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K. T. Pitts,23 C. Plager,7 A. Pompoš,46 L. Pondrom,58 G. Pope,45 O. Poukhov,13 F. Prakoshyn,13 T. Pratt,29 A. Pronko,16

J. Proudfoot,2 F. Ptohos,17 G. Punzi,44 J. Rademacker,41 A. Rakitine,31 S. Rappoccio,20 F. Ratnikov,50 H. Ray,33

A. Reichold,41 B. Reisert,15 V. Rekovic,36 P. Renton,41 M. Rescigno,49 F. Rimondi,4 K. Rinnert,25 L. Ristori,44

W. J. Robertson,14 A. Robson,41 T. Rodrigo,10 S. Rolli,55 L. Rosenson,31 R. Roser,15 R. Rossin,42 C. Rott,46 J. Russ,11

A. Ruiz,10 D. Ryan,55 H. Saarikko,21 A. Safonov,6 R. St. Denis,19 W. K. Sakumoto,47 G. Salamanna,49 D. Saltzberg,7

C. Sanchez,3 A. Sansoni,17 L. Santi,53 S. Sarkar,49 K. Sato,54 P. Savard,32 A. Savoy-Navarro,15 P. Schemitz,25

P. Schlabach,15 E. E. Schmidt,15 M. P. Schmidt,59 M. Schmitt,37 L. Scodellaro,42 A. Scribano,44 F. Scuri,44 A. Sedov,46

S. Seidel,36 Y. Seiya,40 F. Semeria,4 L. Sexton-Kennedy,15 I. Sfiligoi,17 M. D. Shapiro,28 T. Shears,29 P. F. Shepard,45

M. Shimojima,54 M. Shochet,12 Y. Shon,58 I. Shreyber,35 A. Sidoti,44 J. Siegrist,28 M. Siket,1 A. Sill,52 P. Sinervo,32

A. Sisakyan,13 A. Skiba,25 A. J. Slaughter,15 K. Sliwa,55 D. Smirnov,36 J. R. Smith,6 F. D. Snider,15 R. Snihur,32

S. V. Somalwar,50 J. Spalding,15 M. Spezziga,52 L. Spiegel,15 F. Spinella,44 M. Spiropulu,9 P. Squillacioti,44 H. Stadie,25

A. Stefanini,44 B. Stelzer,32 O. Stelzer-Chilton,32 J. Strologas,36 D. Stuart,9 A. Sukhanov,16 K. Sumorok,31 H. Sun,55

T. Suzuki,54 A. Taffard,23 R. Tafirout,32 S. F. Takach,57 H. Takano,54 R. Takashima,22 Y. Takeuchi,54 K. Takikawa,54

M. Tanaka,2 R. Tanaka,39 N. Tanimoto,39 S. Tapprogge,21 M. Tecchio,33 P. K. Teng,1 K. Terashi,48 R. J. Tesarek,15

S. Tether,31 J. Thom,15 A. S. Thompson,19 E. Thomson,43 P. Tipton,47 V. Tiwari,11 S. Tkaczyk,15 D. Toback,51

K. Tollefson,34 T. Tomura,54 D. Tonelli,44 M. Tönnesmann,34 S. Torre,44 D. Torretta,15 W. Trischuk,32 J. Tseng,41

R. Tsuchiya,56 S. Tsuno,39 D. Tsybychev,16 N. Turini,44 M. Turner,29 F. Ukegawa,54 T. Unverhau,19 S. Uozumi,54

D. Usynin,43 L. Vacavant,28 A. Vaiciulis,47 A. Varganov,33 E. Vataga,44 S. Vejcik III,15 G. Velev,15 G. Veramendi,23

T. Vickey,23 R. Vidal,15 I. Vila,10 R. Vilar,10 I. Volobouev,28 M. von der Mey,7 P. Wagner,51 R. G. Wagner,2 R. L. Wagner,15

W. Wagner,25 R. Wallny,7 T. Walter,25 T. Yamashita,39 K. Yamamoto,40 Z. Wan,50 M. J. Wang,1 S. M. Wang,16

A. Warburton,32 B. Ward,19 S. Waschke,19 D. Waters,30 T. Watts,50 M. Weber,28 W. C. Wester III,15 B. Whitehouse,55

A. B. Wicklund,2 E. Wicklund,15 H. H. Williams,43 P. Wilson,15 B. L. Winer,38 P. Wittich,43 S. Wolbers,15 M. Wolter,55

M. Worcester,7 S. Worm,50 T. Wright,33 X. Wu,18 F. Würthwein,8 A. Wyatt,30 A. Yagil,15 U. K. Yang,12 W. Yao,28

G. P. Yeh,15 K. Yi,24 J. Yoh,15 P. Yoon,47 K. Yorita,56 T. Yoshida,40 I. Yu,27 S. Yu,43 Z. Yu,59 J. C. Yun,15 L. Zanello,49

