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Abstract

Using 2.7 fb~1 of data taken with the CLEO II detector, we have searched
for C'P violation in the charm system. We looked for asymmetries in the
number of decays-of D%s and D%s to the CP eigenstates K+ K~, K34 and
K7 Confidence intervals (90%) on these asymmetries were found to be

-0.028 < Agx < 0.166, —0.155 < AK§¢ < 0.141 and —0.062 < AKg”o <
0.036 respectively.
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I. INTRODUCTION

To date, the only experimental evidence for CP violation is found in the kaon system.
Here we report on a search for CP violation in the charm system. We look for an asymmetry
in the decay rates of D° and D° mesons to CP eigenstates. This asynimetry is defined as:

_I(D°) - 1(D°)

~ D(D°) + (D)
where ['(D°) and T'(D°) are the partial decay widths of the D® and D into the same CP
eigenstate.

In this paper, we study decays to the following CP eigenstates: K+ K=, A% and K20
We use the fact that for the decay modes

Dt S DVt
and

D D4 x™
the charge of the pion tags the flavor of the D°(D®), and assume equal production of D**
and D*~. The D decay widths are proportional to the yields up to a very small correction
for an asymmetry in detection efficiency described later.

Within the standard model, the asymmetry for the D° — Kt/ mode is at most a few
1072 [1]. CP asymmetries at the percent level are quite conceivable for the D® — K3x°
and D° — K24 modes if there are contributions from new physics such as non-minimal
supersymmetry [1,2]. Recent publications from the E691 collaboration [3] and the E687
collaboration [4] report upper limits on the CP asymmetry for the A+ A~ mode of App <
0.45 and —0.11< Axx <0.16, respectively, at the 90% confidence level. We know of no
published experimental upper limits for the D® — K3¢ and D® — K2x° modes.

II. THE ANALYSIS
A. Data Sample

We use 2.7 fb™! of data taken with the CLEO II detector [5] at the Cornell Electron
Storage Ring. These data were taken at center-of-mass energies of 10.58 and 10.52 GeV on
and just below the T(4S5) resonance. The detector components important for this analysis
are a tracking system consisting of a six-layer straw tube chamber, a ten-layer vertex drift
chamber, and a 51-layer main drift chamber, and an electromagnetic calorimeter consisting of
7800 Csl crystals, all operating inside a 1.5-T solenoidal magnet. The detector characteristics
important to this analysis are uniformity of response, resolution and efliciency for tracking
low momentum tracks, and the low amount of material the tracks must pass through before
being tracked. The typical resolution in the detector is between 0.1 and 0.2 mm in r-¢.
The measured momentum resolution of the tracking system is given by ol/p* = (0.0050)* +
(0.0015)*p*, where p is in GeV/c. The track reconstruction efficiency at low momentum
rises with momentum above the tracking threshold of 65 MeV/c and passes through 50% at
a momentum of 100 MeV /c. We identify particles based upon specific ionization (dF/dr)
information from the main drift chamber {5].



B. Measurements
1. D°(D°) - KK~

The first decay mode we have studied is D°(D°) — K*K~. We form Ds by combining
tracks whose specific ionization is consistent with the kaon hypothesis. We then pair this
D° candidate with a pion to form a D*, whose charge tags the flavor of the D. We refer to
this pion as the “soft pion.”

This mode has background from D°(D°) — K¥x* decays. Though the reconstructed
masses of these events lie above the signal region, they can make background subtraction
more difficult. In order to select the K+ K~ decay mode and reduce the K= background,
we require that the normalized difference between the expected and measured dE/dz for
the kaon hypothesis be within 3o for both kaon tracks. Since we know whether we have
a D or D° decay we can identify the charge of the track most likely to be a pion if we
were misreconstructing this decay. We therefore require that dE/dz of this candidate kaon
be more than 1.5¢ away from the mean for a pion. To further reduce the background, we
require that the absolute value of the cosine of the angle between the K* momentum in the
D rest frame and the D° laboratory momentum (|cosfk«|) be less than 0.8. Since the D°
is spinless it decays isotropically, whereas the background peaks at [cosfk«| ~ 1.0. We also
require that the momentum of each kaon be greater than 0.3 GeV/c. Finally, we impose
a D® momentum cut of Ppe >1.7 GeV/c in order to reduce the background from random
track combinations which accidentally give the correct mass.

