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CP Violation in neutral charmed decays

2

• Charm transitions involve first
two generations of quarks, thus
CPV in SM is expected to be
very small... but how much?

• For long time there has been consensus that direct CPV in charm at 1% 
level would be a striking signal of New Physics...

• ...now, after LHCb evidence for CPV in charm, there is no consensus 
anymore

• Thus, it is important to provide as much experimental information as possible

CP violation in the Charm sector

CP violation observed so far is not sufficient to explain the matter-antimatter
asymmetry of the Universe, so there might be something else...

Until recently most CP violation measurements have been done in the area of
down-quarks (s, b), so what about up-quarks? Why not look where we did not look
before?

Charm is a unique case
it probes the up-quark sector (unaccessible through t or u quarks)

transitions between first two generations of quarks have real CKM parameters, any
asymmetry at current sensitivity would unambigously reveal NP
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• Time-integrated search for CP violation in D0→KS!+!-

• ΔACP(D0→h+h-) with full Run II data sample

3

New results from CDF



Some Resonances

]4/c2 [GeV2
-

π
0
sK

M
0 0.5 1 1.5 2 2.5 3

4
/c

2
C

a
n

d
id

a
te

s 
p

e
r 

0
.0

1
 G

e
V

0

2000

4000

6000

8000

10000

12000

14000

16000

18000
-

K*(892)
-

*(1430)0K

CDF Run II preliminary

]4/c2 [GeV2
-

π
+

π
M

0 0.5 1 1.5 2 2.5 3

4
/c

2
C

a
n

d
id

a
te

s 
p

e
r 

0
.0

1
 G

e
V

0

1000

2000

3000

4000

5000

6000

7000

(782)ω(770)/ρ

(980)0f

CDF Run II preliminary

]4/c2 [GeV2
+

π
0
sK

M
0 0.5 1 1.5 2 2.5 3

4
/c

2
C

a
n

d
id

a
te

s 
p

e
r 

0
.0

1
 G

e
V

0

1000

2000

3000

4000

5000

6000

+
K*(892)

CDF Run II preliminary

Figure: Some resonances in D0 → K0
S π+ π− Dalitz plot.
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CP Violation in the D0→KS!+!- Decay

• In 6/fb of two-track trigger data we 
search for time-integrated CPV in the 
resonant substructures of the 3-body 
D0→KS!+!- decay

• First full Dalitz analysis at hadron 
collider, but also

• Model-independent bin-by-bin 
comparison of the D0 and D0 Dalitz plots 
(Miranda method)
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Dalitz fit description

• NN selection isolates ~350k D*→D0(→KS!+!-)!+ + c.c. decays

• Separate/combined binned fit to
D0 and D0 Dalitz plots
to search for CPV

• Each asymmetry self
normalized: no need to
worry about overall
spurious effects

• Isobar model to describe
the resonance structures

• Efficiency taken from MC,
background from mass
sidebands
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Dalitz Fit Description

Isobar model:

M = a0 · eiδ0 +
�

j aj · eiδj · Aj

Aj : essentially Breit-Wigner functions

binned maximum likelihood fit:
L = Efficiency · |M|2 + Background
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Dalitz Fit Description

Isobar model:

M = a0 · eiδ0 +
�

j aj · eiδj · Aj

Aj : essentially Breit-Wigner functions

binned maximum likelihood fit:
L = Efficiency · |M|2 + Background
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The background in the Dalitz plot distribution is estimated by means of the candidates206

from the upper D0 mass sideband 1.92 < M(K0
Sπ

+π−) < 1.95GeV/c2 with all other selec-207

tion requirements resembling the ones for the signal region.208

In order to estimate the contributions of the individual resonances to the total decay rate,209

the fit fractions210

FFr =

∫

|areiδrAr|2dM2
K0

Sπ
−dM2

π+π−

∫

|
∑

j aje
iδjAj|2dM2

K0
Sπ

−dM2
π+π−

(5)

are calculated from the fitted amplitudes and phases. The statistical uncertainties on the211

fit fractions are determined by propagating the errors on the amplitudes and phases. Tech-212

nically this is done by generating 1000 random parameter sets of amplitudes and phases213

according to the full covariance matrix of the fit and taking the width of the distribution of214

the 1000 calculated fit fractions.215

The results of the combined D0 and D̄0 Dalitz fit for the relative amplitudes and phases of

the included intermediate resonances can be found in Table I, together with the fit fractions

calculated from them. Table II shows the results for the fitted masses and widths of the