A. Zanetti,53 I. Zaw,20 F. Zetti,44 J. Zhou,50 A. Zsenei,18 and S. Zucchelli4

(CDF Collaboration)

1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439, USA

3Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
4Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40127 Bologna, Italy

5Brandeis University, Waltham, Massachusetts 02254, USA
6University of California–Davis, Davis, California 95616, USA

7University of California–Los Angeles, Los Angeles, California 90024, USA
8University of California–San Diego, La Jolla, California 92093, USA

9University of California–Santa Barbara, Santa Barbara, California 93106, USA
10Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain

11Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
12Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA

13Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
14Duke University, Durham, North Carolina 27708, USA

15Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
16University of Florida, Gainesville, Florida 32611, USA

17Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
18University of Geneva, CH-1211 Geneva 4, Switzerland

19Glasgow University, Glasgow G12 8QQ, United Kingdom
20Harvard University, Cambridge, Massachusetts 02138, USA

21The Helsinki Group: Helsinki Institute of Physics; and Division of High Energy Physics, Department of Physical Sciences,
University of Helsinki, FIN-00044, Helsinki, Finland

22Hiroshima University, Higashi-Hiroshima 724, Japan

PRL 94, 122001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
1 APRIL 2005

122001-2



23University of Illinois, Urbana, Illinois 61801, USA
24The Johns Hopkins University, Baltimore, Maryland 21218, USA

25Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany
26High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305, Japan

27Center for High Energy Physics, Kyungpook National University, Taegu 702-701, Korea;
Seoul National University, Seoul 151-742, Korea;

and SungKyunKwan University, Suwon 440-746, Korea
28Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

29University of Liverpool, Liverpool L69 7ZE, United Kingdom
30University College London, London WC1E 6BT, United Kingdom

31Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
32Institute of Particle Physics, McGill University, Montréal, Canada H3A 2T8
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We present a measurement of relative partial widths and decay rate CP asymmetries in K�K� and
���� decays of D0 mesons produced in pp collisions at

���

s
p

� 1:96 TeV. We use a sample of 2� 105

D�� ! D0�� (and charge conjugate) decays with the D0 decaying to K���, K�K�, and ����,
corresponding to 123 pb�1 of data collected by the Collider Detector at Fermilab II experiment at the
Fermilab Tevatron collider. No significant direct CP violation is observed. We measure �D0 !
K�K�	=�D0 !K���	 � 0:0992
 0:0011
 0:0012, �D0 !����	=�D0 !K���	 � 0:03594

0:00054
 0:00040, ACP�K

�K�	 � �2:0
 1:2
 0:6	%, and ACP��
���	 � �1:0
 1:3
 0:6	%, where,

in all cases, the first uncertainty is statistical and the second is systematic.

DOI: 10.1103/PhysRevLett.94.122001 PACS numbers: 14.40.Lb, 13.25.Ft

The Cabibbo-suppressed decays D0 ! K�K�; ����

have been used to study D0 mixing and CP violation in
the charm sector. Direct CP violation in decay rates re-
quires the interference of two amplitudes with different
weak and strong phases. In D0 ! K�K�; ����, the spec-
tator and penguin amplitudes have different weak phases,
and different strong phases are expected to be generated by

rescattering in final state interactions (FSI). The predicted
rates of CP violation are of the order of the imaginary part
of the Vcs element of the Cabibbo-Kobayashi-Maskawa
matrix, O�0:1%	. New physics, providing additional
phases, can enhance these predictions up to O�1%	 [1].
At present there is no experimental evidence of direct CP
violation in these decays; a combination of previous mea-
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surements [2] yields, for the direct CP asymmetries (ACP),
ACP�K

�K�	 � 0:005
 0:016 and ACP��
���	 �

0:021
 0:026.
In the limit of exact SU(3) flavor symmetry [3] �D0 !

