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We have studied the “wrong-sign” process D° — K* 7~ to search for D-D° mixi ng. The data come

from 9.0 fo~! of e*e™ collisions at /s =

10 GeV recorded with the CLEO 11.V detector. We measure

the relative rate of the wrong-sign process D° — K™ 7~ to the Cabibbo-favored process D' = Ktm™
to be R = (0.33270.092 + 0.040)%. We study D° — K* 7~ as a function of decay time to distinguish
direct doubly Cabibbo-suppressed decay from D°-D° mixing. The amplitudes that describe D°-D

mixing, x’ and y’, are consistent with zero. At the 95% C.L. and without assumptions concerning
charge-parity (CP) violating parameters, we find (1/2)x"”? < 0.041% and —5.8% < y' < 1.0%.

PACS numbers: 13.25.Ft, 12.15.Mm, 14.40.Lb

Studies of the evolution of a K or BY into the respective
antiparticle, ak ’ or By, have guided the form and content
of the standard model and permitted useful estimates of
the masses of the charm and top quark prior to their direct
observation [1]. In this Letter, we present the results of
a search for the evolution of the D into the D°. Our
principal motivation is to observe new physics outside the
standard model.

A DO can evolveintoa D’ through on-shell intermedi-
ate states, such as K+t K~ with mass, mg+x- = mpo, Of
through off-shell intermediate states, such as those that
might be present due to new physics. We denote the ampli-
tude through the former (latter) states by —iy (x), in unlts
of Tpo/2 [2]. Many predictions for x in the D° — D°
amplitude have been made [3]. The standard model
contributions are suppressed to |x| = tan’fc = 5%
because D° decay is Cabibbo-favored; the Glashow-
[lliopolous-Maiani [4] cancellation could further suppress
|x| down to 107°~10"2. Many non-standard models pre-
dict |x] > 1%. Contributionsto x at thislevel could result
from the presence of new particles with masses as high
as 100—1000 TeV [5]. Signatures of new physics include
|x] > |yl, or charge-parity (CP) violating interference
between x and y, or between x and a direct decay am-
plitude. In order to assess the origin of aDp’D’ mixing
signal, the effects described by y must be distinguished
from those described by x.

The wrong-sign (WS) process, D° — K*7~, can
proceed either through direct doubly Cabibbo-suppressed
decay (DCSD) or through state mixing foIIowed by the
Cabibbo-favored decay (CFD), D° —» D’ — K*
Both processes could contribute to the time mtegrated
WS rate R = (f + f)/2, and the inclusive CP asym-
metry A= (f — f)/(f +f), where f=T(D"—

*77)/T(D’ = K*7™), and F is defined by the
application of charge conjugation to f.

To disentangle the processes that could contribute to
D° — K* 7~ , westudy the distribution of WS final states
as a function of the proper decay time ¢ of the D°. We
describe the proper decay time in units of the mean D°
lifetime, 7po = 415 + 4 fs[6]. The dlfferentlal WS rate
relative to the right-sign (RS) process, D' Ktm

is[7]

r(t) = [RD + \/Ey’t + %()c/2 + y’z)tz}e_t. Q)

The modified mixing amplitudes x’ and y’ in
Eg. (1) are given by y' = ycosé — xsind and x' =
xcosé + ysind, where § is a possible strong phase
between the DCSD and CFD amplitudes, there are
theoretical arguments that § is small [8]. The coefficient
of the term quadratic in 7 is proportiona to the relative
rate of mixing Ry = %(x2 + y?) = %(x’2 + y?). The
relative rate of DCSD is Rp.

Theinfluence of each of x/, y’, and Rp on r(¢) in Eq. (1)
is distinguishable. Such behavior is complementary to the
time dependence of the decay rate to CP eigenstates such
asD? — KK~ that is primarily sensitive to y, or that of
DY — K¢ 7, that is sensitive to R, aone.

We characterize the violation of CP in state mixing,
direct decay, and the interference between those two pro-
cesses, respectively, by thereal-valued parametersA,,, Ap,
and ¢, where,lto leading order, both x’ and y’ are scaled
by (1 iAM)E, Rp —>RD(1 iAD), 60— 06 =+ ¢ in
Eqg. (1) [9]. The plus (minus) sign is used for an initial
D(D").

