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CP violation in the SM
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• CP violation in the SM results from KM complex phases in the CKM 
quark mixing matrix:

• Using the Wolfenstein parametrization:

• Charmed mesons: CP violation is CKM suppressed 

• Observing deviations from these small effects would be a sign of New Physics
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• Type of transitions:

• Cabibbo Favored (CF)

• Singly-Cabibbo-Suppressed (SCS)

• Doubly-Cabibbo-Suppressed (DCS) 

•                         decay can proceed through CF and 
DCS transitions, but CF dominates: one phase and 
CPV from SM is negligible
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Cabibbo-suppressed decay modes

• No CF transition for some decays, so amplitude for tree and 
penguin diagrams are comparable (penguins can proceed only 
through SCS transitions)

• Penguins carry a weak phase relative to the tree amplitude, so 
there is a relevant tree-penguin interference 
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Cabibbo-suppressed decay modes

• No CF transition for some decays, so amplitude for tree and 
penguin diagrams are comparable (penguins can proceed only 
through SCS transitions)

• Penguins carry a weak phase relative to the tree amplitude, so 
there is a relevant tree-penguin interference
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CP asymmetry measurement
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• Time integrated CP asymmetry 
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• Many systematics cancel out, sensitivity down to ~0.2%

• Charged mesons, only direct CPV 

• Contribution from                 mixing [PDG 2010]: +(-)0.332±0.006%  when a      
(       ) is in the final state

• Any deviation would be evidence of CP violation in the charm system

• Already published by BaBar:                            [Phys. Rev. D 83, 071103(R) (2011)]     
ACP=(-0.11±0.13(stat)±0.10(syst))% (after removing           mixing contrib.)
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Reconstructed asymmetry
• Measured asymmetry is the sum of three contributions:

• CP asymmetry, ACP

• Fwd/Bwd asymmetry in      production, AFB

• virtual photon interference with virtual Z0

• Detector-induced charge reconstruction asymmetry,
• reconstruction asymmetries and material interactions 
• affecting only the track not coming from the KS 

• Corrections will be applied to remove       , while ACP and AFB are 
measured 
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Charge asymmetry in reconstruction
• Data-driven method to remove detector-induced asymmetry
• 100M generic tracks with no asymmetry from physics:       

Y(4S) events, after continuum subtraction

• Step 1: criteria to strongly reduce the asymmetry:
• veto on tracks identified as proton and electron
• Pion: veto on tracks identified as kaon
• Kaon: tracks should be identified as kaon but not as pion
• pT > 0.4 GeV/c

• Residual asymmetry: pions -0.25±0.03%, kaons 0.23±0.05% 
(compatible with Y(4S) MC)

• Step 2: corrections to remove the residual asymmetry 
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Nrec(!p) = NrecOnPeak(!p)−NrecOffPeak(!p) ·
LOnPeak

LOffPeak

Aε
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• Equally populated bins 
of momentum magnitude 
and cosine of polar angle

• Small correction 
(~1-2%) applied to 
negative D(s) candidates

• Systematic contribution 
will be included later

Charge asymmetry correction
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Invariant Mass Distributions
• D(s) candidates fully reconstructed plus 

standard selection
• Relevant cut, CMS momentum:

• p* > 2.0 GeV/c for D mode
• p* > 2.6 GeV/c for Ds modes

• Clear signal peak
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PDF components
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• Fit to invariant mass distributions 
using three components:

• Signal: 2 or 1 Gaussian functions

• Charm background from other charm 
modes (see table) with similar invariant 
mass or mis-id pion/kaon: 1D not 
parametric PDF from MC

• Combinatorial background: 2nd or 1st 
order polynomial

469 fb-1
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• Simultaneous binned extended maximum 
likelihood fit to 20 sub-samples: positive and 
negative candidates, 10 bins of  

• 70, 80, and 64 free parameters for                       ,               
                       , and                         , respectively