K∗(892)∓, f0(600), and σ2 contributions. The mistag fraction obtained from the Dalitz fit

is

1− T = (0.98± 0.14)% ,

which is consistent with the background originating from combinations of real D0 candidates216

with a random pion of 1.48% as estimated from a fit to the M(K0
Sπ

+π−) distribution of D∗+
217

mass difference sideband events. To give a measure for the quality of the fit a χ2 value218

is calculated from the deviations between data and fit in each Dalitz plot bin. It yields219

χ2/NDF = 1.45 (NDF = 5082), NDF being the number of degrees of freedom. The fit220

projections to the different Dalitz plot axes are shown in Fig. 4. There are discrepancies221

between data and the fit, in particular at the kinematic edges of the K∗(892)− signal. As we222

will show in Sec. VI this has no significant effect on the measured CP -violation parameters223

determined from the difference between the D0 and D̄0 Dalitz plots.224

B. Search for CP violation225

To search for CP violating effects in the Dalitz decay the production flavor of the D0 de-226

caying to K0
Sπ

+π− has to be known. This is accomplished by the reconstruction of the decay227

11
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TABLE VII. Results of the simultaneous D0-D̄0 Dalitz fit
for the CP violating amplitudes b and phases φ. The first
uncertainties are statistical and the second systematic.

Resonance b φ [◦]
K∗(892)− 0.004± 0.004± 0.011 −0.8± 1.4± 1.3
K∗

0 (1430)
− 0.044± 0.028± 0.041 −1.8± 1.7± 2.2

K∗
2 (1430)

− 0.018± 0.024± 0.023 −1.1± 1.8± 1.1
K∗(1410)− −0.010± 0.037± 0.021 −1.6± 1.9± 2.2
ρ(770) −0.003± 0.006± 0.008 −0.5± 1.5± 1.4
ω(782) −0.003± 0.002± 0.000 −1.8± 2.2± 1.4
f0(980) −0.001± 0.005± 0.004 −0.1± 1.3± 1.1
f2(1270) −0.035± 0.037± 0.013 −2.0± 1.9± 2.1
f0(1370) −0.002± 0.008± 0.021 −0.1± 1.7± 2.8
ρ(1450) −0.016± 0.022± 0.135 −1.7± 1.7± 3.9
f0(600) −0.012± 0.017± 0.025 −0.3± 1.5± 1.4
σ2 −0.011± 0.012± 0.004 −0.2± 2.9± 1.1
K∗(892)+ 0.001± 0.005± 0.002 −3.8± 2.3± 1.2
K∗

0 (1430)
+ 0.022± 0.024± 0.035 −3.3± 4.0± 3.9

K∗
2 (1430)

+ −0.018± 0.029± 0.017 4.2± 5.3± 3.0

VII. RESULTS

The results for the CP violating amplitudes and
phases, defined in Eq. 9 and obtained from the simul-
taneous fit to the D0 and D̄0 Dalitz plots, can be found
in Table VII. The fit fraction asymmetries for the inter-
mediate resonances, defined in Eq. 7, are listed in Ta-
ble VIII, together with the corresponding values from
the CLEO experiment [3]. Since the CLEO data sample
consists of only 5299 signal events, the results presented
here are considerably more precise. This also holds for
the overall integrated CP asymmetry defined in Eq. 8,
which yields

ACP = −0.0005± 0.0057(stat.)± 0.0054(syst.) . (10)

All CP violating quantities are found to be consistent
with zero.

A. Indirect CP violation

Following the procedure described in Ref. [12], it is
possible to disentangle indirect from direct CP violating
effects by means of the D0 decay time distribution. The
indirect CP asymmetry aindCP can be determined from the
measured ACP using the approximation

ACP = adirCP +
〈t〉
τ

· aindCP (11)

for slow D0 mixing, when adirCP is assumed to be zero.
The mean observed decay time 〈t〉 is determined from the
background subtracted D0 decay time distribution and
corrected for the fraction of nonprompt events estimated
from theD∗+ impact parameter significance distribution.
With the observed mean lifetime of 〈t〉 = (2.28 ± 0.03) ·
τ(D0) the indirect CP asymmetry yields

aindCP = −0.0002± 0.0025± 0.0024 .

TABLE VIII. Comparison of the determined fit fraction asym-
metriesAFF for the included intermediate resonances with the
results from the CLEO experiment [3]. For the CDF results
the first uncertainties are statistical and the second combined
systematic. For the CLEO results the first uncertainties are
statistical, the second experimental systematic, and the third
modeling systematic.