Our data were accumulated between February 1996 and
February 1999 from an integrated luminosity of 9.0 fb~! of
e*e” collisonsat \/s = 10 GeV provided by the Cornell
Electron Storage Ring (CESR). The data were taken with
the CLEO Il multipurpose detector [10], upgraded in 1995
when a silicon vertex detector (SVX) was installed [11]
and the drift chamber gas was changed from argon-ethane
to helium-propane. The upgraded configuration is named
CLEO II.V.

We reconstruct candidates for the decay sequence
D** — 7 D% DY — K*x*. The charge of the slow
pion (7 or ;") identifies the charm state at 7 = 0 as
either D° or D°. We require the D** momentum, pp-,
to exceed 2.2 GeV, and we require the D to produce
either the final state K" 7~ (WS) or K~ 7" (RS). The
broad features of the reconstruction are similar to those
employed in the recent CLEO measurement of the D
meson lifetimes [12].

The SVX provides precise measurement of the charged
particle trajectories, or “tracks,” in three dimensions. We
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are thus able to refit the K™ and 77~ tracks with a require-
ment that they form a common vertex in three dimensions
and require that the confidence level (C.L.) of the refit ex-
ceed 0.01%. We use the trgjectory of the K 7~ system
and the position of the CESR luminous region to obtain
the D° production point. We refit the 7" track with are-
quirement that the trajectory intersect the D° production
point and require that the confidence level of the refit ex-
ceed 0.01%.

We reconstruct the energy released in the D*t —
w D" decay as Q = M* — M — m,,, where M* is the
reconstructed mass of the 7" K™ 7~ system, M is the re-
constructed mass of the K* 7~ system, and m,, is the
charged pion mass. The addition of the D° production
point tothe 7" trajectory, aswell as track-fitting improve-
ments, yields the resolution oy = 190 * 2 keV [13].
The use of helium-propane, in addition to improvementsin
track fitting, yields the resolution o, = 6.4 = 0.1 MeV
[13]. Candidates with poorly reconstructed Q or M are
rejected. These resolutions are better than those of earlier
studies [14-17] and permit improved suppression of
background processes.

Candidates must pass two kinematic requirements
designed to suppress backgrounds from D° — 777,
DY — KTK~, D° — multibody, and from cross feed
between WS and RS decays. We evaluate the mass
M for D°— K7~ candidates under the three al-
ternate hypotheses D — #*7~, D — K*K~, and
DY — 7K. If any one of the three masses falls within
40, computed from the covariance matrices of the fit, of
the D° mass [6], the D° — K+ 7~ candidate is rejected.
A conjugate requirement is made for the RS decays. The
second kinematic requirement rejects asymmetric D°
decays where the pion candidate has low momentum
with the requirement that cos#™ > —0.8 where 8 is the
angle of the pion candidate in the D° rest frame with
respect to the D° boost. The relative efficiency for the
CFD to pass the two kinematic requirements is 84% and
91%, respectively.

We reconstruct ¢ using only the vertical (y) component
of the flight distance of the D° candidate. This reconstruc-
tion is effective because the vertical extent of the e*e™
luminous region has o, = 7 um [18]. The resolution
on the D° decay point (x,, y,,zy) is typicaly 40 um in
each dimension. We measure the centroid of the luminous
region (xp, y», z») With hadronic events in blocks of data
with integrated luminosities of several pb~!, and an
error on y, that is less than 5 um. We reconstruct ¢
as t =M/py, X (y, — y»)/(cTpo), Where p, is the
y component of the tota momentum of the K7~
system. The error in ¢, o, is typicaly 0.4 (in D°
lifetimes), although when the D° direction is near the
horizontal plane, o, can be large; we require o, < 3/2,
which rejects 12% of the signal, measured with the CFD.
Studies of the plentiful RS sample allow us to determine
our resolution function [12] and show that biases are
negligible for the WS resuilts.
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Our signal for the WS processD? — K7~ isshownin
Fig. 1. We determine the background levels by performing
a fit to the two-dimensional region of 0 < Q0 < 10 MeV
versus 1.76 < M < 1.97 GeV that has an area 135 times
larger than our signal region. Event samples generated
by the Monte Carlo (MC) method and fully simulated in
our detector [19] corresponding to 90 fb™! of integrated
luminosity are used to estimate the background shapes in
the O-M plane. The normalizations of the background
components with distinct distributions in the O-M plane
are alowed to vary in the fit to the data. The background
distributions and normalizationsin the D and D ° samples
are consistent and constrained to beidentical. We describe
the signal shape in the Q-M plane with the RS data that
is within 40 of the CFD value. The results of the fit are
displayed in Fig. 1 and are summarized in Table I.

