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Disclaimer

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability
or responstbility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any agency
thereof.
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Abstract

We report the results of a search for CP violating decay rate asymmetries (Acp) in the
charm decay modes D¥ — K-K+rxt, Dt — KK+, D+ — ¢+, and D° —» KTK-.
Our measurements are all consistent with zero asymmetry: Acp(KK7) = —0.031 £ 0.068,
Acp(K*K) = —0.124+0.13, Acp(ér) = 0.066 +0.086, and Acp(K K) = 0.024 +0.084. The
data were accumulated by the Fermilab high energy photoproduction experiment E687.

PACS numbers: 13.25.+m, 14.40.Jz



It has been argued [1], [2] that CP violation in the decays of charm mesons may be
significantly enhanced, without requiring physics beyond the standard model. One signature
for CP violation would be an asymmetry (A¢ p) in the decay rate of a charm decay mode and
its CP conjugate. In order to exhibit such an asymmetry, there must be two independent
weak decay amplitudes that contribute to the same final state (e.g. Cabibbo suppressed
decays). In addition, final state interactions must induce a strong phase shift between the
two weak amplitudes (direct CP violation) or mixing must be present (indirect CP violation,
possible for neutral D mesons only). Existing limits on mixing in the charm sector (3] also
put upper limits on indirect CP violation, which are somewhat lower than the searches
reported here. We report on searches which are sensitive to direct CP violation.

The decay modes D° — K+K- and D* — K-Ktxt (CP conjugates are implied
throughout this letter) provide a clean high statistics sample of Cabibbo suppressed decays.
The D* — K*K~n* mode is complicated by the possibility of intermediate resonant states
('I—('_'OK * and ¢r*). The CP asymmetry could be different for each decay mode, since the
strong phase shift and relative size of the two weak decay amplitudes may vary. We therefore
look separately for an asymmetry in the exclusive resonant decay modes as well as in the
K*K-7% mode. The only existing limit for CP violation in charm meson decay [4] is for
the Cabibbo suppressed mode D° — K+K~: Acp < 45%.

The data for this analysis were collected in the 1990-91 run of the Fermilab photopro-
duction experiment E687. A photon beam (mean energy ~ 220 GeV for triggered events)
interacts in a beryllium target. Immediately downstream of the production target is a high
resolution microvertex detector comsisting of 12 planes of silicon microstrips arranged in
three views. Further downstream are two analysing magnets of opposite polarity, and five
stations of multiwire proportional chambers (MWPC’s). There are three MWPC stations
between the two magnets and two stations downstream of the second magnet. Three gas
Cerenkov counters provide particle identification. A more detailed description of the E687
detector can be found in reference [5].

Before searching for a CP decay rate asymmetry, we must account for the differing D
and D production rates in photoproduction. This is done using Cabibbo allowed decays
(D° — K~7* and Dt — K-n*x*). The CP decay rate asymmetry, correcting for D and
D production rates, can then be written as

_ n(D!—ngﬁ!

Acp = 5(D) (D)

where, for example,

0, K+K—
(D) = Npr=K=r7)

and N(D° — K*K~) is the efficiency corrected number of candidate decays. Normalizing
production rates via Cabibbo allowed decays has the added benefit of cancelling potential
sources of systematic error.

The signals for D° — K*K~ and D® — K~7t are extracted through the decay chain
D** — D°rt with the charge of the D* daughter pion used to differentiate between D°
and D% A candidate driven vertexing algorithm (6] is used to identify the primary and
secondary vertices of the decay. The significance of detachment of the vertices, £/oy, is
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defined as the distance (£) between the two vertices divided by the error (o) on £. For this
neutral D analysis £/0, is required to be greater than 4.0. In addition the kaon candidate
track must be consistent with a Cerenkov hypothesis of kaon or kaon/proton ambiguous.
The D* daughter pion must be inconsistent with a Cerenkov hypothesis of electron. The
invariant mass plots for D® — K-nt and D° — K+K~-, separated between D° and Do,
are shown in Figure 1 and Figure 2. Before determining the CP decay rate asymmetry
we correct our yields for detection efficiency. The spectrometer acceptance and Cerenkov
identification efficiency are both dependent on the charm meson momentum. Monte Carlo
is used to determine momentum dependent efficiencies for each mode, and each event is
weighted by the inverse of its efficiency. We use a momentum dependent efficiency to avoid
any bias arising from the D momentum spectra assumed by the Monte Carlo. The resulting
mass plots are fit with a Gaussian combined with a second order polynomial. In all such
fits in this letter, the masses are in good agreement with world averages [6], and the widths
are consistent with our Monte Carlo predicted resolutions. The CP decay rate asymmetry
we measure is Acp(K K) = 0.024 £ 0.084 (consistent with zero).