Resonance AFF (CDF) [%] AFF (CLEO) [%]
K∗(892)− 0.36± 0.33± 0.40 2.5± 1.9+1.5

−0.7
+2.9
−0.3

K∗
0 (1430)

− 4.0± 2.4± 3.8 −0.2± 11.3+8.6
−4.9

+1.9
−1.0

K∗
2 (1430)

− 2.9± 4.0± 4.1 −7± 25+8
−26

+10
−1

K∗(1410)− −2.3± 5.7± 6.4 · · ·
ρ(770) −0.05± 0.50± 0.08 3.1± 3.8+2.7

−1.8
+0.4
−1.2

ω(782) −12.6± 6.0± 2.6 −26± 24+22
−2

+2
−4

f0(980) −0.4± 2.2± 1.6 −4.7± 11.0+24.9
−7.4

+0.3
−4.8

f2(1270) −4.0± 3.4± 3.0 34± 51+25
−71

+21
−34

f0(1370) −0.5± 4.6± 7.7 18± 10+2
−21

+13
−6

ρ(1450) −4.1± 5.2± 8.1 · · ·
f0(600) −2.7± 2.7± 3.6 · · ·
σ2 −6.8± 7.6± 3.8 · · ·
K∗(892)+ 1.0± 5.7± 2.1 −21± 42+17

−28
+22
−4

K∗
0 (1430)

+ 12± 11± 10 · · ·
K∗

2 (1430)
+ −10± 14± 29 · · ·

K∗(1680)− · · · −36± 19+9
−35

+5
−1

This value can be compared with the average of the re-
cent CDF measurement of CP -violating asymmetries in
D0 → π+π− and D0 → K+K− decays [12], aindCP (D

0 →
h+h−) = −0.0001± 0.0006± 0.0004.

B. Individual ACP ’s

The CLEO experiment also quotes CP violating quan-
tities called interference fractions IF and individual CP
asymmetries ACP in each sub resonance [3]. These are
defined as

IFj =
|
∫
∑

k(2ake
iδk sin(φk + φj)Ak)bjAjdM2

K0
Sπ−dM2

π+π− |
(

∫

|M|2dM2
K0

Sπ−dM2
π+π− +

∫

|M|2dM2
K0

Sπ−dM2
π+π−

) ,

(12)

ACPj
=

IFj

FFj
. (13)

Since these values are positive by construction, only up-
per limits can be given. Our calculation is performed
with the same method used for the determination of the
fit fractions, where the 90% and 95% quantiles of re-
sulting distributions are used as the corresponding upper
limits. To account for systematic uncertainties for each
resonance the largest values of all fits with the different
systematic variations are taken. The resulting 90% and
95% upper limits on the individual CP asymmetries are
listed in Table IX.

Results

• Table lists asymmetries between
sub-resonances fit fractions

• Big improvement wrt previous
results from CLEO
(PRD 70, 091101 (2004))...

• ...but still no hints for any CP
violating effect

• The measured value for the overall
integrated CP asymmetry is

ACP (D0→KS!+!-) = (-0.05 ± 0.57 (stat.) ± 0.54 (syst.))%

6

CDF Run II preliminary

More information in CDF Public Note 10654

http://prd.aps.org/abstract/PRD/v70/i9/e091101
http://prd.aps.org/abstract/PRD/v70/i9/e091101
http://www-cdf.fnal.gov/physics/new/bottom/111013.blessed-D0KSpipi_ACP/
http://www-cdf.fnal.gov/physics/new/bottom/111013.blessed-D0KSpipi_ACP/


CP Violation in D0→h+h- Decays

• Last year, using 5.9/fb of two-track trigger data, CDF produced the world’s most 
precise measurement of CP asymmetries in 2-body D0 decays:

             ACP(D0→K+K-) = (-0.24 ± 0.22 ± 0.09)%
             ACP(D0→!+!-) = (+0.22 ± 0.24 ± 0.11)%
  ΔACP = ACP(K+K-)-ACP(!+!-) = (-0.46 ± 0.31 ± 0.12)% 
                                                                                        (PRD 85, 012009 (2012))

• In late November LHCb reported a more precise measurement of ΔACP, showing 
first evidence for CP violation in charm decays measuring:

                      ΔACP(LHCb) = (-0.82 ± 0.21 ± 0.11)%
                                                                                        (PRL 108, 111602 (2012)) 

• CDF difference compatible with LHCb but also with zero, insufficient resolution 
for a conclusive statement