The proper decay time distributionisshownin Fig. 2 for
WS candidates that are within 2o of the CFD signal value
inthe O-M plane. We performed maximum-likelihood fits
in bins that are 1/20 of the D° lifetime. The background
levels are constrained to the levels determined in the fit to
the O-M plane. We use the resolution function in 7 to de-
scribe the ete™ — uu, dd, ss backgrounds and an expo-
nential, folded with the resolution function, to describe the
eTe” — cc backgrounds. The distribution in ¢ of the RS
data is used to represent the random =, D’ — Ktm
background [20]. The WS signal is described by Eg. (1),
either modified to describe all three forms of CP violation
(Fit A), without modification to describe mixing alone (Fit
B), or with the mixing parameters constrained to be zero
(Fit C). The effect of our resolution is always included.

The reliability of our fit depends upon the simulation
of the decay time distribution of the background in the
signal region. A comparison of the proper time for the
data and MC samples for several sideband regions yields
a y? = 4.4 for 8 degrees of freedom and supports the
accuracy of the background simulation [13].

Our principal results concerning mixing are determined
from Fit A. The one-dimensional, 95% confidence
intervals for x’, y’ and Rp, determined by an increase
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FIG. 1. Signal for the WS process D® — K*#~. The data
are the full circles with error bars, the projection of the fit for
the signal is crosshatched, and the projections of the fit for the
backgrounds from charm and light quark production are singly
hatched. For part (a), M iswithin 2o of the CFD value, and for
(b), Q iswithin 20 of the CFD value.

Events / 400keV




VOLUME 84, NUMBER 22

PHYSICAL REVIEW LETTERS

29 May 2000

TABLE I. Fitted event yields in a region of 20 centered on
the CFD Q and M vaues. The total number of candidates is
82. The estimated background is 37.2 = 1.8. The bottom row
describes the normalization sample.

Component Yield
D — K*7~ (WS) 44.837
N
Random 7/,D" — K@~ 16.0 = 1.6
ete” — cc bkgd. 17.6 = 0.8
ete™ — uu,dd,ss bkgd. 3.6 = 0.4
D’ = K7 (RS 13527 + 116

in negative log likelihood (—InL) of 1.92, are given in
Table Il. The fits are consistent with an absence of both
mixing and CP violation. The small change in likelihood
when mixing and CP violation are allowed could be a
statistical fluctuation or an emerging signal.

We make contours in the two-dimensiona plane of y’
versus x’ which contain the true vaue of x’ and y’ with
95% confidence, for Fit A and Fit B. The contour iswhere
—InL increases from the best fit value by 3.0. All fit
variables other than x’ and y’ are allowed to vary to give
the best fit value at each point on the contour. The interior
of the contour is the tightly cross-hatched region near the
origin of Fig. 3. The limits are not substantially degraded
when the most genera CP violation is alowed, in part,
because our acceptance is uniform as a function of D°
decay time. Lessrestrictive and less general constraints on
x',y', and Rp were set by earlier studiesof D — K7~
and K"~ w o™ [23].
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FIG. 2. Distribution in proper decay time for D® — K7~
candidates, and the best fit of type A, described in Table Il.
The data are shown as the full circles with error bars. The
cross-hatched region is the sum of the fit contribution from
the direct D° — K*7~ decay and the fit contribution from
the destructive interference with mixing, which is shown in the
region with single, vertical hatching. The fit contributions from
backgrounds charm and light quark production are shown in
single, diagona hatching.