For the D* decay modes, tracks are defined as candidate kaons if they are consistent with
a Cerenkov hypothesis of kaon or kaon /proton ambiguous. If the track momentum is greater
than 60 GeV/c, the Cerenkov system cannot discriminate between pions and kaons. If such
tracks are kaon/pion ambiguous, they are also accepted as kaon candidates. No Cerenkov
requirements are made on pions. A cut on £/o; is made (£/0; > 20 for the K+ K+ mode,
t/oy > 7 for the K'°K+* and ¢7+ modes). In addition, requirements are placed on the
isolation of the primary and secondary vertices. Tracks not assigned to either the primary
or secondary vertex are added one at a time to the secondary vertex. The D+ candidate
is rejected if the confidence level of the fit to any of the resulting vertices is greater than
0.1%. Tracks assigned to the secondary vertex are each added to the primary vertex, and
the candidate is cut if the confidence level of any fit is greater than 5%. The invariant mass
plots for D¥ — K~n*x* and D* — K~ K*x*, separated between Dt and D, are shown
in Figure 3 and Figure 4. In Figure 4, the Gaussian peak at 1.86 GeV/c? is the D+, and the
large bump at 1.97 GeV/c? is from both D} decays to K+ K—n+ and kinematic reflection
from D* — K~m*x*. The reflection occurs at a large rate because of the relatively loose
Cerenkov requirements made on kaons for this mode. The asymmetry we measure for this
mode is Acp(K K7) = —0.031 + 0.068.

Candidates for the decay modes D* — K 'K+ and D* — ¢t are selected by cutting
on the reconstructed X*° and ¢ mass, respectively. The KK+ candidates are required to
havea K~ 7t invariant mass between 840 MeV/c? and 940 MeV/c? and ¢+ candidates must
have a K*K~ mass between 1014 MeV/c? and 1025 MeV/c?®. A sideband subtraction is

performed in order to find the number of candidates for each mode. For the K*° candidates
the sidebands used are K~7* mass from 690 to 790 MeV/c? and 990 to 1090 MeV/c?. The
¢ sidebands are K+ K~ mass from 992 to 1003 MeV/c? and 1036 to 1047 MeV/c?. Figure
5 shows the invariant mass plots, after sideband subtraction, for the two resonant decay
modes separated between charge conjugates. For the Dt — K'°K+ mode we measure
Acp(K*K) = —0.12 £ 0.13. For the D* — ¢xt mode we find Acp(¢m) = 0.066 + 0.086.
Several sources of systematic error were considered: choice of sidebands for the resonant
modes, possible false D** tags for the D° mode, fit proceedures, method of acceptance
correction, and choice of cuts. All were found to be much smaller than our statistical errors.



Our results are summarized in Table I. All measured asymmetries are consistent with
zero. We find with 90% confidence that each asymmetry lies in the interval shown in the
table. (These intervals are centered on our measured value.) The results for D* — K~ K+rx+t
(including two resonant decay modes) are the first for D* mesons. We have also improved
on the existing limit for D° — K+K—.
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TABLE I. CP Violating Asymmetry and 90% Confidence Level Limits

Decay Mode Measured Asymmetry 90% C.L. limit

D - K+K- 0.024 + 0.084 ~11% < Acp < 16%
Dt o K-K+g+ ~0.031 + 0.068 -14% < Acp < 8.1%
Dt 5 KK+ ~0.12 4 0.13 -33% < Acp < 9.4%
Dt 5 ¢xt 0.066 + 0.086 -7.5% < Acp < 21%
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FIG. 1. Invariant mass plots: a) K*z~ with DO tag; b) K~x+ with D tag.
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FIG. 2. Invariant mass plots: a) K*K~ with D° tag; b) K*K~ with D° tag.
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FIG. 3. Invariant mass plots: a) K-x*tx+; b) K+x~x-.
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FIG. 4. Invariant mass plots: a) K" K*x*; b) Kt*K—xn~
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FIG. 5. Invariant mass plots: a) K"°K*; b) K*°K~; c) ¢nt; d) ¢r-.



