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We report on a measurement of CP-violating asymmetries (Acp) in the Cabibbo-suppressed
D° — 777~ and D° — K+ K~ decays reconstructed in a data sample corresponding to 5.9 fb~?
of integrated luminosity collected by the upgraded Collider Detector at Fermilab. We use the
strong decay D** — D" to identify the flavor of the charmed meson at production and exploit
CP-conserving strong c¢ pair-production in pp collisions. High-statistics samples of Cabibbo-favored
D° - K~ 7t decays with and without a D** tag are used to correct for instrumental effects and sig-
nificantly reduce systematic uncertainties. We measure Acp(D° — nn™) = (+0.224£0.24 (stat) +
0.11 (syst))% and Acp(D® — KTK ™) = (—0.24 £ 0.22 (stat) + 0.09 (syst))%, in agreement with
CP conservation. These are the most precise determinations from a single experiment to date. Un-
der the assumption of negligible direct CP violation in D° — 77~ and D° — K+t K~ decays, the
results provide an upper limit to the CP-violating asymmetry in D° mixing, |A%g(D%)| < 0.13% at

the 90% confidence level.

PACS numbers: 13.25.Ft 14.40.Lb
I. INTRODUCTION

The rich phenomenology of neutral flavored mesons
provides many experimentally accessible observables sen-
sitive to virtual contributions of non-standard model
(SM) particles or couplings. Presence of non-SM physics
may alter the expected decay or flavor-mixing rates,
or introduce additional sources of CP violation besides
the Cabibbo-Kobayashi-Maskawa (CKM) phase. The
physics of neutral kaons and bottom mesons has been
mostly explored in dedicated experiments using kaon
beams and ete™ collisions [1]. The physics of bottom-
strange mesons is currently being studied in detail in
hadron collisions [1]. In spite of the success of several
dedicated experiments in the 1980’s and 1990’s, experi-
mental sensitivities to parameters related to mixing and
CP violation in the charm sector were still orders of mag-
nitude from most SM and non-SM expectations [2]. Tm-
provements from early measurements at dedicated ete™
colliders at the Y(4S5) resonance (B-factories) and the
Tevatron were still insufficient for discriminating among
SM and non-SM scenarios [3-7]. Since charm transitions
are described by physics of the first two quark gener-
ations, CP-violating effects are expected to be smaller

than O(1072). Thus, relevant measurements require
large event samples and a careful control of systematic
uncertainties to reach the needed sensitivity. Also, CP-
violating effects for charm have significantly more un-
certain predictions compared to the bottom and strange
sectors because of the intermediate value of the charm
quark mass (too light for factorization of hadronic am-
plitudes while too heavy for applying chiral symmetry).
All these things taken together have made the advances
in the charm sector slower.

Studies of CP violation in charm decays provide a
unique probe for new physics. The neutral D system
is the only one where up-sector quarks are involved in
the initial state. Thus it probes scenarios where up-type
quarks play a special role, such as supersymmetric mod-
els where the down quark and the squark mass matrices
are aligned [8, 9] and, more generally, models in which
CKM mixing is generated in the up-quark sector. The in-
terest in charm dynamics has increased recently with the
observation of charm oscillations [10-12]. The current
measurements [4] indicate O(1072) magnitudes for the
parameters governing their phenomenology. Such values
are on the upper end of most theory predictions [13].
Charm oscillations could be enhanced by a broad class



of non-SM physics processes [14]. Any generic non-SM
contribution to the mixing would naturally carry ad-
ditional CP-violating phases, which could enhance the
observed CP-violating asymmetries relative to SM pre-
dictions. Time integrated CP—violating asymmetries of
singly-Cabibbo-suppressed decays into CP eigenstates
such as D° — 7f7~ and D° — K*TK~ are powerful
probes of non-SM physics contributions in the “mixing”
transition amplitudes. They also probe the magnitude
of “penguin” contributions, which are negligible in the
SM, but could be greatly enhanced by the exchange of
additional non-SM particles. Both phenomena would,
in general, increase the size of the observed CP violation
with respect to the SM expectation. Any significant CP-
violating asymmetry above the 1072 level expected in the
CKM hierarchy would indicate non-SM physics. The cur-
rent experimental status is summarized in Table I. No
CP violation has been found within the precision of about
0.5% attained by the Belle and BABAR experiments. The
previous CDF result dates from 2005 and was obtained
using data from only 123 pb~! of integrated luminos-
ity. Currently, CDF has the world’s largest samples of
exclusive charm meson decays in charged final states,
with competitive signal purities, owing to the good per-
formance of the trigger for displaced tracks. With the
current sample CDF can achieve a sensitivity that allows
probing more extensive portions of the space of non-SM
physics parameters.

We present measurements of time-integrated CP-
violating asymmetries in the Cabibbo-suppressed D —

D = hth7)|* = |AD = hth™)

atn~ and D° — K+ K~ decays (collectively referred to
as DY — hTh~ in this article) using 1.96 TeV proton-
antiproton collision data collected by the upgraded Col-
lider Detector at Fermilab (CDF II) and corresponding
to 5.9 fb~! of integrated luminosity. Because the final
states are common to charm and anticharm meson de-
cays, the time-dependent asymmetry between decays of
states identified as D° and D° at the time of production
(t = 0) defined as

N(D® — h*h=;t) — N(D° — hth™;t)
N(D® — hth=;t) + N(D° — hth~;t)

Acp(hTh™,t) =

3

receives contributions from any difference in decay widths
between D° and D mesons in the chosen final state (di-
rect CP violation), any difference in mixing probabilities
between D° and D mesons, and the interference between
direct decays and decays preceded by flavor oscillations
(both indirect CP violation). Due to the slow mixing
rate of charm mesons, the time-dependent asymmetry is
approximated at first order as the sum of two terms,

. t .
Acp(hTh™;t) = AUL(W h™) + - And(hthTy, (1)

where t/7 is the proper decay time in units of DV lifetime
(1 =~ 0.4 ps), and the asymmetries are related to the
decay amplitude A and the usual parameters used to
describe flavored-meson mixing z, y, p, and ¢ [3] by

’ 2

: A
AT (hth™) = Acp(t =0) = ZAE

DY — hth=) P + [ADO — hth-)

7 (2)

o= 2 oo ) )

p

where ncp = +1 is the CP eigenvalue of the decay fi-
nal state and ¢ is the CP-violating phase. The time-
integrated asymmetry is then the time integral of Eq.
(1) over the observed distribution of proper decay time

(D)),

oo

) . t
Acp(RTh) = ASE(h+h=) + AnS (b 1) / L D@yt

0 T

dir 47— <t> ind +7 —

= A¢p(h™h™) + - ACp(h™h™). (4)
The first term arises from direct and the second one from
indirect CP violation. Since the value of (t) depends on
D(t), different values of time-integrated asymmetry could
be observed in different experiments, depending on the
detector acceptances as a function of decay time. Thus,
each experiment may provide different sensitivity to A‘g}fg

p

and Aigjdp. Since the data used in this analysis were col-
lected with an online event selection (trigger) that im-
poses requirements on the displacement of the D%-meson
decay point from its production point, our sample is en-
riched in higher-valued decay time candidates with re-
spect to experiments at the B-factories. This makes the
present measurement more sensitive to mixing-induced
CP violation. In addition, combination of our results
with those from Belle and BABAR provides some discrim-
ination between the two contributions to the asymmetry.

II. OVERVIEW

In the present work we measure the CP-violating
. —0 .
asymmetry in decays of D° and D mesons into 77~



TABLE I. Summary of recent experimental measurements of
CP-violating asymmetries. The first quoted uncertainty is
statistical, the second uncertainty is systematic.

Experiment Acp(nTn™) (%)  Acp(KTK™) (%)
BABAR 2008 [15] —0.24 +0.52 £+ 0.22 +0.00 +0.34 £+ 0.13
Belle 2008 [16] +0.43 £0.52+0.12 —0.43 £0.30 £0.11
CDF 2005 [17] +1.0+1.3+£0.6 +20+1.2+£0.6

and KTK~ final states. Because the final states are
charge-symmetric, to know whether they originate from
a D" or a D° decay, we need the neutral charm candidate
to be produced in the decay of an identified D** or D*~
meson. Flavor conservation in the strong-interaction de-
cay of the D** meson allows identification of the initial
charm flavor through the sign of the charge of the 7 me-
son: D*t — DO 7% and D*~ — D° 7—. We refer to D
mesons coming from identified D** decays as the tagged
sample and to the tagging pion as the soft pion, ms.

In the data collected by CDF between February 2002
and January 2010, corresponding to an integrated lumi-
nosity of about 5.9 fb~!, we reconstruct approximately
215 000 D*-tagged D° — 7F7~ decays and 476 000
D*—tagged D° — KT K~ decays. To measure the asym-
metry, we determine the number of detected decays of
opposite flavor and use the fact that primary charm and
anticharm mesons are produced in equal numbers by the
CP—conserving strong interaction. The observed asym-
metry is a combination of the contributions from CP vi-
olation and from charge asymmetries in the detection
efficiency between positive and negative soft pions from
the D** decay. To correct for such instrumental asym-
metries, expected to be of the order of a few 1072, we
use two additional event samples: 5 million tagged, and
29 million untagged Cabibbo—favored D® — K~ 7t de-
cays. We achieve cancellation of instrumental asymme-
tries with high accuracy and measure the CP-violating
asymmetries of DY — 7t7~ and D° — KtK~ with a
systematic uncertainty of about 1073.

The paper is structured as follows. In Sec. III we briefly
describe the components of the CDF detector relevant for
this analysis. In Sec. IV we summarize how the CDF trig-
ger system was used to collect the event sample. We de-
scribe the strategy of the analysis and how we correct for
detector-induced asymmetries in Sec. V. The event se-
lection and the kinematic requirements applied to isolate
the event samples are presented in Sec. VI; the reweight-
ing of kinematic distributions is discussed in Sec. VII.
The determination of observed asymmetries from data is
described in Sec. VIII. In Sec. IX we discuss possible
sources of systematic uncertainties and finally, in Sec.
X, we present the results and compare with measure-
ments performed by other experiments. We also show
that by combining the present measurement with results
from other experiments, we can partially disentangle the
contribution of direct and indirect CP violation. A brief
summary is presented in Sec. XI. A mathematical deriva-

tion of the method employed to correct for instrumental
asymmetries is discussed in Appendix A and its valida-
tion on simulated samples is summarized in Appendix

III. THE CDF II DETECTOR

The CDF II detector has a cylindrical geometry with
forward-backward symmetry and a tracking system in a
1.4 T magnetic field, coaxial with the beam. The track-
ing system is surrounded by calorimeters [18] and muon-
detection chambers [19]. A cylindrical coordinate system,
(r, ¢, 2), is used with origin at the geometric center of the
detector, where r is the perpendicular distance from the
beam, ¢ is the azimuthal angle, and the Z vector is in
the direction of the proton beam. The polar angle 6 with
respect to the proton beam defines the pseudorapidity
n = —Intan(0/2).