K�K�	=�D0 ! ����	 � 1. Including the effects of
phase space, the difference of the kaon and pion decay
constants and other SU(3) breaking effects may increase
this ratio up to 1.4 [4]. The world-average value is 2:826

0:097 [2], well above the expectations. Large FSI and
contributions from penguin diagrams have been proposed
to explain this discrepancy [5]. Phenomenological analyses
[6], using available data on D0 and D� branching ratios,
derive the magnitudes and phase shifts of the relevant
amplitudes, including FSI, that reproduce the above
world-average measured ratio. The same phenomenologi-
cal analyses predict CP asymmetries as high as 0.1% for
certain Cabbibo-suppressed decays and somewhat lower
asymmetries for the K�K� and ���� channels. A sig-
nificant asymmetry at the level of 1%, not yet excluded
experimentally, would be an interesting indication for non-
standard model sources of CP violation in the charm
sector. We present measurements of the ratios �D0 !
K�K�	=�D0 ! K���	, and �D0 ! ����	=�D0 !
K���	 and results of the search for direct CP violation
in the Cabibbo-suppressed D0 ! K�K� and D0 ! ����

decays. The sample contains 2� 105 D�� ! D0��

events, with D0 decaying to the three modes under study
(charge conjugate states are implied throughout this Letter,
unless otherwise stated). The D0 flavor is unambiguously
determined from the charge of the pion in the strong decay
D�� ! D0��.

The components of the Collider Detector at Fermilab
(CDF) II detector pertinent to this analysis are described
briefly below; a more complete description can be found
elsewhere [7]. For this measurement we use only tracks
reconstructed by both the Central Outer Tracker (COT) [8]
and the silicon microstrip detector (SVX II) [9] in the
pseudorapidity range j�j & 1 [10]. The D0 decays used
in this analysis are selected with a three-level trigger sys-
tem. At level 1, charged tracks are reconstructed in the
COT transverse plane by a hardware processor [Extremely
Fast Tracker (XFT)] [11]. The trigger requires two oppo-
sitely charged tracks with transverse momenta pT 
2 GeV=c and the scalar sum pT1 � pT2  5:5 GeV=c. At
level 2, the Silicon Vertex Tracker (SVT) [12] associates
SVX II r-� position measurements with XFT tracks, pro-
viding a precise measurement of the track impact parame-
ter (d0), defined as the distance of closest approach, in the
transverse plane, of the trajectory of the track to the beam
axis. The resolution of this impact parameter measurement
is 50 �m, which includes a �30 �m contribution from the
transverse beam size. Hadronic decays of heavy flavor
particles are selected by requiring two tracks (trigger
tracks) with 120 �m � d0 � 1:0 mm. The two trigger
tracks must have an opening angle in the transverse plane

satisfying 2� � j��j � 90� and must satisfy the require-
ment Lxy > 200 �m, where the two-dimensional decay
length, Lxy, is calculated as the transverse distance from
the beam line to the two-track vertex projected along the
total transverse momentum of the track pair. At level 3, a
complete event reconstruction is performed, and the level 1
and level 2 requirements are confirmed.

The reconstruction of D�� candidates starts from the
selection of pairs of oppositely charged tracks that satisfy
the trigger requirements. We form one D0 ! K���,
K�K�, and ���� candidate for each trigger pair. For
the K��� mode we also form a second D0 candidate
with the mass assignments interchanged. No K or � par-
ticle identification is used in this analysis. D0 candidates
whose invariant mass is within 
100 MeV=c2 of the mean
reconstructed D0 mass are combined with a third track with
pT  0:4 GeV=c to form a D�� ! D0�� candidate. In the
reconstruction of D0 ! K��� decays, the charge of the
pion from the D0 decay is required to be the same as the
charge of the pion from the D�� decay.

To reduce combinatorial background and background
from partially reconstructed D0 decays, we require the
measured mass difference, �M, between the D�� and D0

mesons to be within 3 standard deviations in experimental
resolution of the expected value: 143:5 MeV=c2 < �M <
147:2 MeV=c2. Finally, to reduce the potential system-
atic uncertainty induced by the different acceptance ra-
tios of D�� produced in B-hadron decays, the contribu-
tion (�12%) [13] of nonprompt D�� is reduced by requir-
ing the impact parameter of the D0 meson to satisfy
d0�D

0	 � 100 �m.
The D0 yields are obtained from binned maximum like-

lihood fits to the D0 invariant mass distributions. For the
K��� mode, the signal is modeled with a single Gaussian
function plus a convolution of an exponential function with
an error function to model the low mass tail of the observed
distribution; a second-degree polynomial is used to model
the combinatorial background. For the K�K� and ����

modes, due to the limited event statistics, we use a single
Gaussian as a model for the signal. We use Gaussian
functions to describe both the K��� misidentification
peaks in the K�K� and ���� modes and the background
from partially reconstructed D0 ! K����0 decays in the
K�K� mode, and we verified, in simulated samples of
inclusive D0 decays, that this model adequately describes
both sources of background. The invariant mass distribu-
tions for the K���, K�K�, and ���� modes are shown
in Figs. 1 and 2. The number of signal events from the fits
to the invariant mass distributions are reported in Table I.