We select )*’s by requiring that the reconstructed mass difference, AM(= Mp.+ — Mpo)
lies within 1.4 MeV/c? (~ 20) of the nominal mass difference of 145.4 MeV /c? (Figure 1, 2).
Besides the fact that the soft pion tags the flavor of the D or D° meson, this cut strongly
suppresses the background coming from random combinations of tracks which accidentally
give the expected masses. We define the signal region to be within 3o of the fitted mass,
determined using a Gaussian fit to the combined K+ K~ mass distribution shown in Figure 3.
For this channel the signal region is between 1.84 and 1.89 GeV/c?. The number of events
lying in the AM signal region and within the D® (D°) signal region is 449 (414).

In most of the background events, a wrong soft pion was used to form the D*. We deter-
mine the number of these events by fitting the AM background distribution and integrating
under the curve in the signal region as shown in Figure 2. The functional form used is

a(AM — m s )°% 4 H(AM — m, )5+ (AM — mey)*®

where the first term is from a non-relativistic model of phase space, and the second and third
terms are the first and second order relativistic corrections to the non-relativistic model,
respectively. The number of background events in the D° signal region is 12946 and the
number in the D° signal region is 12945, where the error is statistical. Since we determine
these numbers by scaling the AM sideband contributions, the errors are smaller than the
square root of the number of events.

At this stage, there is the possibility that backgrounds from other charm decay modes
such as K ¥x*x® are also present in the D signal region even if most of these events lie
outside the D signal region. To determine this background, we use a Monte Carlo simulation

of continuum hadron production and decay followed by a full simulation of the signals the
particles produced in the detector. The K*K~ invariant mass distribution of these events
excluding true D°(D°) — K* K~ decays is shown superimposed on the data in Figure 3,
where the background from the AM sideband was subtracted for Monte Carlo events. The
normalization of the simulated events is absolutely determined from the luminosity. Asshown
in Figure 4, the backgrounds are well-understood. We find 35+7 background events from this
source. After subtracting all the backgrounds, we find N+ g-= 285423 for D° — K*K~
and Ni+x-= 250422 for D° - K*K~.

2. D%D% - K%

To reconstruct the D°(D°) — K24 decay mode, we first reconstruct K§ mesons from
7+« pairs with an invariant mass within 0.012 GeV/c?(~ 30} of the nominal K§ mass and a
vertex displaced at least | mm from the beam position. We reconstruct the ¢ via its K*K-
decay mode. The K+ and K~ tracks must have specific ionization in the drift chamber
within 20 of that expected for kaons. The K*K™~ mass spectrum is shown in Figure 5.
Candidate ¢ decays lie in the mass range 1.012 < My+x- < 1.028 GeV /ct

To subtract the background to the ¢, we extrapolate under the ¢ peak, assuming that
the background level varies linearly with Mg+x-.! We find 36 (37) background events in the
D® (D° ) sample, where the D° and D° samples have been separated using the charge of the
pion from the D* decay. We have checked that other functional forms for the background
give results consistent with this.

The K2¢ invariant mass spectra are shown in Figure 6. In these plots, the non-¢ back-
ground distribution has been taken from the Mg+ - sidebands and subtracted. We then
proceed as in the previous decay mode. For this channel the signal region is between 1.85
and 1.89 GeV/c%. The number of events in the D° signal region is 143::15 and the number
in the D° signal region is 146+15. The number of D° background events from the mass
difference sideband region is 23+3 and the number of D® background events is 23+4. No
Monte Carlo simulated events from other charm decay modes appear in the D°(D°) mass
signal region.

Finally, the background subtracted K3¢ invariant mass distribution are shown in Fig-
ure 7. We obtain Nkge= 12015 for D° — K3 and Nygy= 123216 for D° — K%¢.

3. DY(D%) — K%x°

We next consider the mode D°(D®) — K2x° We detect 7%s by their decays to yv.
Candidate x%’s are formed by taking two-photon combinations. The energy of each photon
cluster candidate in the Csl calorimeter has to be at least 30 MeV and the di-photon com-
bination must have at least one photon in the higher resolution portion of the calorimeter

'Note, this non-¢ background includes non-resonant K’ 9K* K~ production, which is not a definite
CP eigenstate.



