1869 
MM

C
CP ARAbn ≈−= 1:..

(neglecting direct CPV, 
i.e. AD=0; see p. II/29
for other asymmetries)

Super BSuper B--factoriesfactories
Super-KEKB: 
5 ab-1: σ(φ) ~ 5o

σ(AΓ) ~ 0.1%-0.2%
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σ(AΓ)  0.1% 0.2%
A.G. Akeroyd et al., arXiv:1002.5012 
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Illustrative expected sensitivities
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Illustrative expected sensitivities 
CPV parametersCPV parameters

Belle II, 50 ab-1
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projected sensitivities included



Summary
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• entering precision era in D0 mixing and CPV 
( i i l t b i 2007)(mixing only estab. in 2007)

• provide unique constraints/searches of NP in u-like FCNC

Today:
• B-factories (and Tevatron) still to say the final word

Tomorrow:
• Charm-factories, LHCb and Super-B factories 

• will be able to search for NP effects (in CPV) in whole range 
down to SM predictions
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Additional material

D mixing rate in exclusive approach
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take as example PP final states: 

t t d B t ib t i i−=∆
210 HD C ∝−=∆−=∆ 0110 DHnnHD CC

dominant contrib. to mixing;

state measured Br contrib. to mixing

K-π+ 1 − λ2 r1 -√(r1r4) λ2

K-K+ λ2 λ2 r2 λ2 r2 λ2

∝=∆ 10 nHD C
w

∝DHnnHD ww

π−π+ λ2 λ2 r3 λ2 r3 λ2

K+π- λ4 − λ2 r4 λ4 -√(r1r4 )λ2

minus sign due to relative sign of Vus/Vcd (see p. I/32);
summing over this states ⇒ 0 (GIM mechanism);

however in D0 decays SU(3) is broken;( ) 022Σ λ
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however, in D0 decays SU(3) is broken; 
in other words, measured Br’s with ri ≠1

( ) 02 4132
2 ≠−+=Σ rrrrλ



Additional material

Mixing parameters 222 fBmmG η
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g p

B mesons: 
calculate M12, Γ12 from 2*
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Additional material

Mixing parameters
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g p

B mesons: 

|Γ | << |M |
)1(||2
)1(||2

12

12Mm
+Γ−=∆Γ
+=∆
K
K

|Γ12| << |M12|
measured xd=0.776 ± 0.008

xs=25.5 ± 0.6
from M /Γ <1%

|)|/|(|
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1212
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MΓ→ OK

from M12/Γ12 ⇒ yd<1%
ys~10%

D mesons:D mesons: 
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12 )2/(1
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yxAxM M
D +

Γ
=

G Raz PRD66 057502 (2002)G. Raz, PRD66, 057502 (2002)
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Additional material

Asymmetries at charm-factories
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(n.b.: AD is decay mode specific, in this case represents      
direct CPV in S+ decay mode)