The relative branching fractions are extracted using the
formula

�D0 ! h�h�	

�D0 ! K���	
�

Nh�h�

NK�

�K�

�h�h�
�

Nh�h�

NK�
Rh�h� ; (1)

where h � K or �, Nh�h� is the total number of D0 mesons
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decaying in the appropriate mode from Table I, and �h�h�

is the average D0 and D0 acceptance for each of the decays,
including trigger and reconstruction efficiency. The quan-
tity Rh�h� is the efficiency ratio of the D0 ! K��� to
D0 ! h�h� mode.

We have used a Monte Carlo simulation, based on
GEANT [14], of the CDF II detector and trigger to determine
the ratios of the relative trigger and reconstruction efficien-
cies for the three decay modes. The trigger efficiency
varies among the three modes due to the different nuclear
interaction and decay-in-flight probabilities for ��, ��,
K�, and K�, the differences in the kinematics of the decay
(e.g., opening angle distributions), induced by the masses
of the final state particles, and the different XFT efficiency
as a function of the track pT caused by the different specific
ionization in the COT for �
 and K
. The simulated
signals have been generated using as input the momentum
and rapidity distributions of the D�� mesons as measured
by CDF II [13]. The simulation of the CDF II detector
includes the time variation of the beam position and of the
hardware configuration in the SVX II and SVT. The trigger
efficiencies have been studied in detail using calibration
samples of real data. For the ratio of efficiencies we obtain
RKK � 1:1073
 0:0074 and R�� � 0:8867
 0:0056,
where the uncertainties are due to Monte Carlo statistics.

For the relative D0 ! K�K� to D0 ! ���� efficiencies
we obtain 1:2488
 0:0078.

The systematic uncertainty on the ratios of the signal
yields due to the fitting procedure has been estimated by
varying the model used for the combinatorial background
(using a third-degree polynomial instead of a second-
degree polynomial), using two Gaussian functions with
different means and widths to describe D0 signals, and
performing the fits in different ranges of pT�D

0	. This
systematic uncertainty is listed in the first row of
Table II. We have evaluated the systematic uncertainty in
the determination of the relative efficiencies from the
following sources: Monte Carlo statistic, the simulation
of the XFT and SVT triggers, the time-dependent varia-
tions of the beam spot size in z, the simulation of nuclear
interactions in the CDF II detector, the effect on the trigger
efficiency due to a possible lifetime difference between the
CP-even and CP-mixed D0 decays, the input pT spectra
for D�� mesons, and the different ratios of efficiencies for
D�� produced in B-hadron decays. The contribution of
each source listed above to the total relative systematic
error on the ratio of branching fraction measurements is
reported in Table II.

Using Eq. (1) we derive the relative branching ra-
tios reported in Table III. In addition, we derive
�D0 !K�K�	=�D0 !����	� 2:760
 0:040�stat	

0:034�syst	.

We extract the CP decay rate asymmetries, using the
same samples of D0 decays described above, by measuring

ACP �
�D0 ! f	 � �D0 ! f	

�D0 ! f	 � �D0 ! f	
;
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FIG. 2. The K�K� (left) and ���� (right) invariant mass
distributions after all selection criteria have been applied.
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FIG. 1. The �M � M�K�����	 �M�K���	 distribution
(left) for the D0 ! K��� candidates. The K��� invariant
mass distribution (right) after all selection criteria have been
applied. The curve is the sum of the fits performed separately for
the D0 and D0 mesons.

TABLE II. The sources of systematic uncertainty on the ratios
of branching fractions and their contributions to the total frac-
tional systematic uncertainty.

Systematic source �KK
K�	 (%) ���

K�	 (%) �KK
��	 (%)

Signal yields 0.64 0.54 0.67
Monte Carlo statistics 0.67 0.63 0.62
Trigger simulation 0.34 0.31 0.37
Beam spot size 0.35 0.24 0.35
Material in GEANT 0.28 0.30 0.59
Lifetime difference 0.55 0.55
Input spectra 0.05 <0:01 <0:01
Nonprompt D� 0.16 0.08 0.24
Total relative error: 1.2 1.1 1.2

TABLE I. The D0 and D0 signals determined from the fits to
the invariant mass distributions. The errors are the statistical
uncertainties from the fits.