(lcos(8)] < 0.71, where 8 is the angle with respect to the beam axis). We reject all clusters
matched to charged tracks in the central detector. We require that the momentum of the
di-photon combination be greater than 0.2 GeV/c and that the mass of this combination be
within 20(~ 10 MeV/c?) of the pion mass.

In addition to the K% cuts used in the K3¢ analysis, we require Icosflko| < 0.8 where
Oxo is the angle between the K momentum in the D° rest frame and the D° laboratory
momentum. We also impose a D° momentum cut of Ppo >1.7 GeV/c.

Using these cuts we obtain the K§x® mass spectra shown in Figure 8. For this channel
the signal region is between 1.80 and 1.92 GeV/c®. The number of events in the D° signal
region is 773 and the number in the D° signal region is 796. The number of background
cvents after AM sideband scaling in the D° signal region is 91+4 and the number in the
D signal region is 91+4. No Monte Carlo simulated events from other charm decay modes
appear in the D°(D°) mass signal region. After subtracting the backgrounds as shown in
Figure 9, we find Nig,o= 682128 for D° —+ K$x° and Nig,e= 705428 for D° — K%x°.

)
4. D°— K¥x*

Finally we search for an asymmetry in the D‘)’—» K¥x%* mode. This study checks the
analysis, particularly the equivalence of our finding efficiency for soft 7+ and #~ tracks.
However, the interpretation of the results from this check depends on the assumption that
CP violation is negligible for this mode, as predicted in the standard model. If non-standard
model effects contribute, then the rates for each decay may not be the same. This asymmetry
measurcment can therefore be interpreted either as a systematic check or as a limit on CP
violation.

Given the charge of the soft pion, we consider same-sign charged tracks as pions and
opposite-sign charged tracks as kaons, when finding D°(D°) candidates. Then, we select
events by requiring the D° momentum be greater than 1.7 GeV/c and the momenta of the
kaon and pion which reconstruct the D°(D°) be greater than 0.3 GeV/c.

Using these cuts we obtain the K¥r* mass spectra shown in Figure 10. For this channel
the signal region lies between 1.835 and 1.895 GeV/c?. The number of events in the D®
signal region is 12734 and the number in the D° signal region is 12644. The number of
D° background events from the scaled mass difference sideband region is 3462425 and the
number of D° background events is 3462426. Other charm decay modes such as K¥x%x®
contribute 88+28 events. After subtracting all the backgrounds as shown in Figure 11, we
obtain Np-,+=9184+119 for D° - K~a* and Ng+,-=9094+119 for D° — K*=~.

From these numbers we obtain the measured asymmetry A = 0.0051:0.009. Finally, after
compensating for the systematic bias between the x+ and n~ detection efficiencies described
in the next section, we obtain Ax, = 0.009 £ 0.011 or —0.009 < Ax, < 0.027 at the 90%
confidence level [6].

C. Systematic studies

Since the assumption that there are equal numbers of D**’s produced and detected is
crucial to this analysis, we have searched for systematic biases which would give an asym-
metry in the number of D*t and D*~ reconstructed. We find that the measured asymmetry
is insensitive to the background fitting methods. The most probable source of a bias is a
difference in the efficiencies for detecting positive and negative soft pions. We have checked
for this effect in several ways.

1. Beam pipe interaction

Since the soft pions we detect have traveled through a beryllium beam pipe [5], a difference
in the hadronic interactions for negative and positive pions would cause an asymmetry.
Isospin arguments show that any such difference would come from a difference in the number
of protons and neutrons in the beam pipe. We have calculated the interaction probabilities
in all of the materials between the interaction point and the drift chamber and find that
the fractional difference in rates is less than 0.0004. This is negligible given the size of our
statistical error.

2. Soft x detection efficiency

To look directly for differences in the reconstruction efficiencies of soft pions we use pions
from K¢ decays. The procedure is to determine the number of 7+ and 7~ bin by bin in pion
momentum and calculate the asymmetry A(p) in each bin of pion momentum defined as

Nyt — N, -

A(p)=————N++N_

where N,+(N,-) is the number of soft n+(n~). Note that while this study is insensitive to
a momentum-independent asymmetry in the detection efficiencies, studies have shown that
it is a good measure of asymmetries that affect only low momentum tracks.