7

See next 
talk by A. Carbone

http://prd.aps.org/abstract/PRD/v85/i1/e012009
http://prd.aps.org/abstract/PRD/v85/i1/e012009
http://prl.aps.org/abstract/PRL/v108/i11/e111602
http://prl.aps.org/abstract/PRL/v108/i11/e111602


ΔACP(D0→h+h-) with full Run II dataset

• Measurement updated with full Run II data 
sample

• Analysis strategy unchanged but new 
selection has been designed to specifically 
improve the resolution on ΔACP

• About twice more signal events used in 
the new measurement

• Expect resolution competitive with LHCb
Store number
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Analysis overview
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• D0 flavor determined through the D*→D0!s

decay, but soft pion induces O(1%) artificial
asymmetries

• Cancel detector effects through the difference
between raw asymmetries, A, of the two
samples:

D*-tagged D0→K+K-       A(KK*) = ACP(K+K-) + δ(!s)
D*-tagged D0→!+!-        A(!!*) = ACP(!+!-) + δ(!s)

ΔACP = A(KK*) - A(!!*) = ACP(K+K-)-ACP(!+!-)

• Detector asymmetries are kinematic dependent, cancellation works if !s 
distributions are the same between KK and !!, make them equal by 
reweighting



Charm Decay Factory
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• New CDF result confirms LHCb result: 
same resolution, <1σ difference in
central value

• When combining à la HFAG with other 
available measurements, no CPV point is at 
~3.8σ and

Final result

ΔACP = [-0.62 ± 0.21 (stat) ± 0.10 (syst)]%
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ΔACPdir = (-0.67±0.16)%
  ACPind = (-0.02±0.22)%

CDF Run II preliminary

More information in CDF Public Note 10784

ΔACP(LHCb) = [-0.82 ± 0.21 ± 0.11]%

http://www-cdf.fnal.gov/physics/new/bottom/120216.blessed-CPVcharm10fb/
http://www-cdf.fnal.gov/physics/new/bottom/120216.blessed-CPVcharm10fb/


Conclusions

• CPV in charm became lately a 
very hot topic

• As shown today, CDF is 
positioned at the frontline of 
this effort

• Best measurement of 
individual CPV asymmetries 
in D0→h+h- and D0→KS!+!-

• Best measurement of ΔACP, 
which strongly supports 
evidence for CPV in charm 
previously seen by LHCb

12
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Model-Independent Method (I)

following: PRD 80, 096006 (2009)

binning of D0 and D̄0 Dalitz plots

consider significance of differences per bin:
ND0−N

D̄0√
ND0+N

D̄0

pseudoexperiments to demonstrate the method:

no CP Violation
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Miranda method

14

• Based on PRD 80, 096006 (2009)

• Consider the significance of per bin differences between D0 and D0 Dalitz 
plots to look for large asymmetries:

_

http://prd.aps.org/abstract/PRD/v80/i9/e096006
http://prd.aps.org/abstract/PRD/v80/i9/e096006


Single ACP vs ΔACP

• To measure each single ACP we need to compare raw asymmetries, A, of three event 
samples

                D*-tagged D0→hh              A(hh*) = ACP(hh) + δ(!s)
          D*-tagged D0→K!            A(K!*) = ACP(K!) + δ(!s) + δ(K!)
          Untagged D0→K!              A(K!) = ACP(K!) + δ(K!)

               ACP(hh) = A(hh*) - A(K!*) + A(K!)

• For ΔACP we need just two samples

                                ΔACP(hh) = A(KK*) - A(!!*)

thus making the measurement easier and much more robust against second order 
effects which do not completely cancel in the linear combination of raw asymmetries

15



Soft pion’s kinematic reweight

16
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Systematics
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• Intrinsically suppressed by data-driven method

• Major offenders: effects that impact differently D0/D0 and K+K-/!+!- 
final states, e.g. charge-dependent differences in signal/background 
D* mass shapes

_



The CDF II detector
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Important CDF II features

Central drift chamber (COT) in magnetic field
σ(pT )/p2T ∼ 0.15% (GeV/c)−1 (excellent tracking/mass resolution)

Silicon detectors (L00+SVX+ISL)
I.P. resolution ∼ 40 µm

Hadronic trigger (SVT)
Two displaced tracks with pT > 2 GeV/c

A. Di Canto Beauty 2011 April 4th-8th 2011 22 / 20
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CDF is not charge-symmetric
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CDF not charge-symmetric
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� Central drift chamber has cells tilt of 35◦

wrt radial direction

� Positive and negative particles hit cells
at different angles

� Positive and negative pions have
differences in absorption rates

� Asymmetry in reconstruction efficiency
particularly large at low momentum

A. Di Canto (INFN & University of Pisa) August 5th 2011 13 / 37



Direct and indirect CP violation
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Interpretation