The CDF II detector tracking system determines the
trajectories of charged particles (tracks) and consists of
an open cell argon-ethane gas drift chamber called the
central outer tracker (COT) [20] and a silicon vertex mi-
crostrip detector (SVX II) [21]. The COT active volume
covers |z| < 155 cm from a radius of 40 to 140 cm and
consists of 96 sense wire layers grouped into eight al-
ternating axial and 2° stereo superlayers. To improve
the resolution on their parameters, tracks found in the
COT are extrapolated inward and matched to hits in the
silicon detector. The SVX II has five layers of silicon
strips at radial distances ranging from 2.5 cm to 10.6 cm
from the beamline. Three of the five layers are double-
sided planes with r — z strips oriented at 90° relative to
r — ¢ strips, and the remaining two layers are double-
sided planes with strips oriented at +1.2° angles rela-
tive to the r — ¢ strips. The SVX II detector consists of
three longitudinal barrels, each 29 cm in length, and cov-
ers approximately 90% of the pp interaction region. The
SVX II provides precise information on the trajectories
of long-lived particles (decay length), which is used for
the identification of displaced, secondary track vertices
of B and D hadron decays. An innermost single-sided
silicon layer (L00), installed at 1.5 cm from the beam,
further improves the resolution for vertex reconstruction
[22]. Outside of the SVX II, two additional layers of sil-
icon assist pattern recognition and extend the sensitive
region of the tracking detector to |n| ~ 2 [23]. These
intermediate silicon layers (ISL) are located between the
SVX II and the COT and consist of one layer at a ra-
dius of 23 cm in the central region, |n| < 1, and two
layers in the forward region 1 < |n| < 2, at radii of
20 and 29 cm. The component of a charged particle’s
momentum transverse to the beam (pr) is determined
with a resolution of o, /pr ~ 0.07% pr (pr in GeV/c)
for tracks with pr > 2 GeV/c. The excellent momentum
resolution yields precise mass resolution for fully recon-
structed B and D decays, which provides good signal-to-
background discrimination. The typical resolution on the



reconstructed position of decay vertices is approximately
30 pm in the transverse direction, effective to identify
vertices from charmed meson decays, which are typically
displaced by 250 pm from the beam. In the longitudinal
direction, the resolution is approximately 70 pum, allow-
ing suppression of backgrounds from charged particles
originating from decays of distinct heavy hadrons in the
event.

IV. ONLINE SAMPLE SELECTION

The CDF 1II trigger system plays an important role
in this measurement. Identification of hadronic decays
of heavy-flavored mesons is challenging in the Tevatron
collider environment due to the large inelastic pp cross
section and high particle multiplicities at 1.96 TeV. In
order to collect these events, the trigger system must re-
ject more than 99.99% of the collisions while retaining
good efficiency for signal. In this Section, we describe
the CDF II trigger system and the algorithms used in
collecting the samples of hadronic D decays in this anal-
ysis.

The CDF II trigger system has a three-level architec-
ture: the first two levels, level 1 (L1) and level 2 (L2), are
implemented in hardware and the third, level 3 (L3), is
implemented in software on a cluster of computers using
reconstruction algorithms that are similar to those used
off line.

Using information from the COT, at L1, the ex-
tremely fast tracker (XFT) [24] reconstructs trajectories
of charged particles in the r — ¢ plane for each proton-
antiproton bunch crossing. Events are selected for fur-
ther processing when two tracks that satisfy trigger cri-
teria on basic variables are found. The variables include
the product of any combination of two particles’ charges
(opposite or same sign), the opening angle of the two
tracks in the transverse plane (A¢), the two particles’
transverse momenta, and their scalar sum.

At L2 the silicon vertex trigger (SVT) [25] incorporates
information from the SVX II detector into the trigger
track reconstruction. The SVT identifies tracks displaced
from the pp interaction point, such as those that arise
from weak decays of heavy hadrons and have sufficient
transverse momentum. Displaced tracks are those that
have a distance of closest approach to the beamline (im-
pact parameter dy) inconsistent with having originated
from the pp interaction point (primary vertex). The im-
pact parameter resolution of the SVT is approximately
50 pum, which includes a contribution of 35 um from the
width of the pp interaction region. The trigger selections
used in this analysis require two tracks, each with im-
pact parameter typically greater than 120 pm and smaller
than 1 mm. In addition, the L2 trigger requires the trans-
verse decay length (Lg,) to exceed 200 pm, where Ly, is
calculated as the projection of the vector from the pri-
mary vertex to the two-track vertex in the transverse
plane along the vectorial sum of the transverse momenta

TABLE II. Typical selection criteria for the three versions of
the displaced-tracks trigger used in this analysis. The crite-
ria refer to track pairs. The pr, do, and n requirements are
applied to both tracks. The > pr refers to the scalar sum of
the pr of the two tracks. The Y  pr threshold in each of the
three vertical portions of the table identifies the high-pr (top),
medium-pr (middle), and low-pr (bottom) trigger selections.

Level-1 Level-2 Level-3

pr > 2.5 GeV/e pr >25 GeV/e pr > 2.5 GeV/c
Spr >6.5GeV/e Y pr>6.5GeV/e > pr>6.5GeV/c
Opposite charge  Opposite charge Opposite charge

A¢p < 90° 2° < A¢ < 90° 2° < A¢ < 90°
0.12 < dp < 1.0 mm 0.1 < dp < 1.0 mm
Ly > 200 pm Lyy > 200 pm
|Azo| < 5 cm
In| < 1.2
pr > 2 GeV/e pr > 2 GeV/e pr > 2 GeV/e

Sopr > 5.5 GeV/e Y. pr > 55 GeV/c
Opposite charge  Opposite charge

S pr > 5.5 GeV/e
Opposite charge

A¢p < 90° 2° < Agp < 90° 2° < A¢p < 90°
0.12<dp < 1.0 mm 0.1 <dp < 1.0 mm
Lzy > 200 pm Lyy > 200 pm
|Azo| < 5 cm
In] < 1.2
pr > 2 GeV/e pr > 2 GeV/e pr > 2 GeV/c
Spr>4GeV/e Y pr>4GeV/e > pr>4GeV/e
Ag < 90° 2° < Ag < 90° 2° < A¢g < 90°
01<dpo<10mm 0.1<dp<1.0mm
Ly > 200 pm Lyy > 200 pm
|Azo| < 5 cm
In] < 1.2

of the tracks. The trigger based on the SVT collects
large quantities of long-lived D hadrons, rejecting most
of the prompt background. However, through its impact-
parameter-based selection, the SV'T trigger also biases
the observed proper decay time distribution. This has
important consequences for the results of this analysis,
which will be discussed in Sec. X.

The L3 trigger uses a full reconstruction of the event
with all detector information, but uses a simpler track-
ing algorithm and preliminary calibrations relative to the
ones used off line. The L3 trigger retests the criteria im-
posed by the L2 trigger. In addition, the difference in z
of the two tracks at the point of minimum distance from
the primary vertex, Az, is required not to exceed 5 cm,
removing events where the pair of tracks originate from
different collisions within the same crossing of p and p
bunches.

Over the course of a single continuous period of Teva-
tron collisions (a store), the available trigger bandwidth
varies because trigger rates fall as instantaneous lumi-
nosity falls. Higher trigger rates at high luminosity arise
from both a larger rate for real physics processes as well
as multiplicity-dependent backgrounds in multiple pp in-
teractions. To fully exploit the available trigger band-
width, we employ three main variants of the displaced-
tracks trigger. The three selections are summarized in



Table IT and are referred to as the low-py, medium-pp,
and high-pr selections according to their requirements
on minimum transverse momentum. At high luminosity,
the higher purity but less efficient high-pr selection is
employed. As the luminosity decreases over the course
of a store, trigger bandwidth becomes available and the
other selections are utilized to fill the available trigger
bandwidth and maximize the charm yield. The rates are
controlled by the application of a prescale, which rejects
a predefined fraction of events accepted by each trigger
selection, depending on the instantaneous luminosity.

V. SUPPRESSING DETECTOR-INDUCED
CHARGE ASYMMETRIES

The procedure used to cancel detector-induced asym-
metries is briefly outlined here, while a detailed mathe-
matical treatment is given in Appendix A.

We directly measure the observed “raw” asymmetry:

Nobs(DO) - Nobs(ﬁo)
Nobs(DO) + Nobs(ﬁo)

ADY) =

)

that is, the number of observed D° decays into the se-
lected final state (777~ or K" K ~) minus the number of
DO decays, divided by the sum.
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FIG. 1. Observed asymmetry between the number of recon-
structed D*T and D*~ mesons as a function of the soft pion’s
transverse momentum for pure samples of D*t — DO(—>
atr)rf and D*” — ﬁo(—> atn~)m; decays. The soft
pion transverse momentum spectrum is also shown.

The main experimental difficulty of this measurement
comes from the small differences in the detection effi-
ciencies of tracks of opposite charge which may lead, if

not properly taken into account, to spuriously-measured
charge asymmetries. Relevant instrumental effects in-
clude differences in interaction cross sections with matter
between positive and negative low-momentum hadrons
and the geometry of the main tracking system. The
drift chamber layout is intrinsically charge asymmetric
because of an about 35° tilt angle between the cell ori-
entation and the radial direction, designed to partially
correct for the Lorentz angle in the charge drift direc-
tion caused by crossed electric and magnetic fields. In
the COT, different detection efficiencies are expected for
positive and negative low-momentum tracks (especially,
in our case, for soft pions), which induce an instrumental
asymmetry in the number of reconstructed D*-tagged
DY and D° mesons. Other possible asymmetries may
originate in slightly different performance between pos-
itive and negative tracks in pattern-reconstruction and
track-fitting algorithms. The combined effect of these
is a net asymmetry in the range of a few percent, as
shown in Fig. 1. This must be corrected to better than
one per mil to match the expected statistical precision
of the present measurement. In order to cancel detec-
tor effects, we extract the value of Agp(D® — hth™)
using a fully data-driven method, based on an appropri-
ate combination of charge-asymmetries observed in three
different event samples: D*-tagged D° — h*h~ decays
(or simply hh*), D*-tagged D° — K~ 7t decays (K7*),
and untagged D° — K-t decays (Kw). We assume
the involved physical and instrumental asymmetries to
be small, as indicated by previous measurements [17].
Neglecting terms of order Acpd and 82, the observed
asymmetries in the three samples are