After selecting a clean sample of K$’s decaying within the beam pipe, we obtain the soft
7 momentum distributions shown in Figure 12 (a). These soft r momentum distributions
yield the bin-by-bin asymmetry shown in Figure 12 (b). There is evidence for a small bias
in the momentum region of interest between 0.10 and 0.25 GeV/c. To obtain an appropriate
correction for each mode, we fold this asymmetry into the momentum spectrum of the soft
pions from D* decay. Table I shows these corrections.

III. RESULTS

The final results are shown in Table II. The results shown here for the D® — K94
and D° — KZx° modes represent the first limits on CP violation in these channels. The
D° - K+ K~ result is comparable to that from other experiments [4].
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AM (GeV/ cz) FIG. 2. The mass difference distribution after all of cuts for K+ K~ for D° and D° combined.

The lighter shaded area represents the signal region and the darker shaded area represents the
sideband region. The solid curve is a phase space background function described in the text which
is fit in the regions 0.1400 < AM < 0.1430 GeV/c? and 0.1488 < AM < 0.1600 GeV /c?.

FFIG. 1. The reconstructed K+ K~ invariance mass vs. the D** — D mass difference distribution

after all of cuts for K* K~ for D® and D° combined. The box shows the signal region for both
D®(D®) mass and mass difference distribution.
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FIG. 3. (a) The reconstructed D° mass spectrum for D® — K+K~. (b) The reconstructed D°
mass spectrum for D® — K+ K~. The solid line is the D°(D®) mass signal in the mass difference
signal region. The dashed line is background from the mass difference sideband region. The shaded
area represents the background from the other charm decay modes, which is calculated by Monte
Carlo events after doing the AM sideband subtraction. We see the peak around 1.98 GeV/c? due
to the misidentified D°(D°) — K¥x* events. The arrows show the signal region.
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FIG. 4. (a) The reconstructed D° mass spectrum for D° — K+K- after subtracting all the

backgrounds. (b) The reconstructed D° mass spectrum for D°® — K+K~ after subtracting all the
backgrounds.
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FIG. 5. ¢ mass spectrum for ¢ — K+K~ after passing particle ID cuts. The darker shaded
area represents the signal region and the lighter shaded areas represent the sideband regjons. We
will use these sideband regions to remove non-resonant MK‘;K* k- background in MKos‘ plots.
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FIG. 6. (a) The reconstructed D® mass spectrum for D — K$¢. (b) The reconstructed D°
mass spectrum for D — K3¢. In this D°(D®) mass signal, we use ¢ sideband subtraction in order
to remove non-resonant K3K+K~ background. The solid line is the D°(D°) mass signal in the
mass difference signal region. The dashed line is background from the mass difference sideband
region. The arrows show the signal region.
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FIG. 7. (a) The reconstructed D° mass spectrum for D® — K34 after subtracting the back-
ground. (b) The reconstructed D° mass spectrum for D° — K 3¢ after subtracting the background.
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FIG. 8. (a) The reconstructed D® mass spectrum for D° — K3x°. (b} The reconstructed D°
mass spectrum for D® — K%x% The solid line is the D°(D°) mass signal in the mass difference
signal region. The dashed line is background from the mass difference sideband region. The arrows
show the signal region. The shaded area represents the background from the other charm decay
modes, which is calculated by Monte Carlo events after doing the AM sideband subtraction.
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FIG. 9. (a) The reconstructed D° mass spectrum for D° — K3x° after subtracting all the
backgrounds. (b) The reconstructed D mass spectrum for D° — K2x° after subtracting all the
backgrounds.
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FIG. 10. (a) The reconstructed D° mass spectrum for D® — K~x+. (b) The reconstructed e
mass spectrum for D® — K+x~. The solid line is the DO(D®) mass signal in the mass difference
signal region. The dashed line is background from the mass difference sideband region. The shaded
area represents the background from the other charm decay modes, which is calculated by Monte
Carlo events after doing the AM sideband subtraction.
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TABLES

TABLE 1. The systematic error on the asymmetry due to differences in soft pion detection
efficiency.

Shift in Asymmetry

('hannel AtdA

DY — KYik- —0.004+0.006
DY — kg —0.00540.007
DY — K9r —0.004+0.006

TABLE II. The results

Channel CP Asymmetry 90% Confidence Range (6]
DY — K+h- 0.069+0.059 -0.028 < Akxx < 0.166
D° — K% —0.007+0.090 —0.155 < AKg¢ < 0.141
DO — KO ~0.01310.030 ~0.062 < Aggr < 0.036
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