• 10 asymmetry values are extracted for each mode
!cos 
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and K−. While AFB is measured together with ACP us-184

ing the selected dataset, we correct for the reconstruction185

and identification effects using control data sets.186

In this analysis we have developed a data-driven187

method to determine the charge asymmetry in track re-188

construction as a function of the magnitude of the track189

momentum and its polar angle. Since B mesons are190

produced in the process e+e− → Υ(4S) → BB nearly191

at rest in the CM frame and decay isotropically in the192

B rest frame, these events provide a very large con-193

trol sample essentially free of any physics-induced charge194

asymmetry. However, data recorded at the Υ(4S) reso-195

nance (on-resonance) also include continuum production196

e+e− → qq (q = u, d, s, c), where there is a non-negligible197

FB asymmetry due to the interference between the single198

virtual photon process and other production processes,199

as described above. The continuum contribution is esti-200

mated using the data collected just below the Υ(4S) res-201

onance (off-resonance) rescaled to the same luminosity as202

the on-resonance data sample. Subtracting the number203

of reconstructed tracks in the rescaled off-resonance sam-204

ple from the number of tracks in the on-resonance data,205

we obtain the number of tracks corresponding to the B206

meson decays only. Therefore, the relative detection and207

identification efficiencies of the positively and negatively208

charged particles for given selection criteria can be de-209

termined using the numbers of positively and negatively210

reconstructed tracks directly from data.211

Using samples of 50.6 fb−1 on-resonance and 44.8 fb−1
212

off-resonance data, applying the same charged pion or213

kaon track selection criteria used in the reconstruction of214

D±(s) → K0
SK± and D±s → K0

Sπ± decays, and subtracting215

the off-resonance sample from the on-resonance sample,216

we obtain a sample of more than 120 million pions and217

40 million kaons. We use these samples to produce two218

relative efficiency maps: one for the ratio of π+ to π−219

detection efficiency and a second for the ratio of K+ to220

K− detection efficiency. Each relative efficiency map is221

binned as a function of the track momentum magnitude222

and cos θ, where θ is the polar angle of the track in the223

laboratory frame. The map and associated statistical er-224

rors are shown in Fig. 4 and 5. Since the charm meson225

production is azimuthally uniform, the φ dependence of226

this ratio is found to be very small and uncorrelated with227

momentum magnitude and polar angle. Therefore, the228

ratio of detection efficiencies is averaged over the φ co-229

ordinate. For D−
(s) → K0

SK− (D−
s → K0

Sπ−) decays, the230

D−
(s) (D−

s ) yields, in intervals of kaon (pion) momentum231

and cos θ, are weighted with the kaon (pion) relative ef-232

ficiency to correct for the detection efficiency differences233

between K+ and K− (π+ and π−), leaving only FB and234

CP asymmetries. The largest correction is around 1% for235

pions and 2% for kaons.236

Neglecting the second-order terms that contain the237

product of ACP and AFB , the resulting asymmetry can238
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FIG. 4: Map of the ratio between detection efficiency for π+

and π− (top) plus the corresponding statistical errors (bot-
tom). The map is produced using the numbers of π− and π+

tracks in the selected control sample.

be expressed simply as the sum of the two. The parame- 239

ter ACP is independent of kinematic variables, while AFB 240

is an odd function of cos θ∗D, where θ∗D is the polar an- 241

gle of the D±(s) candidate momentum in the e+e− CM 242

frame. If we compute A(+| cos θ∗D|) for the D±(s) candi- 243

dates in a positive cos θ∗D bin and A(−| cos θ∗D|) for the 244

candidates in its negative counterpart, the contribution 245

to the two asymmetries from ACP is the same, while the 246

contribution from AFB has the same magnitude but op- 247

posite sign. Therefore ACP and AFB can be written as a 248

function of | cos θ∗D| as follows: 249

AFB(| cos θ∗D|) =
A(+| cos θ∗D|)−A(−| cos θ∗D|)

2
(3)

and 250

ACP (| cos θ∗D|) =
A(+| cos θ∗D|) + A(−| cos θ∗D|)

2
. (4)

Furthermore, the small fraction of the D±(s) signal yields 251

produced from B meson decays have zero FB asymme- 252

try. As a result, the measured AFB from the e+e− → cc 253

production is slightly diluted, but the ACP value is unaf- 254

fected. 255

The selected sample is divided into ten sub-samples 256

corresponding to ten cos θ∗D bins of equal width: bin 0 257

is [-1.0,-0.8], bin 1 is [-0.8,-0.6], and so on until bin 9 258

[+0.8,+1.0]. Then a simultaneous ML fit to the D+
(s) and 259

D−
(s) invariant mass distributions from all of the 10 sub- 260
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Simultaneous fit
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ACP, AFB extraction
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AFB AFB AFB
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• Dominant contributions:
• correction of detector-induced asymmetry 
• choice of binning (only for                      )