A(hh*) = Acp(hh) + 8(ms)™"
AKT*) = Acp(K7) + 6(m) K™ + 8(Km)E™, (5)
A(Krn) = Acp(K7) + 5(K7T)K7T,

where 6(m,)""" is the instrumental asymmetry for recon-
structing a positive or negative soft pion associated with
a hth~ charm decay induced by charge-asymmetric in-
teraction cross section and reconstruction efficiency for
low transverse momentum pions; §(7,)% ™ is the same as
above for tagged K7~ and K~ 7+ decays; and §( K7) K™
and 0(K7)5™" are the instrumental asymmetries for re-
constructing a K+t7~ or a K~ n+ decay for the untagged
and the tagged case, respectively. All the above effects
can vary as functions of a number of kinematic variables
or environmental conditions in the detector. If the kine-
matic distributions of soft pions are consistent in Kr*
and hh* samples, and if the distributions of D decay
products are consistent in K7* and K7 samples, then
S(m)"" = §(m )K" and S(K7)E™ ~ §(Km)5™. The
CP-violating asymmetries then become accessible as

Acp(hh) = A(hh*) — A(K7*) + A(K7).  (6)

This formula relies on cancellations based on two assump-
tions. At the Tevatron, charm and anticharm mesons are



expected to be created in almost equal numbers. Since
the overwhelming majority of them are produced by CP-
conserving strong interactions, and the pp initial state is
CP symmetric, any small difference between the abun-
dance of charm and anticharm flavor is constrained to be
antisymmetric in pseudorapidity. As a consequence, we
assume that the net effect of any possible charge asym-
metry in the production cancels out, as long as the dis-
tribution of the decays in the sample used for this anal-
ysis is symmetric in pseudorapidity. An upper limit to
any possible residual effect is evaluated as part of the
study of systematic uncertainties (Sec. IX). The second
assumption is that the detection efficiency for the D*
can be expressed as the product of the efficiency for the
soft pion times the efficiency for the D final state. This
assumption has been tested (Sec. IX), and any residual
effect included in the systematic uncertainties.

Before applying this technique to data, we show that
our approach achieves the goal of suppressing detector
induced asymmetries down to the per mil level using the
full Monte Carlo simulation (Appendix B). The simu-
lation contains only charmed signal decays. The effects
of the underlying event and multiple interactions are not
simulated. We apply the method to samples simulated
with a wide range of physical and detector asymmetries
to verify that the cancellation works. The simulation is
used here only to test the validity of the technique; all
final results are derived from data only, with no direct
input from simulation.

VI. ANALYSIS EVENT SELECTION

The offline selection is designed to retain the maxi-
mum number of D° — ATh'~ decays with accurately
measured momenta and decay vertices. Any require-
ments that may induce asymmetries between the number
of selected DY and D° mesons are avoided. The recon-
struction is based solely on tracking, disregarding any
information on particle identification. Candidate decays
are reconstructed using only track pairs compatible with
having fired the trigger. Standard quality criteria on
the minimum number of associated silicon-detector and
drift-chamber hits are applied to each track to ensure
precisely measured momenta and decay vertices in three-
dimensions [26]. Each final-state particle is required to
have pr > 2.2 GeV/e, |n| < 1, and impact parameter
between 0.1 and 1 mm. The reconstruction of D° candi-
dates considers all pairs of oppositely-charged particles in
an event, which are arbitrarily assigned the charged pion
mass. The two tracks are constrained to originate from
a common vertex by a kinematic fit subject to standard
quality requirements. The 77~ mass of candidates is
required to be in the range 1.2 to 2.4 GeV/c?, to retain
all signals of interest and sideband regions sufficiently
wide to study backgrounds. The two tracks are required
to have an azimuthal separation 2° < A¢ < 90°, and
correspond to a scalar sum of the two particles’ trans-

verse momenta greater than 4.5 GeV/c. We require Ly,
to exceed 200 pm to reduce background from decays of
hadrons that don’t contain heavy quarks. We also require
the impact parameter of the D° candidate with respect
to the beam, do (DY), to be smaller than 100 um to reduce
the contribution from charmed mesons produced in long-
lived B decays (secondary charm). In the rare (0.04%)
occurrence that multiple D° — hth’'~ decays sharing the
same tracks are reconstructed in the event, we retain the
one having the best vertex fit quality.

Figure 2 shows the K~ 7" mass distribution for the
resulting sample, which is referred to as “untagged” in
the following since no D* decay reconstruction has been
imposed at this stage. The distribution of a sample of
simulated inclusive charmed decays is also shown for com-
parison. Only a single charmed meson decay per event
is simulated without the underlying event. In both dis-
tributions the kaon (pion) mass is arbitrarily assigned to
the negative (positive) particle. The prominent narrow
signal is dominated by D° — K ~rt decays. A broader
structure, also centered on the known D° mass, are D —
K*7~ candidates reconstructed with swapped K and 7
mass assignments to the decay products. Approximately
29 million D° and D° mesons decaying into K7 final
states are reconstructed. The two smaller enhancements
at lower and higher masses than the D° signal are due
to mis-reconstructed D° — K+K~ and D° — rntn~
decays, respectively. Two sources of background con-
tribute. A component of random track pairs that ac-
cidentally meet the selection requirements (combinato-
rial background) is most visible at masses higher than 2
GeV/c?, but populates almost uniformly the whole mass
range. A large shoulder due to mis-reconstructed multi-
body charm decays peaks at a mass of approximately 1.6
GeV/c2.

In the “tagged”-samples reconstruction, we form
D*t — D7} candidates by associating with each DY
candidate all tracks present in the same event. The ad-
ditional particle is required to satisfy basic quality re-
quirements for the numbers of associated silicon and drift
chamber hits, to be central (Jn| < 1), and to have trans-
verse momentum greater that 400 MeV/c. We assume
this particle to be a pion (“soft pion”) and we match
its trajectory to the DY vertex with simple requirements
on relative separation: impact parameter smaller than
600 pum and longitudinal distance from the primary ver-
tex smaller than 1.5 cm. Since the impact parameter
of the low-energy pion has degraded resolution with re-
spect to those of the D° tracks, no real benefit is pro-
vided by a full three—track vertex fit for the D* candi-
date. We retain D* candidates with D7, mass smaller
than 2.02 GeV/c?. 1In the 2% of cases in which multi-
ple D* candidates are associated with a single DY can-
didate, we randomly choose only one D* candidate for
further analysis. The motivation for a random selection
of the candidate is to avoid the risk of a potential charge
bias, inherent with any criterium based on event observ-
ables. However, we have checked on data other criteria
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FIG. 2. Comparison between the K~ 7-mass distributions of (a) the untagged sample and of (b) a simulated sample of
inclusive charm decays. See text for explanation of contributions.

for choosing the D* candidate, none of which changes
appreciably the results of the measurements.

The D7, mass is calculated using the vector sum of
the momenta of the three particles as D* momentum,
and the known DY mass in the determination of the D*
energy. This quantity has the same resolution advantages
of the more customary M (h™h()=m,)—M(h*h()~) mass
difference, and has the additional advantage that it is in-
dependent of the mass assigned to the D° decay products.
Therefore all D** — D%(— hth()~)7F modes have the
same D%m, mass distribution, which is not true for the
mass difference distribution.

In each tagged sample (D° — 7t7= , D* - KTK~
and D' — K~7") we require the corresponding two-
body mass to lie within 24 MeV/c? of the known D°
mass [3], as shown in Figs. 3 (a)—(c). Figures 3 (d)-
(f) show the resulting D75 mass distribution. A clean
D* signal is visible superimposed on background com-
ponents that are different in each D° channel. As will
be shown in Sec. VIII, the backgrounds in the D%, dis-
tributions for D° — 7t7~ and D° — K*+K~ decays
are mainly due to associations of random pions with
real DO candidates. In the D° — K+tK~ case, there
is also a substantial contribution from mis-reconstructed
multibody charged and neutral charmed decays (mainly
D*t — D%— K-n™n%)n} where the neutral pion is
not reconstructed) that yield a broader enhancement un-
derneath the signal peak. We reconstruct approximately
215 000 D*-tagged D° — 7t7~ decays, 476 000 D*—
tagged D° — K™K~ decays, and 5 million D*-tagged
D° — 7t K~ decays.

VII. KINEMATIC DISTRIBUTIONS

EQUALIZATION

Because detector-induced asymmetries depend on
kinematic properties, the asymmetry cancellation is real-
ized accurately only if the kinematic distributions across
the three samples are the same. Although the samples
have been selected using the same requirements, small
kinematic differences between decay channels may per-
sist due to the different masses involved. We extensively
search for any such residual effect across several kine-
matic distributions and reweight the tagged D° — hTh~
and untagged D° — K7t distributions to reproduce
the tagged D° — K ~rt distributions when necessary.
For each channel, identical reweighting functions are used
for charm and anticharm decays.

We define appropriate sideband regions according to
the specific features of each tagged sample (Fig. 3 (a)-
(¢c)). Then we compare background-subtracted distribu-
tions for tagged hth()= decays, studying a large set of
ms kinematic variables (pr, 1, ¢, do, and z) [26]. We
observe small discrepancies only in the transverse mo-
mentum and pseudorapidity distributions as shown in
Fig. 4 (a)-(d). The ratio between the two distributions
is used to extract a smooth curve used as a candidate-
specific weight. A similar study of D° distributions for
tagged and untagged D° — K~ 7 decays shows discrep-
ancies only in the distributions of transverse momentum
and pseudorapidity (Fig. 4) which are reweighted accord-
ingly.

Background is not subtracted from the distributions
of the untagged sample. We simply select decays with
K+~ or K~ 7t -mass within 24 MeV /c? from the known
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DY mass, corresponding approximately to a cross-shaped
+30 range in the two-dimensional distribution (Fig. 5).
The background contamination in this region is about
6%. This contamination has a small effect on the final re-
sult. The observed asymmetries show a small dependence
on the D® momentum, because detector-induced charge
asymietries are tiny at transverse momenta greater than
2.2 GeV/c, as required for the DY decay products. There-
fore any small imperfection in the reweighting of momen-
tum spectra between tagged and untagged sample has a
limited impact, if any. However, a systematic uncertainty
is assessed for the possible effects of non-subtracted back-
grounds (see Sec. IX). All entries in distributions shown
in the remainder of this paper are reweighted according
to the transverse momentum and pseudorapidity of the
corresponding candidates unless otherwise stated.