Many classes of systematic error cancel due to the
similarity of the events that comprise the numerators and
denominators of R and A. The dominant systematic errors
stem from potential misunderstanding of the shapes and
acceptances for our backgrounds. We vary the selection
criteria to estimate these systematic errors from the
data. The level and composition of the backgrounds are
sensitive to our requirements on momentum magnitude,
direction, and specific ionization measured in the drift
chamber of the charged particle trajectories and contribute
+0.018%, *=0.018% and *=0.026%, respectively, to the
systematic error in Rp. We aso include the statistical
uncertainty on the MC determination of the proper time
for the e*e~ — ¢g backgrounds [20] in the systematic
error. We assess a total systematic error on Rp, x/, and y’
of =0.040%, *0.2%, and *=0.3%, respectively. A study
of detector-induced and event-reconstruction-induced
asymmetries with CFD limits the systematic error on A
to <0.01.

If we assume that § is small, then x’ = x and we can
indicate the impact of our work in limiting predictions of
D°-D° mixi ng from extensions to the standard model. The
95% C.L. interval for x from Fit A has some inconsistency
with eighteen of the predictions tabulated in Ref. [3].

In conclusion, our data are consistent with no D°-D°
mixing. We limit the mixing amplitudes, x’ and y’, to
be (1/2)x”> < 0.041% and —5.8% < y' < 1.0% at the
95% C.L., without assumptions concerning CP violat-

ing parameters. We have observed 44.8f§;3 candidates

TABLE Il. Results of the fitsto the D — K* 7~ decay time
distribution. Fit A alows both D°-D° mixing and CP viola-
tion. In Fit B, we constrain Ay, Ap, and ¢ to zero. In Fit
C, we constrain x’ and y’ to zero, so R = Rp and A = Ap.
The incremental change in —InL for Fit B (Fit C) with re-
spect to the Fit A (Fit B) is 0.07 (1.57). From Fit C we deter-
mine, Rz/tan“ec = (124303 £ 0.15)and B(D® — K*7~) =
(1287038 = 0.15 + 0.03) X 107*,

Parameter Best fit 95% C.L.
Fit A Most genera fit
Rp (0.48 + 0.12 = 0.04)% (0.24%,0.71%)
y! (—2.5714 = 03)% (—5.8%, 1.0%)
x! (0*15=*02)% (—2.9%,2.9%)
(1/2)x" <0.041%
CP violating parameters
Ay 0.2370% + 0.01 No limit
Ap —0.01701% = 0.01 (—0.36,0.30)
sing 0.00 = 0.60 = 0.01 No limit
Fit B CP conserving fit
Rp 047731} + 0.04)% (0.24%, 0.69%)
y (—2.3714 £ 03)% (—5.2%,0.2%)
x/ 0*15*02)% (—2.8,2.8%)
(1/2)x" <0.038%
Fit C No-mixing fit R =Rp,A=Ap
R (0.33270963 + (0.040)%
A —0.02701% = 0.01 (—0.43,0.34)
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FIG. 3. Allowed regions, at 95% C.L., in the y’ vs x’ planes.
The entire kidney shaped region, filled with tight crosshatching,
is alowed under Fit A of Table Il, while Fit B, in which CP
conservation is assumed, alows the smaller region, which is
overlayed and filled with looser crosshatching. The allowed
regions from studies comparable to Fit A, using D° — K"K~
[21], for which we assume § = 0, and D° — K¢~ 7, [22],
are shown as singly hatched regions. The Bayesian approach is
used [6].

for the decay DY — K*#~ corresponding to R =
(0.33279:963 + 0.040)%. We observe no evidence for CP
violation. These results are a substantial advance in sensi-
tivity to the phenomena that contribute to the wrong-sign
process D° — K7~ .

*Permanent address. University of Cincinnati, Cincinnati,
OH 45221.

TPermanent address: Massachusetts | nstitute of Technology,
Cambridge, MA 02139.

*Permanent address: University of Texas—Pan American,
Edinburg, TX 78539.