Mode D0 D0 Total

K� 88 310
 330 92 600
 340 180 910
 480
KK 8190
 140 8030
 140 16 220
 200
�� 3660
 69 3674
 68 7334
 97
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where f represents either the K�K� or ���� final state.
The direct production of charm mesons in pp collisions is
assumed to be CP invariant. The measured CP asymmetry
must be corrected for different detector efficiencies (detec-
tor charge asymmetry) for positive and negative charged
pions in the D� decay, which produce a different detection
efficiency for D�� and D�� mesons.

The detector charge asymmetry is produced by the
interactions of particles with the detector material and by
effects related to the cell geometry of the COT. We mea-
sure this asymmetry in order to correct the number of
observed D�� ! D0�� decays relative to the number of
observed D�� ! D0�� decays for the difference in detec-
tion efficiencies of �� and ��. For the detector charge
asymmetry measurement, we compare the numbers of
reconstructed positive and negative tracks as a function
of track pT in a high statistics data sample collected with
the same trigger used to collect the signal sample. We
avoid a bias in the charge asymmetry due to interactions
of the beam with material in the detector near the inter-
action region by selecting tracks which originate from the
primary pp collision point, requiring the track impact
parameter to be d0 � 100 �m. The detector charge asym-
metry, defined as �N� � N�	=�N� � N�	, where N�

(N�) is the number of positive (negative) tracks in the
sample, is shown as a function of the track pT in Fig. 3.
Using the event yields in Table I, and correcting for the
detector charge asymmetry, we obtain the CP asymmetries
reported in Table III.

To evaluate the systematic uncertainty associated with
the charge asymmetry corrections we apply the corrections
to the sample of D�� ! D0�� ! �K������ decays,

where, in the standard model, we expect no CP violation.
Unlike the analysis for the decays to CP eigenstates, in this
case we must also apply an efficiency correction of 3% due
to the different nuclear interaction rates of K� and K�,
derived from the Monte Carlo calculation described above.
A residual asymmetry of �0:35
 0:53	% is found, where
the error is the statistical uncertainty due to the data and
Monte Carlo statistics. In addition, we check the possible
dependence of the charge asymmetry corrections on the
event environment by deriving the corrections using track
samples selected by different triggers and using a sample
of K0

S ! ���� decays instead of generic tracks. We also
check for charge dependent effects on the observables used
in the analysis (�M and D0 invariant mass) and in the
signal shapes. In all cases we find negligible effects.
Finally we test the quality of the charge asymmetry cor-
rections by performing the CP asymmetry measurements
dividing the signal samples into two ranges of D�� pion
transverse momentum (pT > 0:6 GeV=c and pT �
0:6 GeV=c). These additional uncertainty estimates result
in variations smaller than the uncertainty of 
0:53% on the
asymmetry measurement described above, and this statis-
tical uncertainty is adopted as a conservative estimate of
our systematic error. An additional systematic uncertainty
of 
0:2%, due to the yield determination of D0 and D0, is
added in quadrature to the detector charge asymmetry
correction uncertainty; other sources give negligible con-
tributions and are ignored.

In summary, we have used the CDF II detector
to measure the ratios of partial widths �D0 !
K�K�	=�D0 ! K���	 � 0:0992 
 0:0011�stat	 

0:0012�syst	, �D0 ! ����	=�D0 ! K���	 �
0:03 594
 0:000 54�stat	 
 0:000 40�syst	. These mea-
surements agree with, and are an improvement in preci-
sion over, the world averages �D0 ! K�K�	=�D0 !

K���	 � 0:1023�0:0022
�0:0027, �D0 ! ����	=�D0 !

K���	 � 0:0362
 0:0010 [2]. We have made the most
precise measurement to date of the direct CP asymme-
tries ACP�K

�K�	 � �2:0
 1:2�stat	 
 0:6�syst	�% and
ACP�����	 � �1:0
 1:3�stat	 
 0:6�syst	�%. In agree-
ment with the world averages ACP�K

�K�	 � �0:5

1:6	% and ACP�����	 � �2:1
 2:6	% [2]. At present
there is no evidence for direct CP violation in Cabibbo-
suppressed D0 decays.
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TABLE III. Summary of results from this analysis. The first
uncertainty is statistical, the second systematic.
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ACP 2:0
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