VIII. DETERMINATION OF OBSERVED

ASYMMETRIES

The asymmetries between observed numbers of DY and
DV signal candidates are determined with fits of the D*
(tagged samples) and DY (untagged sample) mass dis-
tributions. The mass resolution of the CDF tracker is

sufficient to separate the different decay modes of inter-
est. Backgrounds are modeled and included in the fits.
In all cases we use a joint binned fit that minimizes a
combined y? quantity, defined as x2,, = Xi +x2%, where
xi and x2 are the individual x? for the D° and D°
distributions. Because we use copious samples, an un-
binned likelihood fit would imply a substantially larger
computational load without a significant improvement in
statistical resolution. The functional form that describes
the mass shape is assumed to be the same for charm and
anticharm, although a few parameters are determined by
the fit independently in the two samples. The fit con-
figuration is chosen by testing several configurations in
data. In each, a different combination of fixed and float-
ing parameters is used. The configuration we choose as
default is the one favored by data in terms of fit qual-
ity compared with the number of degrees of freedom of
the model. The functional form of the mass shape for
all signals is extracted from simulation and the values of
its parameters adjusted for the data. The effect of this
adjustment is discussed in Sec. IX where a systematic
uncertainty is also assessed.
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A. Fit of tagged samples

We extract the asymmetry of tagged samples by fitting
the numbers of reconstructed D** events in the Dr7

and EOFS_ mass distribution. Because all D® — hTh'~
modes have the same D7 mass distribution, we use
a single shape to fit all tagged signals. We also assume
that the shape of the background from random pions as-
sociated with a real neutral charm particle are the same.
Systematic uncertainties due to variations in the shapes
are discussed later in Sec. IX.

The general features of the signal distribution are ex-
tracted from simulated samples. The model is adjusted
and finalized in a fit of the D%, mass of copious and
pure tagged K~ 7T decays. We fit the average histogram
of the charm and anticharm samples, m = (my+m_)/2,
where m is the D** mass distribution and m_ the D*~
one. The resulting signal shape is then used in the joint

fit to measure the asymmetry between charm and an-
ticharm signal yields. The signal is described by a John-
son function [27] (all functions properly normalized in
the appropriate fit range),

ol 6 s (552

J(xlp,0,6,7) = —
1+ (554

that accounts for the asymmetric tail of the distribution,
plus two Gaussians, ¢ (x|, o), for the central bulk:

osig(m|0sig) =f1J(mlmp- + py,05,65,77) + 1 — f1)
X [fer9 (mImp+ + pa1,061)
+ (1 — fa1)9(m|mp~ + pa2, 0G2)]

The signal parameters 9:1-9 include the relative fractions
between the Johnson and the Gaussian components; the
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FIG. 5. Distribution of K~ 7+ —mass as a function of K n~—
mass for the untagged sample. Note the logarithmic scale on
z axis.

shift from the nominal D** mass of the Johnson distri-
bution’s core, p, and the two Gaussians, pgi(2); the
widths of the Johnson distribution’s core, oz, and the
two Gaussians, 0gy(2); and the parameters d; and vy,
which determine the asymmetry in the Johnson distribu-
tion’s tails. For the random pion background we use an
empirical shape form,

@bkg(m|5bkg) = B(m|mpo + Mmxr, bpkg, Cbke)s

with #(x|a,b,c) = (x — a)’e™(*~9) extracted from data
by forming an artificial random combination made of a
well-reconstructed D° meson from each event combined
with pions from all other events. The total function used
in this initial fit is

Niig9sig (m]0sig) + Nokg@bke (1|0bkg)-

Each fit function is defined only above the threshold value
of mpo + m,. Figure 6 shows the resulting fit which is
used to determine the shape parameters for subsequent
asymmetry fits. All parameters are free to float in the
fit.

We then fix the signal parametrization and simultane-
ously fit the D%r, mass distributions of D** and D*~
candidates with independent normalizations to extract
the asymmetry. The parameter 07 varies independently
for charm and anticharm decays. The background shape
parameters are common in the two samples and are de-
termined by the fit. Figures 7 (a) and (b) show the
projections of this simultaneous fit on the DY, mass
distribution, for the tagged D° — K7t sample. Fig-
ures 7 (¢) shows the projection on the asymmetry dis-
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FIG. 6. Distribution of D°rs mass of tagged D° — K~ 7" de-
cays with fit results overlaid. The total fit projection (blue) is
shown along with the double Gaussian bulk (dotted line), the
Johnson tail (dashed line) and the background (full hatching).

tribution as a function of the D°r, mass. The asym-
metry distribution is constructed by evaluating bin-by-
bin the difference and sum of the distributions in mass
for charm (m,) and anticharm (m_) decays to obtain
A = (my —m_)/(my + m_). The variation of the
asymmetry as a function of mass indicates whether back-
grounds with asymmetries different from the signal are
present. As shown by the difference plots at the bottom
of Fig. 7, the fits correctly describe the asymmetry across
the whole mass range.

We allowed independent §; parameters in the charm
and anticharm samples because the D%, mass distribu-
tion for D** candidates has slightly higher tails and a dif-
ferent width than the corresponding distribution for D*~
candidates. The relative difference between the resulting
47 values does not exceed 0.5%. However, by allowing the
parameter d; to vary independently the x?/ndf value im-
proves from 414/306 to 385/304. We do not expect the
source of this difference to be asymmetric background
because the difference is maximally visible in the signal
region, where the kinematic correlation between D97,
mass and 7, transverse momentum is stronger. Indeed,
small differences between D*T and D*~ shapes may be
expected because the drift chamber has different reso-
lutions for positive and negative low momentum parti-
cles. Independent §; parameters provide a significantly
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anticharm decays, and (c) asymmetry as a function of the mass. Fit results are overlaid.

improved description of the asymmetry as a function of
D%rs mass in the signal region (Fig. 7 (c)). In Sec. IXD
we report a systematic uncertainty associated with this
assumption. No significant improvement in fit quality is
observed when leaving other signal shape parameters free
to vary independently for D*T and D*~ candidates.

The plots in Fig. 8 show the fit results for tagged
DY — 7atr~ and D° — K~ KT samples. In the
DY - KTK~ fit we include an additional component
from mis-reconstructed multibody decays. Because sig-
nal plus random pion shapes are fixed to those obtained
by fitting the tagged K7 sample (Fig. 7), the shape of
this additional multibody component is conveniently ex-
tracted from the combined fit to data and is described
by

©mbd (m|5mbd) :fmde(m|mD* + Hmbd; Ombd, 5mbd7 "Ymbd)
+(1 = fuba)Z(m|mpo + Mz, bmbd, Cmbd)-

The total function used to fit the K K* sample is then

NsigPsig (m|§sig)+kagpbkg (m|§bkg)+Nmbd £Pmbd (m|§mbd) .

We observe the following asymmetries in the three
tagged samples:

A(rr*) = (—1.86 + 0.23)%,

A(KK*) = (—2.32 4+ 0.21)%, (7)
A(K7*) = (=2.910 + 0.049)%.

B. Fit of the untagged sample

In untagged K7 decays no soft pion is associated with
the neutral charm meson to form a D* candidate so there
is no identification of its charm or anticharm content. We

infer the flavor of the neutral charm meson on a statisti-
cal basis using the mass resolution of the tracker and the
quasi—flavor-specific nature of neutral charm decays into
K7 final states. The role of mass resolution is evident
in Fig. 5, which shows the distribution of K~ 7" mass
as a function of K7~ mass for the sample of untagged
DY — hth'~ decays. The cross-shaped structure at the
center of the plot is dominated by Km decays. In each
mass projection the narrow component of the structure is
due to decays where the chosen K7 assignment is correct.
The broader component is due to decays where the Km
assignment is swapped. In the momentum range of inter-
est, the observed widths of these two components differ
by roughly an order of magnitude. Because of the CKM
hierarchy of couplings, approximately 99.6% of neutral
charm decays into a K~ 7" final state are from Cabibbo-
favored decays of D° mesons, with only 0.4% from the

doubly-suppressed decays of D’ mesons, and vice versa
for K7~ decays. Therefore, the narrow (broad) compo-
nent in the K~ projection is dominated by D° (EO)
decays. Similarly, the narrow (broad) component in the

K*n~ projection is dominated by D’ (DY) decays.

We extract the asymmetry between charm and an-
ticharm decays in the untagged sample from a simultane-
ous binned fit of the K7~ and K 7T mass distributions
in two independent subsamples. We randomly divide the
untagged sample into two independent subsamples, equal
in size, whose events were collected in the same data-
taking period (“odd” and “even” sample). We arbitrarily
choose to reconstruct the K ~7" mass for candidates of
the odd sample and the K7~ mass for candidates of the
even sample. In the odd sample the decay D® — K7+
is considered “right sign” (RS) because it is reconstructed
with proper mass assignment. In the even sample it is
considered a “wrong sign” (WS) decay, since it is re-
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(d) charm and (b), (e) anticharm decays, and (c), (f) asymmetry as a function of the mass (c,f). Fit results are overlaid.

constructed with swapped mass assignment. The oppo-

site holds for the D° — K*7~ decay. The shapes used
in the fit are the same for odd and even samples. The
fit determines the number of D° — K7t (RS decays)

from the odd sample and the number of D’ = Kt
(RS decays) from the even sample thus determining the
asymmetry. We split the total untagged sample in half
to avoid the need to account for correlations. The reduc-
tion in statistical power has little practical effect since
half of the untagged K7 decays are still 30 (67) times
more abundant than the tagged KTK~ (7"7~) decays,
and the corresponding statistical uncertainty gives a neg-
ligible contribution to the uncertainty of the final result.

The mass shapes used in the combined fit of the un-
tagged sample are extracted from simulated events and
adjusted by fitting the K'm mass distribution in data. All
functions described in the following are properly normal-
ized when used in fits. The mass line shape of right-sign

decays is parametrized using the following analytical ex-
pression:

ors (M|Ors) =four 19 (m|mpo + 61, 01)
+ (1 — fl)g(m|mDo + 52, 02)]
+ (1 = fouk)Z (m|b, c,mpo + 61),

where
T (mlb, ¢, ) = ™M Erfe(c(m — u)),

with Erfe(z) = (2/4/T) f;oo et dt. We use the sum of
two Gaussians to parametrize the bulk of the distribu-
tion. The function 7 (m;b, ¢, u) describes the lower-mass
tail due to the soft photon emission. The parameter fiux
is the relative contribution of the double Gaussian. The
parameter f; is the fraction of dominant Gaussian, rel-
ative to the sum of the two Gaussians. The parame-
ters d1(2) are possible shifts in mass from the known DO



mass [3]. Because the soft photon emission makes the
mass distribution asymmetric, the means of the Gaus-
sians cannot be assumed to be the same. Therefore m po
is fixed in the parametrization while d;(2) are determined
by the fit. The mass distribution of wrong-sign decays,
pws (m; gws), is parametrized using the same functional
form used to model RS decays. The mass distribution
of DY — 7t7~ decays is modeled using the following
functional form:

WWW(m|6‘_;r7r) :fbulk[flg(m|m0 + 61, Ul)"r
(1= f1)¥(m|mo + 62, 02)]
+ fﬂy(m|b1, Ci, ml)
+ (1 = foulk — fi1) 7 (m|ba, c2,m2).