SPermanent address: Yonsei University, Seoul 120-749,
Korea

5042

[1] R.H. Good et al., Phys. Rev. 124, 1223 (1961); H. Albrecht
et al., Phys. Lett. B 192, 245 (1987).

[2] T.D. Lee, R. Oehme, and C.N. Yang, Phys. Rev. 106, 340
(1957); A. Pais and S.B. Treiman, Phys. Rev. D 12, 2744
(1975). Our x and y are in terms of mixing amplitudes,
while Pais and Treiman use the eigenvalues of the mixing
Hamiltonian; both definitions agree in the limit of CP
conservation. In our convention, y > 0 implies the real
intermediate states with CP = +1, such as K*K~, make
the larger contribution to y.

[3] H.N. Nelson, hep-ex/9908021 (unpublished).

[4] S.L. Glashow, J. Illiopolous, and L. Maiani, Phys. Rev. D
2, 1285 (1970).

[5] M. Leurer, Y. Nir, and N. Seiberg, Nucl. Phys. B 420, 468
(1994); N. Arkani-Hamed et al., hep-ph/9909326.

[6] Particle Data Group, C. Caso €t al., Eur. Phys. J. C 3, 1
(1998).

[7] S.B. Treiman and R.G. Sachs, Phys. Rev. 103, 1545
(1956).

[8] L. Wolfenstein, Phys. Rev. Lett. 75, 2460 (1995);
T.E. Browder and S. Pakvasa, Phys. Lett. B 383, 475
(1996); A.F. Falk, Y. Nir, and A. A. Petrov, J. High Energy
Phys. 9912, 019 (1999).

[9] Y. Nir, in Proceedings of the XXVIIth SLAC Summer In-
stitute on Particle Physics, 1999 (to be published), hep-ph/
9911321; we limit at unity the magnitude of each CP rate
asymmetry.

[10] Y. Kubota et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 320, 66 (1992).

[12] T.S. Hill, Nucl. Instrum. Methods Phys. Res., Sect. A 418,
32 (1998).

[12] G. Bonvicini et al., Phys. Rev. Lett. 82, 4586 (1999).

[13] D.M. Asner, Ph.D. thesis, University of Californiaat Santa
Barbara, 2000.

[14] D. Cinabro et al., Phys. Rev. Lett. 72, 1406 (1994).

[15] R. Barate et al., Phys. Lett. B 436, 211 (1998).

[16] J.C. Anjos et al., Phys. Rev. Lett. 60, 1239 (1988).

[17] E.M. Aitala et al., Phys. Rev. D 57, 13 (1998).

[18] D. Cinabro et al., Phys. Rev. E 57, 1193 (1998).

[19] “QQ—The CLEO Event Generator,” http: //
www.Ins.cornell.edu/public/CLEO/soft/QQ (unpub-
lished); T. Sjostrand, Comput. Phys. Commun. 39, 347
(1986); T. Sjostrand and M. Bengston, Comput. Phys.
Commun. 43, 367 (1987); R. Brun et al., GEANT 3.15,
CERN Report No. DD/EE/84-1 (1987).

[20] The mean decay time of the e*e™ — wuu,dd, s5, and cc
background is determined from the MC sampleto be 2.6 +
6.6 fs and 408.6 = 27.3 fs, respectively. From the RS
data sample, we determine 70 = 400.7 * 3.9 fs without
assessment of the systematic uncertainty. This result does
not supersede [12]. From the MC sample, we determine,
Tpo = 416.0 = 1.6 fs. The input value is 7po = 415 fs.

[21] E.M. Aitala et al., Phys. Rev. Lett. 83, 32 (1999).

[22] E.M. Aitaaet al., Phys. Rev. Lett. 77, 2384 (1996).

[23] Results comparable to Fit A are reported in Ref. [17];
we deduce Ry < 1.2% at 95% C.L. CP violation is ne-
glected in Refs. [14-16]. Only special cases of inter-
ference between mixing and direct decay are evaluated
in Refs. [15,16]. The decay time is not reconstructed in
Ref. [14] and no distinction among x', y’, and Rp is made.