14

Systematics
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• Corrections to the final values for biases and interference effect

15

Final values

(value)±(stat)±(syst)

• No sign of physics beyond the SM

469 fb-1

TABLE II: Summary table for ACP measurements. Uncertainties, where reported, are statistical the first and systematic the
second.
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Conclusions
• We measure the time-integrated CP asymmetry in the following modes:

• Systematic error down to 0.2% by using a data-driven method to 
remove asymmetry induced by detector effects

• Final values are compatible with SM predictions within one standard 
deviation

16

D± → K0
SK

±

[1] Phys. Rev. Lett. 104, 181602 (2010)

[1]BABAR(469 fb−1) Belle(673 fb−1)
D+ → K0

SK
+ (+0.13± 0.36± 0.25)% (−0.16± 0.58± 0.25)%

D+
s → K0

SK
+ (−0.05± 0.23± 0.25)% (+0.12± 0.36± 0.22)%

D+
s → K0

Sπ
+ (+0.6± 2.0± 0.3)% (5.45± 2.50± 0.33)%

D±
s → K0

SK
± D±

s → K0
Sπ

±
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CP asymmetry extraction
• After removing the charge asymmetry induced by detector 

effect, the measured asymmetry can be written as:
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A =
ND+ −ND−

ND+ +ND−
=

AFB +ACP

1 +AFBACP
≈ AFB +ACP

AFB =
AcosΘ>0 +AcosΘ<0

2

ACP =
AcosΘ>0 −AcosΘ<0

2
• Each pairs of symmetric            bins produces one asymmetry value
• Values are combined using a      minimization

• AFB asymmetry is an odd function 
of the D polar angle      in CMS 
(only first order term below):

χ2
cosΘ

Θ

AFB(cosΘ) =
8

3
aFB

cosΘ

1 + cos2 Θ
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Cut-based analysis selection
• D(s) candidates fully reconstructed
• Selection during processing

• D(s) candidate
• Chi2 probabilities for the kinematic fit more than 0.1%

• Ks candidate
• Decay length significance, greater than 3 
• Chi2 probabilities for the kinematic fit more than 0.1%

• Selection cuts:
• D(s) candidate

• Invariant mass, within 65 MeV/c2  from nominal mass
• CMS momentum, p* > 2 for D mode, p* > 2.6 for Ds, for both p*< 5 GeV/c,
• Transverse distance, |d0| < 0.3 cm
• Lifetime using decay distance in the transverse plane, -15 < τ < 35 ps

• KS candidate
• Invariant mass, within 10 MeV/c2 from nominal mass

• For data/MC agreement, truth matched charm decays are rescaled 
to account for not exact branching fractions in the simulation
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 Multivariate Selection
• Multivariate analysis 

using a Boosted Decision 
Tree (BDT)/ Likelihood 
method trained on MC 
events

• 7 kinematic variables: 
• D(s): lifetime, CMS mom and 

decay distance in transverse 
plane

• KS and pion: momentum and 
transverse momentum 

• Criterion optimized using 
significance: S/√(S+B)
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Fit to PDF components on MC
• Fit to MC distributions for different components:

• Signal: Sum of 3 Gaussian functions, two with the same mean, plus a 1st order 
polynomial

• Charm background from other charm modes with similar invariant mass or 
mis-id pion/kaon, 1D not parametric pdf from MC

• Almost-flat combinatorial background (2nd order polynomial) ‏
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• Simultaneous binned extended maximum likelihood fit to 20 separated sub-samples: 
positive and negative candidates, 10 bins of               (bin b0 [-1.0,-0.8], ..., bin b9 
[+0.8,+1.0])

• Complicate splitting, not for all the parameters or for all the bins. Some parameters are 
set to a constant value

Charm 2012, Honolulu, Hawai’i, May 16, 2012 

Simultaneous fit, parameters splitting
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Name Description D± → K0
SK

± D±
s → K0

SK
± D±

s → K0
Sπ

±

Nsig Signal yield 10 10 10
Asig Signal asymmetry 10 10 10
Acharm Charm bkg asymmetry - - 1
Ncharm Charm bkg yield 10 10 10
Ncomb Combin. bkg yield 7 (b0-2: Ncomb = 0) 10 10
Acomb Combin. bkg asymm 10 10 10
m1 Mean of 1st Gaussian 1 1 1