The bulk of the distribution is described by two Gaus-
sians. Two tail functions Z (m;b, ¢, u) are added for the
low- and high-mass tails due to soft photon emission and
incorrect mass assignment, respectively. The shifts in
mass, d1(2), from the empirical value of the mass of w7
decays assigned the K7 mass, mo = 1.96736 GeV/c?,
are free to vary. The mass distributions of the partially
reconstructed multibody charm decays and combinato-
rial background are modeled using decreasing exponen-
tial functions with coefficients bypq and beomp, respec-
tively.
The function used in the fit is then

Nrsprs(m|0rs) + Nwspws (m|fws)

+ N7r7r P (m|9_;1'71') + Nmbdpmbd (m|bmbd)
+ Ncomb@comb(mwcomb)-

where Nrs, Nws, Nxr, Nmbds Neomb are the event yields
for right-sign decays, wrong-sign decays, D° — ntn~
decays, partially reconstructed decays, and combinatorial
background, respectively.

The mass is fit in the range 1.8 < m < 2.4 GeV/c?
to avoid the need for modeling most of the partially re-
constructed charm meson decays. The ratio Nrs/Nmbd
and the parameter bypq are fixed from simulated inclu-
sive D° and D% decays. The contamination from par-
tially reconstructed D decays is negligible for masses
greater that 1.8 GeV/c?>. The result of the fit to the
distribution averaged between odd and even samples is
shown in Fig. 9. In this preliminary fit we let vary the
number of events in each of the various components, the
parameters of the two Gaussians describing the bulk of
the DY — h*th/~ distributions, and the slope of the com-
binatorial background be¢omp. We assume that the small
tails are described accurately enough by the simulation.
This preliminary fit is used to extract all shape parame-
ters that will be fixed in the subsequent combined fit for
the asymmetry.

Odd and even samples are fitted simultaneously us-
ing the same shapes for each component to determine
the asymmetry of RS decays. Because no asymmetry
in D° — 77~ decays and combinatorial background is
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expected by construction, we include the following con-

inte: Nt — N— + N
stra1nts.+Nm = Nﬁi and NI . = N_ . .p- The param-
eters Npg, Npgs Nwss Nwss Nppq and N, 4 are de-

termined by the fit independently in the even and odd
samples. Figures 10 (a) and (b) show the fit projections
for odd and even samples. Figure 10 (c) shows the pro-
jection of the simultaneous fit on the asymmetry as a
function of the K7 mass. The observed asymmetry for
the D — K—nt RS decays is

A(Km) = (—0.832 4 0.033)%. (8)

IX. SYSTEMATIC UNCERTAINTIES

The measurement strategy is designed to suppress sys-
tematic uncertainties. However, we consider a few resid-
ual sources that can impact the results: approxima-
tions in the suppression of detector-induced asymme-
tries; production asymmetries; contamination from sec-
ondary D mesons; assumptions and approximations in
fits, which include specific choice of analytic shapes, dif-
ferences between distributions associated with charm and
anticharm decays, and contamination from unaccounted
backgrounds; and, finally, assumptions and limitations of
kinematic reweighting.

Most of the systematic uncertainties are evaluated by



16

x10° x10°
N, A LU A 8 R > 0.02 S D S —
3 2 N(D" - K'm") = 7257239 + 34457 S 2 N@D - K'r) = 7378944 + 3460 | o r A(D" - K'r") = (-0.832+ 0.033)%
() [ n x2indf = 250/232] @ L n X2Indf = 250/232 ] £ N x2/ndf = 250/232
I CY: I ) 1€ [
0 L + Data (5.9 fo?) 1 L] Data (5.9 fb™) ] o 0.01
o 15+ [ Fit - © 15+ — Fit — < -
% [ ] % i D - KTRS ]
% L P 1 % L D - KmWs |
2 Ll 1= r [ D - m . 0
° 1? Eé; -] Multibody D decays | B 1f = Multibody D decays | L
S [] Combinatorial backg. 8 L [] Combinatorial backg. | r
7] 0.5 7] 001" L paaem?
1 L i 3 — Fit
1 o2 1 L
i— n Y . - X\lé‘ i f Y o 0.0 L | |
2 2.2 2.4 9.8 2 2.2 2.4 : _2L.8 2 2.2 2.4
Invariant K'rt-mass [GeV/c?] Invariant K*t-mass [GeV/c?] Invariant Kremass [GeV/c?]
L L
< <
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modifying the fit functions to include systematic varia-
tions and repeating the fits to data. The differences be-
tween results of modified fits and the central one are used
as systematic uncertainties. This usually overestimates
the observed size of systematic uncertainties, which in-
clude an additional statistical component. However, the
additional uncertainty is negligible, given the size of the
event samples involved. Sources of systematic uncer-
tainty are detailed below. A summary of the most sig-
nificant uncertainties is given in Table III.

A. Approximations in the suppression of
detector-induced effects

We check the reliability of the cancellation of all
detector-induced asymmetries on simulated samples as
described in Appendix B. The analysis is repeated on
several statistical ensembles in which we introduce known
CP-violating asymmetries in the D% — hth()— decays
and instrumental effects (asymmetric reconstruction effi-
ciency for positive and negative soft pions and kaons) de-
pendent on a number of kinematic variables (e.g., trans-
verse momentum). These studies constrain the size of
residual instrumental effects that might not be fully can-
celled by our method of linear subtraction of asymme-
tries. They also assess the impact of possible correlations
between reconstruction efficiencies of D° decay-products
and the soft pion, which are assumed negligible in the
analysis. We further check this assumption on data by
searching for any variation of the observed asymmetry as
a function of the proximity between the soft pion and the
charm meson trajectories. No variation is found.

Using the results obtained with realistic values for the
simulated effects, we assess a AAcp(hh) = 0.009% un-
certainty. This corresponds to the maximum shift, in-

creased by one standard deviation, observed in the re-
sults, for true CP—violating asymmetries in input ranging
from —5% to +5%.

B. Production asymmetries

Charm production in high-energy pp collisions is dom-
inated by CP-conserving cc production through the
strong interaction. No production asymmetries are ex-
pected by integrating over the whole phase space. How-
ever, the CDF acceptance covers a limited region of the
phase space, where CP conservation may not be ex-
actly realized. Correlations with the pp initial state
may induce pseudorapidity—dependent asymmetries be-
tween the number of produced charm and anticharm (or
positive— and negative—charged) mesons. These asymme-
tries are constrained by CP conservation to change sign
for opposite values of 1. The net effect is expected to
vanish if the pseudorapidity distribution of the sample is
symmetric.

To set an upper limit to the possible effect of small
residual 77 asymmetries of the samples used in this anal-
ysis, we repeat the fits enforcing a perfect n symmetry
by reweighting. We observe variations of AAgp(KK) =
0.03% and AAcp(nm) = 0.04% between the fit results
obtained with and without re-weighting. We take these
small differences as an estimate of the size of possible
residual effects. The cancellation of production asymme-
tries achieved in pp collisions (an initial CP-symmetric
state) recorded with a polar-symmetric detector provide
a significant advantage in high-precision CP-violation
measurements over experiments conducted in pp colli-
sions.



C. Contamination of D mesons from B decays

A contamination of charm mesons produced in b-
hadron decays could bias the results. Violation of CP
symmetry in b—hadron decays may result in asymmetric
production of charm and anticharm mesons. This may
be large for a single exclusive mode, but the effect is
expected to vanish for inclusive B — D°X decays [28].
However, we use the impact parameter distribution of D°
mesons to statistically separate primary and secondary
mesons and assign a systematic uncertainty. Here, by
“secondary” we mean any DY originating from the decay
of any b hadron regardless of the particular decay chain
involved. In particular we do not distinguish whether the
DY meson is coming from a D** or not.

If fg is the fraction of secondary D° mesons in a given
sample, the corresponding observed asymmetry A can
be written as a linear combination of the asymmetries
for primary and secondary D° mesons:

A = fpA(D° secondary) + (1 — fg)A(D° primary). (9)

The asymmetry observed for secondary D° mesons can be
expressed, to first order, as the sum of the asymmetry one
would observe for a primary D° sample, plus a possible
CP-violating asymmetry in inclusive B — D°X decays,

A(D° sec.) = Agp(B — D°X) + A(D° prim.).  (10)

Hence, combining Eq. (9) and Eq. (10), the asymmetry
observed in each sample is given by

A= fgAcp(B — D°X) 4+ A(D° primary). (11)

Because the fraction of secondary D° mesons is inde-
pendent of their decay mode, we assume fp(nn*) =
fB(KK*) = fp(Kn*). The contribution of CP violation
in b-hadron decays to the final asymmetries is written as

A(hh) = fg(Km)Acp(B — D°X) 4+ Acp(D° — hh),

(12)
where fp is estimated in the untagged K~ 7" sample be-
cause the two terms arising from the tagged components
cancel in the subtraction provided by Eq. (6). In this
analysis, the contamination from secondary D decays is
reduced by requiring the impact parameter of the DY can-
didate, do(D°), not to exceed 100 um. The fraction fg of
residual D° mesons originating from B decays has been
determined by fitting the distribution of the impact pa-
rameter of untagged D® — K ~7T decays selected within
+24 MeV/c? of the known D° mass [3]. We use two
Gaussian distributions to model the narrow peak from
primary D° mesons and a binned histogram, extracted
from a simulated sample of inclusive B — DX decays,
to model the secondary component. Figure 11 shows the
data with the fit projection overlaid. A residual con-
tamination of 16.6% of B — DX decays with impact
parameter lower than 100 pm is estimated. To constrain
the size of the effect from Acp(B — D°X) we repeat
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the analysis inverting the impact parameter selection,
namely requiring do(D°) > 100 gm. This selects an al-
most pure sample of D° — K~ 7" decays from B decays
(fB = 1). We reconstruct about 900 000 decays with an
asymmetry, A(Km) = (—0.647£0.172)%, consistent with
(—0.832 £ 0.033)%, the value used in our measurement.
Using Eq. (10) we write the difference between the above
asymmetry and the asymmetry observed in the central
analysis (Eq. (12)), A(do > 100 pm) — A(dp < 100 pm),
as

(1— fB)Acp(B — D°X) = (-0.18 £ 0.17)%.  (13)

Using fp = 16.6% we obtain Acp(B — D°X) =
(—0.21 £ 0.20)% showing that no evidence for a bias
induced by secondary D° mesons is present. Based on
Eq. (12), we assign a conservative systematic uncertainty
evaluated as fpAcp(B — DX) = [fs/(1 — fB)]|A =
0.034%, where fp equals 16.6% and A corresponds to the
0.17% standard deviation of the difference in Eq. (13).



D. Assumptions in the fits of tagged samples
1. Shapes of fit functions

The mass shape extracted from simulation has been
adjusted using data for a more accurate description of
the observed signal shape. A systematic uncertainty is
associated with the finite accuracy of this tuning and
covers the effect of possible mis-modeling of the shapes
of the fit components.
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FIG. 12. Shape of D7, mass as extracted from simulation
without tuning, with data tuning and with anti-data tuning.