The time-integrated asymmetry receives contribution from both direct and indirect
sources of CPV

Since flavour mixing parameters are small in the charm sector, at first order, the
measured asymmetry is the linear combination of the two terms

ACP(h
+h−) ≈ Adir

CP(h
+h−) +

�t�
τ

Aind
CP

where �t�/τ is the mean value of the D0 meson proper decay-time in unit of lifetimes
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Assuming no large weak phases in the decay, the indirect component is 
universal, then

2

I. INTRODUCTION AND MOTIVATION

Time–integrated CP asymmetries of singly–Cabibbo–suppressed transitions as D0 → π+π−
and D0 → K+K−

,

collectively referred as D0 → h+h−
in the following, are powerful probes of new physics. Contribution to these

decays from “penguin” amplitudes are negligible in the Standard Model (SM), but presence of new interactions could

enhance the size of CP violation with respect to the SM expectation. Any asymmetry significantly larger than 1%, as

expected in the CKM hierarchy, is believed to indicate new physics contributions [1]. In a previous analysis that used

performed only 5.9 fb−1 of integrated luminosity, we measured the time–integrated CP asymmetries in D0 → h+h−

decays to be [3]:

ACP(D
0 → π+π−

) =
�
+0.22± 0.24 (stat .)± 0.11 (syst .)

�
%, (1)

ACP(D
0 → K+K−

) =
�
−0.24± 0.22 (stat .)± 0.09 (syst .)

�
%, (2)

in agreement with CP conservation.

Each of these asymmetries, owing to the slow mixing rate of charm mesons, is to first order the linear combination of

a direct, Adir
CP, and an indirect, Aind

CP, term through a coefficient that is the mean proper decay time of D0
candidates,

�t�, in unit of D0
lifetime (τ ≈ 0.5 ps):

ACP(h
+h−

) =
Γ(D0 → h+h−

)− Γ(D0 → h+h−
)

Γ(D0 → h+h−) + Γ(D0 → h+h−)
≈ Adir

CP(h
+h−

) +
�t(h+h−

)�
τ

Aind
CP.

Assuming that no large weak phases contribute in the decay amplitudes, Aind
CP is independent of the final state, thus a

useful comparison with theory predictions is achieved by calculating the difference between the asymmetries observed

in the D0 → K+K−
and D0 → π+π−

decays,

∆ACP = ACP(K
+K−

)−ACP(π
+π−

) = ∆Adir
CP +

∆�t�
τ

Aind
CP.

Since the difference in decay–time acceptance is small, ∆�t� = �t(K+K−
)� − �t(π+π−

)� = 0.26 ± 0.01 τ , most of

the indirect CP–violating asymmetry cancels in the subtraction, hence ∆ACP approximates the difference in direct

CP–violating asymmetries of the two decays, ∆Adir
CP = Adir

CP(K
+K−

)−Adir
CP(π

+π−
). Using the observed asymmetries

from eqs. (1) and (2), we found [3]

∆ACP(h
+h−

) =
�
−0.46± 0.31 (stat .)± 0.12 (syst .)

�
%. (3)

in 5.9 fb−1
.

Recently, the LHCb collaboration presented a measurement of ∆ACP using 0.62 fb−1
of the data collected in 2011

[4], whose result is

∆ACP(h
+h−

) =
�
−0.82± 0.21 (stat .)± 0.11 (syst .)

�
%, (4)

which deviates by 3.5σ from zero. This is the first evidence of CP violation in the charm sector, with a size that may

be suggestive of beyond SM contributions.

An independent confirmation of this measurement is crucial to establish the effect and improve the precision on its

size. The sample of hadronic charm decays collected by the CDF displaced-trigger is the only one currently available

in which this can be attained with sufficient precision. Building upon the techniques used in our previous analysis of

individual asymmetries, we report a measurement of difference of asymmetries that uses the full dataset collected in

Run II.

We measure ∆ACP through the difference of the uncorrected “raw” asymmetries, A, observed in the D∗
-tagged

D0 → K+K−
and D0 → π+π−

samples as

∆ACP = ACP(K
+K−

)−ACP(π
+π−

) = A(KK∗
)−A(ππ∗

). (5)

We optimize the selection criteria specifically for the measurement of ∆ACP(h+h−
) and use the full dataset collected

by the CDF triggers on displaced vertices from February 2002 through September 2011, consisting of about 9.7 fb−1

of integrated luminosity.