σ1 Width of 1st Gaussian 10 10
b0-3,b4,b5,
b6,b7,b8,b9

m2 Mean of 2nd Gaussian 1 1 -
σ2 Width of 2nd Gaussian 1 1 -
f1 Fraction of 1st Gaussian b0,b1,b2-8 (b9: f1 = 1) 9 (b9: f1 = 1) -

a 1st coef. of combin. bkg
b0,b1,b2, b0,b1,b2,b3, b0,b1-6,b7,
b3-7,b8,b9 b4-7,b8,b9 b8,b9

b 2nd coef. of combin. bkg 1 1 -

Total # of floating parameters 70 80 64

Table 5: List of parameters used in the fit. The total number of floating parameters is
shown for each observable in each mode. Some observables are allowed to float separately
(split) for each cosΘ bin, while others are still floating but forced to have the same value
for all the bins. Few observables are allowed to float separately only for a subset of bins.
There 10 bins equally spaced ranging from -1 to +1 and numbered from 0 to 9 (e.g. Bin 0
is −1.0 < cosΘ < −0.8). The notation bX, where X is the bin number, indicates the bin
X, and bX-Y indicates a group of bins, from bin X to bin Y. Bins or groups of bins where
an observable is free to float independently are separated by commas. Some observables
are also fixed to a constant value for some bins where the statistics is too small. For
D± → K0

SK
± and D±

s → K0
SK

± modes the asymmetry for charm background Acharm

is floating but forced to the same value of Asig, while for D±
s → K0

Sπ
± mode Acharm is

floating separately.

quark being a c or c. The direct CP asymmetry instead is due to K0 − K̄0 mixing,
and the sign depends from having a K0 or K̄0 in the decay. For D± → K0

SK
± and

D±
s → K0

SK
± analysis, K̄0 is present both in the signal and in the charm background

decays, while D±
s → K0

Sπ
± have a K0 in the signal decay. Therefore, for D± → K0

SK
±

and D±
s → K0

SK
± analysis, in the fit we can use the same parameter for the signal and5

charm background asymmetry. For D±
s → K0

Sπ
±, instead, the FB component is the same,

but the ACP component has opposite sign for the signal and the charm background mode,
so we have to add another parameter in the fit, Acharm, as detailed in Tab. 5.

For further reference the invariant mass distributions for each sub-sample and their
respective fit PDFs are reported in Appendix A. Ten values of charge asymmetries, one10

for each cosΘ bin, are extracted with this fit. Their value are shown in Figs. 40 and 41.
These measurements will be used in Sec. 7 to extract separately ACP and AFB.
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• Similar to those for the                          mode:

• Contamination of control sample due to charge asymmetry in PID selector 
efficiency, estimated using the ACP deviation in the fit to the MC sample with and 
w/o corrections (a correction to the final value is also applied for this effect)

• Uncertainty for correction factors of detector induced asymmetry, estimated using 
ACP standard deviation for 500 fits to the data sample where correction factors are 
smeared by their errors

• Basic selection for generic tracks sample, estimated using the asymmetry in the MC 
for truth matched tracks

• Choice of binning                 , estimated using the largest ACP deviation in the fit 
with 8 and 12 bins

• Deviation due to                  regeneration([arxiv:1006.1938]), estimated integrating the 
nuclear cross-section for K+/K- (isospin symmetry), the material in the BaBar 
tracking system, and our KS reconstruction efficiency (from MC) 

• Deviation due to KS-KL interference (see next slide)

Systematics
D± → K0

Sπ
±

K0 −K0

cos θ∗D(s)
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KS-KL interference
• Reconstructed state is ππ, 

not pure KS, but overlap of 
KS and KL

• Effective ACP asymmetry 
calculation using correct 
BF’s K0-> ππ plus K0 
reconstruction efficiency vs 
time [arXiv:1110.3790v1]

• Reconstruction efficiency 
from MC 

• Small deviations, few 
percent or less

Deviation
-0.003%
-0.015%
-0.014%
+0.008%

D± → K0
SK

±
D± → K0

Sπ
±

Aeffective =

∫∞
0 ε(t)

(
Γππ(t)− Γππ(t)

)
dt

∫∞
0 ε(t)

(
Γππ(t) + Γππ(t)

)
dt

D± → K0
SK

±D± → K0
Sπ

±

ε(t)

D±
s → K0

SK
±

D±
s → K0

Sπ
±

D±
s → K0

SK
± D±

s → K0
Sπ

±