Figure 12 shows a comparison between the shape ex-
tracted from the simulation and the templates used in
the fit after the tuning. It also shows an additional tem-
plate, named “anti-tuned”, where the corrections that
adjust the simulation to data have been inverted. If
f(m) is the template tuned on data, and g(m) is the
template extracted from the simulation, the anti-tuned
template is constructed as h(m) = 2f(m) — g(m). We
repeat the measurement using the templates extracted
from the simulation without any tuning, and those cor-
responding to the anti-tuning. The maximum variations
from the central fit results, AAcp(rTn™) = 0.009%
and AAcp(KTK™) = 0.058%, are assigned as system-
atic uncertainties. The larger effect observed in the
D — K™K~ case comes from the additional degrees
of freedom introduced in the fit by the multibody-decays
component.

In addition, we perform a cross-check of the shape used
for the background of real D° mesons associated with
random tracks. In the analysis, the shape parameters of
DY — hth~ fits are constrained to the values obtained in
the higher-statistics tagged D° — K~ 7T sample. If the

18

parameters are left floating in the fit, only a negligible
variation on the final result (< 0.003%) is observed.

2. Charge-dependent mass distributions

We observe small differences between distributions of
D7y mass for positive and negative D* candidates.
These are ascribed to possible differences in tracking res-
olutions between low-momentum positive and negative
particles. Such differences may impact our results at
first order and would not be corrected by our subtrac-
tion method. To determine a systematic uncertainty,
we repeat the fit in several configurations where various
combinations of signal and background parameters are
independently determined for positive and negative D*
candidates. The largest effects are observed by leaving
the background shapes to vary independently and con-
straining the parameter ; of the Johnson function to be
the same [26]. The values of the shape parameters in
D — hth~ fits are always fixed to the ones obtained
from the D° — K~ 7t sample. The maximum variations
with respect to the central fits, AAcp(ntn™) = 0.088%
and AAcp(KTK™) = 0.027%, are used as systematic
uncertainties.

3. Asymmetries from residual backgrounds

A further source of systematic uncertainty is the ap-
proximations used in the subtraction of physics back-
grounds in the fits of the tagged K7, KTK~, and
7t~ samples. In the fits to the D%, mass for extracting
the raw K~ 7+ asymmetry, we assume the residual back-
grounds to be negligible. Using simulation we estimate
that a 0.77% contamination from physics backgrounds
enters the 424 MeV/c? K~ 7t signal range, dominated
by the tail from partially reconstructed D° decays. This
component is free to float in the fit of the tagged K+ K~
sample, which provides an estimate of the asymmetry
of this contamination. The product of the contaminat-
ing fraction times the additional asymmetry of the con-
taminant determines a common systematic uncertainty
that affects both the D° - KTK~ and D' — ntn~
final results. This is the only component that impacts
the systematic uncertainty of the D° — KTK~ re-
sult. Indeed, in the fit to the D7y mass that deter-
mines the raw KK~ asymmetry, we fit any residual
physics background contribution, absorbing the effect of
any further background asymmetry in the statistical un-
certainty. An additional systematic contribution affects
the D® — 7+ 7~ result. In the fits to the D%, mass for
the 777~ raw asymmetry we assume the residual back-
grounds to be negligible. Using simulation we estimate
that a 0.22% contamination from physics backgrounds
enters the 424 MeV/c? 77~ signal range, dominated
by the high mass tail of the D — K~7* signal. The
asymmetry of this contamination is determined from a



fit of the tagged K7+ sample. The final systematic
uncertainty is the product of the contaminating fraction
times the additional asymmetry of the contaminant for
each channel. This yields a maximum effect of 0.005%
on the measured asymmetries for both D° — 7+7~ and
DY -+ KTK~ cases.

E. Assumptions in the fits of untagged samples
1. Shapes of fit functions

We follow the same strategy used for the tagged case
to assign the systematic uncertainty associated with pos-
sible mis-modeling of the shapes in fits of the untagged
sample.

Figure 13 shows the comparison between templates ex-
tracted from the simulation without any tuning, those
tuned to data (and used in the central fit), and the anti-
tuned ones. We repeat the fit using the templates from
simulation and the anti-tuned ones. The maximum vari-
ation from the central fit, AA(Km) = 0.005%, is used as
the systematic uncertainty.

2. Charge-dependent mass distributions

In the untagged case we expect the mass shapes of
all components to be the same for charm and anticharm
samples. However, we repeat the simultaneous fit un-
der different assumptions to assign the systematic uncer-
tainty associated with possible residual differences. The
parameters of the Gaussian distributions used to model
the bulk of the mass distributions are left free to vary in-
dependently for the charm and anticharm samples, and
separately for the right-sign, wrong-sign, and D — 77~
components. We assume no difference between mass dis-
tributions of combinatorial background and partially re-
constructed decays. The differences between estimated
shape parameters in charm and anticharm samples do
not exceed 3o, showing compatibility between the shapes.
A systematic uncertainty of 0.044% is obtained by sum-
ming in quadrature the shifts from the central values of
the estimated asymmetries in the three different cases.

3. Asymmetries from residual physics backgrounds

In the measurement of the asymmetry of Cabibbo-
favored D° — K ~nt decays, we neglect the contribution
from the small, but irreducible, component of doubly-
Cabibbo-suppressed (DCS) D° — K7~ decays. Large
CP violation in DCS decays may bias the charge asymme-
try we attribute to D® — K ~7t decays. We assign a sys-
tematic uncertainty corresponding to fpcsAcp(D® —
K+7T7) = fDCSA = 0013%, where fDCS = 0.39% is
the known [3] fraction of DCS decays with respect to
Cabibbo-favored decays and A = 2.2% corresponds to
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one standard deviation of the current measured limit on
the CP-violating asymmetry Acp(D° — KT7~) as re-
ported in Ref. [3].

In the central fit for the untagged D® — K7t sample,
no asymmetry in D° — 77~ decays or combinatorial
background is included, as expected by the way the un-
tagged sample is defined. We confirm the validity of this
choice by fitting the asymmetry with independent param-
eters for these two shapes in the charm and anticharm
samples. The result corresponds to a AA(K7) = 0.011%
variation from the central fit.

F. Limitations of kinematic reweighting

The tagged event samples are reweighted after sub-
tracting the background, sampled in signal mass side-
bands. We constrain the size of possible residual system-
atic uncertainties by repeating the fit of tagged D° —
hTh™ after a reweighting without any sideband subtrac-
tion. The variation in observed asymmetries is found to
be negligible with respect to other systematic uncertain-
ties.

In reweighting the untagged sample we do not sub-
tract the background. The signal distributions are ex-
tracted by selecting a mass region corresponding ap-
proximately to a cross-shaped window of +3¢ in the
two-dimensional space (M(KT7n~), M(K~7")). To as-
sign a systematic uncertainty we extract the signal dis-
tributions and reweight the data using a smaller cross-
shaped region of +20 (i.e. within 16 MeV/c? from the
nominal D® mass). The background contamination de-
creases from 6% to 4%. We repeat the analysis and find
A(K7) = (—0.831£0.033)% corresponding to a variation
from the central fit of < 0.001%, thus negligible with re-
spect to other systematic uncertainties.

G. Total systematic uncertainty

Table IIT summarizes the most significant systematic
uncertainties considered in the measurement. Assuming
them independent and summing in quadrature, we ob-
tain a total systematic uncertainty of 0.11% on the ob-
served CP-violating asymmetry of D — 777~ decays
and 0.09% in D° — K+K~ decays. Their sizes are ap-
proximately half of the statistical uncertainties.

X. FINAL RESULT

Using the observed asymmetries from Eqgs. (7) and (8)
in the relationships of Eq. (5), we determine the time-
integrated CP-violating asymmetriesin D° — 7+7~ and
D - KT K~ decays to be

Acp(rtr™) = (+0.22 £0.24 (stat) +0.11 (syst))%
Acp(KTK™) = (—0.24 £ 0.22 (stat) + 0.09 (syst)) %,
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TABLE III. Summary of most significant systematic uncertainties. The uncertainties reported for the last three sources result
from the sum in quadrature of the contributions in the tagged and untagged fits.

Source Acp(nTm7) [%] Acp(KTK™) [%)]
Approximations in the suppression of detector-induced effects 0.009 0.009
Production asymmetries 0.040 0.030
Contamination of secondary D mesons 0.034 0.034
Shapes assumed in fits 0.010 0.058
Charge-dependent mass distributions 0.098 0.052
Asymmetries from residual backgrounds 0.014 0.014
Limitations of sample reweighting < 0.001 < 0.001
Total 0.113 0.092

corresponding to CP conservation in the time-evolution
of these decays. These are the most precise determina-
tions of these quantities to date, and significantly im-
prove the world’s average values. The results are also in
agreement with theory predictions [29-34].

A useful comparison with results from other experi-
ments is achieved by expressing the observed asymmetry
as a linear combination (Eq. (4)) of a direct component,
AdL and an indirect component, A4, through a coeffi-
cient that is the mean proper decay time of charm mesons
in the data sample. The direct component corresponds
to a difference in width between charm and anticharm
decays into the same final state. The indirect component
is due to the probability for a charm meson to oscillate
into an anticharm meson being different from the prob-
ability for an anticharm meson to oscillate into a charm
meson.

The decay time of each D° meson, t, is determined as

Lwy mpo
- T o\ Ty — >
cpr

c (ﬁ’Y)T

where (8y)r = pr/mpo is the transverse Lorentz factor.
This is an unbiased estimate of the actual decay time
only for primary charmed mesons. For secondary charm,
the decay time of the parent B meson should be sub-
tracted. The mean decay times of our signals are deter-

mined from a fit to the proper decay time distribution of
sideband-subtracted tagged decays (Fig. 14). The fit in-
cludes components for primary and secondary D mesons,
whose shapes are modeled from simulation. The simula-
tion is used to extract the information on the mean de-
cay time of secondary charmed decays, using the known
true decay time. The proportions between primary and
secondary are also determined from this fit and are con-
sistent with results of the fit to the D° impact parameter
in data (Sec. IXC). We determine a mean decay time
of 2.40 £ 0.03 and 2.65 & 0.03, in units of D lifetime,
for DY — 77~ and DY — K+t K~ decays, respectively.
The uncertainty is the sum in quadrature of statistical
and systematic contributions. The small difference in the
two samples is caused by the slightly different kinematic
distributions of the two decays, which impacts their trig-
ger acceptance.

Each of our measurements defines a band in the
(AindAdL) plane with slope — () /7 (Eq. (4)). The same
holds for BABBAR and Belle measurements, with slope
—1 [10, 11], due to unbiased acceptance in decay time.
The results of this measurement and the most recent B-
factories’ results are shown in Fig. 15, which displays
their relationship. The bands represent +1¢ uncertain-
ties and show that all measurements are compatible with
CP conservation (origin in the two-dimensional plane).
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and (b)

D° — KtK~ data. Fit results are overlaid including the component from secondary charmed mesons (red).

The results of the three experiments can be combined as-
suming Gaussian uncertainties. We construct combined
confidence regions in the (A4, AYUL) plane, denoted with
68% and 95% confidence level ellipses. The correspond-
ing values for the asymmetries are AUL(D? — 7F77) =
(0.04 £ 0.69)%, ABL(DY — 7tx~) = (0.08 £ 0. 34)%,
AdEL(D? - KTK~) = (—0.2440.41)%, and A4(D® —
K*tK~) = (0.00£0.20)%, in which the uncertainties rep-
resent one-dimensional 68% confidence level intervals.

A. CP violation from mixing only

Assuming negligible direct CP violation in both decay
modes, the observed asymmetry is only due to mixing,

Acp(hth™) ~ Alsd (t) /7, yielding
A (rtr™) = (+0.09 £ 0.10 (stat) £ 0.05 (syst))%
AEY(KYK ™) = (—0.09 £ 0.08 (stat) £ 0.03 (syst))%.

Assuming that no large weak phases from non-SM contri-
butions appear in the decay amplitudes, Amd is indepen-
dent of the final state. Therefore the two measurements
can be averaged, assuming correlated systematic uncer-
tainties, to obtain a precise determination of C'P violation
in charm mixing;:

AZ(DY) = (—0.01 £ 0.06 (stat) £ 0.04 (syst))%.

This corresponds to the following upper limits on CP
violation in charm mixing;:

|ABd (DY) < 0.13 (0.16)% at the 90 (95)% C.L.

The bias toward longer-lived decays of the CDF sam-
ple offers a significant advantage over B-factories in sen-
sitivity to the time-dependent component, as shown in

Figs. 16 (a), (c).

B. Direct CP violation only

Assuming that CP symmetry is conserved in charm
mixing, our results are readily comparable to mea-
surements obtained at B-factories; Acgp(ntn™) =
(0.43 £ 0.52 (stat) & 0.12 (syst))% and Acp(K+K ™) =
(—0.43 £ 0.30 (stat) = 0.11 (syst))% from Belle, and
Acp(rta™) = (—0.24 £ 0.52 (stat) £+ 0.22 (syst))% and
Acp(KTK™) = (0.00 £+ 0.34 (stat) + 0.13 (syst))% from
BMAR (Figs. 16 (b)-(d)). The CDF result is the world’s

most precise.

C. Difference of asymmetries

A useful comparison with theory predictions is
achieved by calculating the difference between the asym-
metries observed in the DY — KTK~ and D° — 77—
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decays (AAcp). Since the difference in decay-time accep-
tance is small, A(t)/7 = 0.26 +0.01, most of the indirect
CP-violating asymmetry cancels in the subtraction, as-
suming that no large CP-violating phases from non-SM
contributions enter the decay amplitudes. Hence AAcp
approximates the difference in direct CP-violating asym-
metries of the two decays. Using the observed asymme-
tries from Eq. (7), we determine

AACP :ACP(K+K_) — Acp(ﬁ+7T_)
=AAGH + AGRA() /7
=A(KK*) — A(r7*)
=(—0.46 £ 0.31 (stat) £ 0.12 (syst))%.

The systematic uncertainty is dominated by the 0.12%
uncertainty from the shapes assumed in the mass fits,
and their possible dependence on the charge of the D*
meson. This is determined by combining the differ-
ence of shifts observed in Secs. IXD1 and IXD2 in-
cluding correlations: (0.058 — 0.009)% = 0.049% and
(—0.027 — 0.088)% = 0.115%. Smaller contributions in-
clude a 0.009% from the finite precision associated to the
suppression of detector-induced effects (Sec. IX A), and
a 0.005% due to the 0.22% background we ignore under
the D° — 77~ signal (Sec.IXD3). The effects of pro-
duction asymmetries and contamination from secondary
charm decays cancel in the difference.

We see no evidence for a difference in CP violation be-
tween D° — KTK~ and D° — nt7n~ decays. Figure
17 shows the difference in direct asymmetry (AA%L) as
a function of the indirect asymmetry compared with ex-
perimental results from BAAR and Belle [10, 11]. The

bands represent +10 uncertainties. The measurements,
combined assuming Gaussian uncertainties, provide 68%
and 95% confidence level regions in the (AAYL Aind)
plane, denoted with ellipses. The corresponding val-
ues for the asymmetries are AAYL = (—0.37 & 0.45)%,

And = (-0.35 £ 2.15)%.

XI. SUMMARY

In summary, we report the results of the most sensitive
search for CP violation in singly-Cabibbo-suppressed
DY — 7t7~ and D° — K™K~ decays. We reconstruct
signals of O(10%) D*-tagged decays in an event sam-
ple of pp collision data corresponding to approximately
5.9 tb~! of integrated luminosity collected by a trigger
on displaced tracks. A fully data-driven method to can-
cel instrumental effects provides effective suppression of
systematic uncertainties to the 0.1% level, approximately
half the magnitude of the statistical uncertainties.

We  find no  evidence  for CP  viola-
tion and measure Acgp(D°  —  wtrT) =
(+0.22 £ 024 (stat) £ 0.11 (syst))%  and

Acp(D° — KTK™) = (—0.24 £ 0.22 (stat) + 0.09 (syst))%.

These are the most precise determinations from a single
experiment to date, and supersede the correspond-
ing results of Ref. [17]. The average decay times of
the charmed mesons used in these measurements are
2.40 £ 0.03 units of DO lifetime in the D° — 77—
sample and 2.65 £ 0.03 units of D lifetime in the
DY — K+ K~ sample. Assuming negligible CP violation
in D° — 7t7~ and D° — KT K~ decay widths (direct
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FIG. 16. Comparison of the present results with results from Belle and BABAR assuming (a), (c) no direct, or (b), (d) no
indirect CP violation. In each plot the 1o band of the B-factories’ average is displayed in blue, while the new average that

includes the CDF result is shown in green.

CP violation), the above results, combined with the high-
valued average proper decay time of the charmed mesons
in our sample, provide a stringent general constraint
on CP violation in D° mixing, |AB4(D%)| < 0.13% at
the 90% confidence level. The results probe significant
regions of the parameter space of charm phenomenology
where discrimination between SM and non-SM dynamics
becomes possible [35, 36].
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Appendix A: Method to suppress detector
asymmetries

A mathematical derivation of the concepts described
in Sec. V follows. We measure the CP-violating asym-
metry by determining the asymmetry between number
of detected particles of opposite charm content A =
(Ny—N_)/(N4++N_), where Ny and N_ are the number
of DY and D decays found in three different data sam-
ples: D*-tagged D° — h*h~ decays (or simply hh*),
D*-tagged D’ — K~7t decays (K7*) and untagged
DY — K~nt decays (Km). We show that the combi-
nation of asymmetries measured in these three samples
yields an unbiased estimate of the physical value of Acp
with a high degree of suppression of systematic uncertain-
ties coming from detector asymmetries. In the discussion
we always refer to the true values of kinematic variables
of particles. The measured quantities, affected by ex-
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perimental uncertainties, play no role here since we are
only interested in counting particles and all detection ef-
ficiencies are assumed to be dependent on true quantities
only.

1. D*—tagged D° — hTh~

Assuming factorization of efficiencies for reconstruct-
ing the neutral charmed meson and the soft pion, we
write

N, .
5 Bpr / dp.dpsdpy-+dpy- ps+ (ps) BiS,

X Phh* (ph+ yPh—>Ps | p*)fhh(plﬁ yPh— )Esi (ps)7

Ny =

where N* is the total number of D** and D*~ mesons;
D, Dsy P+, Dh— are the three-momenta of the D*, soft ,
ht, and h~, respectively; p,, and p._ are the densi-
ties in phase space of D*T and D*~ mesons (function
of the production cross sections and experimental ac-
ceptances and efficiencies); ppp+ is the density in phase
space of the soft pion and hth~ pair from D° decay;
B}, and B, are the branching fractions of D° — hth~
and D° — h*h™; B} is the branching fraction of
D*t — D%t and D*~ — D1, assumed to be charge—
symmetric; ey, is the detection efficiency of the h™h~
pair from the DY decay; and €,; and €,_ are the detec-
tion efficiencies of the positive and negative soft pion,
respectively. Conservation of four-momenta is implic-
itly assumed in all densities. Densities are normalized as
S dpapss(ps) =1 = [ dpsdpy+dpy-pun- (Pr+, Pr— Ps | )
for each p.. The difference between event yields is there-
fore

N, .
Ny —N_ ZTBDW /dp*dpsdp}frdph*

X puis (Ph+ > Ph—» Ps | P )enn (Pn+ > Pr-)

X {par (Do) Biipest (ps) — e () Bpyes—(ps)}

N,

:7*325# /dp*dpsdpm dpp- Ehh(ph+ ) ph*)

X puns (Pht> P Ps | Px)px (D) Bunes(ps)
X [(L46ps(p«)) (1 + Acp) (1 + de5(ps))
— (1 =6ps(ps)) (1 — Acp) (1 — des(ps))],

where we have defined the following additional quantities:
P = (1/2) (pag + ps=); 6px = (put = pu=)/(Prt + ps—),
By = (1/2)(By, + Byy,), Acp = Acp(hh) = (By, —
Bf:h)/(Bijh + Byy), €5 = (1/2)(est + €5-), and des =
(es+—€s—)(esy++es—). Expanding the products we obtain

Ny — N_ =N.B}, . Bnn /dp*dpsdpmdpmP*(p*)fs(ps)

X Phh* (ph+,ph—,ps |p*)5hh(ph+7ph*)
X [Acp + 0p«(ps) + des(ps)
=+ Acp5p*(p*)5€s(p5)]



Since the CP symmetry of the pp initial state ensures
that dp.(px) = —Ip«(—px), the second and fourth term
in brackets vanish when integrated over a p, domain sym-
metric in 7. In a similar way we obtain

N, + N_ =N.B}, B / dp.dpsdpns dpp-p(p.)es(ps)

X puhs (Dh+, Ph—» Ps | Dx)Enn (Dn+, Pr-)
X [1 + AC’P(SES(ps) + ACP5P* (p*)
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The second term in brackets is small with respect to Acp
and can be neglected, while the third and fourth terms
vanish once integrated over a p, domain symmetric in 7.
Hence the observed asymmetry is written as

+ 0e5(ps)dps ()]
o (N=N M e "
A(hh™) = NIV =Acp(RTh™) + [ dpshl" (ps)des(ps), where (A1)
+ —
B (p) = Jdp.dpp+dpp,- pu(p) prns (Pr+, Pa—» s | D )Enn P+ Pr-)es (Ps) (A2)

is the normalized density in phase space of the soft pion
for the events included in our sample.

2. D*-tagged D° - K~ n"

Assuming factorization of efficiencies for reconstruct-
ing the neutral charmed meson and the soft pion, we
write

N. .
5 B}, /dp*dpsdpﬂdep*i(p*)Bla

X P (DK DrsDs | P )EKFr+ (DK, Dr)Est (Ps)s

Ny =

where p, and pg are the three-momenta of the pion and
kaon, pJ . is the density in phase space of the soft pion
and K pair from the D° decay, Bj; and By, are the
branching fractions of D° — K~n% and D° — K*+7—,
and €4+ and g, are the detection efficiencies of
the K~ 7t and K*t7n~ pairs from D° and D° decay. The
difference between charm and anticharm event yields is

 [dp.dpp+dpp,-dpsp«(ps) prin- (P Ph— Ps | Px)enn (Prt, Ph-)es(Ps)

[
written as
Ny .,
Ny —N_ ZTBDW dp*dpsdpwdepKw* (pKvaraps |p*>

X [p*+(p*>BIt7r€K*ﬂ'+(pKvpﬂ')ES‘i’(pS)
— Px— (p*)B;(ﬂ-EK-i-Tr—(pKupﬂ)gs—(ps)]

N, .
ZTBDWBKTr /dp*dpsdpwdpxp*(p*)ss(ps)

X P+ (DK, Prs Ps | P+ )Ekn (DK, Pre)

x {(1+6p«(p:))(1 + Acp)

X (14 0egn(prc, pr)) (1 4 0es(ps))
— (1 =6p«(p«))(1 — Acp)

X (1= bexn(prc, pr))(1 = des(ps))},
where we have defined the following additional quantities:

Brcr = (1/2)(Bfe, + Byr), Ace = Acp(Km) = (B, —
BI_(TF)/(BIJQW +Bl_{7'r)7 EKT" = (1/2)(€K—7T+ +EK+7T—)7 a'nd
55K7r = (5K77r+ - 5K+7r7)/(5K77r+ + 5K+7r7)' Expand—
ing the products and observing that all terms in §p.(p«)
vanish upon integration over a symmetric p, domain, we
obtain

N+ - N_ :N*BBﬂ-BKTr /dp*dpsdpwdep*(p*)é's(ps)

X P (DK, Drs Ps | P+ )Ekn (DK, Pre)

X {ACP + 55K7r(pK7p7r) + 555(]95) + .. '}7
where we have neglected one term of order Agpé?. Sim-
ilarly,

Ni o No =N.Bp Bice [dp.dp.dpedpicp.(p.)e.(r)

X pir+ (DK, Drs Ds | D+ )eRx (DK Pre)
x [14+ Acpdek=(pr,pr) + Acpdes(ps)
+ 55Kﬂ(pKapﬂ)555(ps)]-

If we neglect all terms of order Acpé and 62, we finally
obtain



N, —N_

ke = (2
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Kr
) :ACP (K_W+) + /dpﬂ'hg;* (pKapw)(SEKw(pKapw) + /dpshfﬂ'* (ps)égs(ps)a (A?’)

fdp*dpsp* (p*)pKrr* (pKapwaps | p*)EKw(pK;pw)Es(ps)

where h%: (pr,pr) =

and K57 (ps) (the K7 analogous to A" (p,) in Eq. A2)
are the normalized densities in phase space of 7, K and
soft 7, respectively, for the events included in our sample.

3. Untagged D° - K nt

In this case

N,
Ny :g/dpodpﬂdepoi(po)B;Eﬂ'

X pYer (DK, Pr | PO)eKFmt (K, Pr)

N, — N_

aem) = (Y

[ dpudp=dp dpsps (ps)prcrs (P s Prs Ds | P )ekn (DK, Pr)Es (Ds)

J dpopo(po)p%» (Pic, Pr | Po)E KR (DI, Pre)

(A4)

N
Ny - N =="Biey / dpodprdpic

X po(Po)plcr (P> P | P0)e K (DK, Pre)
X {(14dpo(po))(1 + Acp)(1 + dckx (P, Pr))
— (1 =3po(po))(1 — Acp)(1 — de k= (PK,Px))}

where we have defined the following quantities pg

(1/2) (po+ + po—) and 6po = (po+ — po-)/(po+ + po-).
Assuming 7 symmetry of the py integration region,

Ny —N_ :NOBKTr/dpodpwdepo(po)P%w(pKva [ po)
X EKTr(pKvpﬂ')[ACP - 55K7r(pKap7r)]-

Similarly we obtain

N, +N_ ZNOBKW/dpodpﬂdepo(po)p%w(pK,pw | o)
X exn(Pr,Pr)[l + Acroekx(Pr, Pr)l,

and neglecting the second term in brackets,

Kn
) :ACP(K*W+)+/dpwdpxhﬂ(px,pﬂ)éam(px,pﬂ),Where

hﬁ:(pKJjﬂ') =

is the normalized density in phase space of the K7 system
in the events included in our sample.

4. Combining the asymmetries

By combining the asymmetries measured in the three
event samples we obtain

[ dpodp=dpk po(po) P (Pxc, P | Po)e ke (P, Pr)

(A5)

A(hh*)—A(K7*) + A(K7) = Agp(hTh™) + / dpsh"™ (ps)des(ps)

—Acp(Knt) —/dedpwhﬁf(px,pﬂ)&m(px,pw)—/dpshf”*(ps)&s(ps)

+Acp(K ) + /dedpwhﬁﬂpK,pw)(sEKﬂ(pK,pw) =Acp(hTh7), (A6)
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FIG. 18. Curves corresponding to simulated ratios of effi-
ciencies for reconstructing positive versus negative pions as a
function of transverse momentum.

where we assumed hE™ (p)) = B (p,), and
hﬁf (p,pr) = hE™(pr,px). The last two equalities
are enforced by appropriate kinematic reweighing of the
event samples. We need to equalize distributions with re-
spect to the true momenta while we only access the distri-
butions with respect to the measured momenta. Hence
the assumption that event samples that have the same
distribution with respect to the measured quantities also
have the same distribution with respect to the true quan-
tities is needed.

The mathematical derivation shows that for small
enough physics and detector-induced asymmetries, the
linear combination of the observed asymmetries used in
this measurement achieves an accurate cancellation of the
instrumental effects with minimal impact on systematic
uncertainties.

Appendix B: Monte Carlo test of the analysis
technique

We tested the suppression of instrumental effects by re-
peating the analysis in simulated samples in which known
instrumental and physics asymmetries were introduced.
Many different configurations for the input asymmetries
were tested, covering a rather extended range, to ensure
the reliability of the method independently of their ac-
tual size in our data. For each configuration, O(10°)
decays were simulated to reach the desired 0.1% sensitiv-
ity. Only the DY — 777~ sample was tested although
the results are valid for the D — K+ K~ case as well.
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We test cancellation of instrumental effects arising
from different reconstruction efficiencies between positive
and negative particles, which in general depend on the
particle species and momentum. Furthermore, the relia-
bility of the suppression should not depend on the actual
size of CP violation in D° — K~7t and D° — 77—
decays.

We repeated the measurement on statistical ensembles
where the above effects are known and arbitrarily var-
ied using a combination of event-specific weights applied
to the true values of simulated quantities. Each ensem-
ble consists of approximately one thousand trials. We

compare the resulting observed asymmetry A%S(77) to

the one given in input, A% (7+7~), by inspecting the
distribution of the residual, AAcp(rm) = AGS(r 7)) —
Aue ().

We first investigate the individual impact of each ef-
fect. We scan the value of a single input parameter across
a range that covers larger variations than expected in
data and assume all other effects are zero. First a pp-
dependent function that represents the dependence ob-
served in data (see Fig. 1) is used to parametrize the
soft pion reconstruction efficiency ratio as e(n%)/e(7™) =
Erf(1.5 - pr + A), where py is in GeV/c and various val-
ues of the constant A have been tested so that the effi-
ciency ratio at 0.4 GeV/c spans the 0.6-1 GeV/c range
as shown in Fig. 18. Then, the kaon reconstruction effi-
ciency ratio €(K ~)/e(K ™) is varied similarly in the 0.6-1
GeV/c range. Finally, a range —10% < Acp < 10%
is tested for the physical CP-violating asymmetry in
D% + K=zt and D° — 7w~ decays.

The results are shown in Fig. 19 (empty dots). The
cancellation of instrumental asymmetries is realized at
the sub-per mil level even with input effects of size much
larger than expected in data.

Figure 19 (filled dots) shows the results of a more com-
plete test in which other effects are simulated, in addi-
tion to the quantities varied in the single input parame-
ter scan: a pr-dependent relative efficiency e(7+)/e(77),
corresponding to 0.8 at 0.4 GeV/c, (K ™) /e(KT) = 98%,
Acp(Km) = 0.8% and Acp(rm) = 1.1%. Larger varia-
tions of the residual are observed with respect to the pre-
vious case. This is expected because mixed higher-order
terms corresponding to the product of different effects
are not canceled and become relevant.

Finally we tested one case with more realistic val-
ues for the input effects. The pr dependence of
e(mt)/e(r™) is extracted from fitting data (Fig. 1) to be
distributed as Erf (2.49 pr), with pr in GeV/c. We used
e(KT)/e(K™) =~ e(KTn™)/e(K~nt) = 1.0166, in which
the approximation holds assuming equal efficiency for re-
constructing positive and negative pions at py > 2 GeV/c
[37]. We assume Acp(K7) = 0.1%, ten times larger
than the current experimental sensitivity. A —5% <
Acp(nm) < 5% range is tested in steps of 0.5% for the
physical asymmetry to be measured. The results are
shown in Fig. 20. The maximum observed bias is of
the order of 0.02%, one order of magnitude smaller than
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FIG. 19. Asymmetry residual as a function of the input quantity varied. Other effects are assumed zero (empty dots) or

different from zero (filled dots).

the statistical resolution on the present measurement.
The observed bias is (0.0077 £+ 0.0008)% averaged over
the Acp(mm) range probed. These results, which extend
to the KTK~ case, demonstrate the reliability of our
method in extracting a precise and unbiased measure-
ment of CP violation in D° meson decays into KK~
and 77~ final states, even in the presence of sizable
instrumental asymmetries.

The results discussed in this appendix are used in
Sec. IX to estimate a systematic uncertainty on the fi-
nal results due to neglecting higher order terms in Eq.
(6), including possible non-factorization of h*h'~ and m,

reconstruction efficiencies.
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FIG. 20. Asymmetry residual as a function of the physical
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line represents the value averaged over the —5% < Acp(nm) <
5% range.
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