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We present a study of D°® mixing using events of the type D**— z*D° with D°— K*z~ and
D°— K*r~n*x~. The decay time is used to separate mixing from doubly Cabibbo-suppressed decays.
We observe no evidence for mixing in either mode. Combining the results from the two decay modes, we
find ra» =0.0005 £ 0.0020 or rx <0.0037 at the 90% confidence level, where ry is the ratio of wrong-
sign decays from mixing to right-sign decays. We also present limits on doubly Cabibbo-suppressed de-

cays and consider the effect of possible interference.

PACS numbers: 14.40.Jz, 12.15.Ff, 13.25.+m

Particle-antiparticle mixing, such as in the K°-K°
DY-D° and B°-B° systems, is a unique and sensitive
probe of the weak interaction. In the standard elec-
troweak model D°-D° mixing is expected to be much
smaller than in the other two cases. The observation by
the Mark III Collaboration' of events in which both D
mesons decay to the final state with the same sign
strangeness could be interpreted as evidence for D%-D°
mixing at the 1% level.2 The discovery of D° mixing at
this level could be a signal of new physics.

If the events observed by Mark III are due entirely to
mixing, then r=ry~1%, where r=B(D°— f)/B(D°
— f) and ry is the part of that ratio due to mixing.
(Here f is the usual S=—1 final state, and f is its
charge conjugate.) Although standard-model calcula-
tions based on the box diagram? predict D°-D° mixing
far below current experimental sensitivity, extensions of
the standard model* or long-distance contributions,
which cannot be reliably calculated in perturbation
theory,>® could give rise to observable mixing. The in-
terpretation of hadronic D° decays with wrong strange-
ness (D®— K *z~, for example) is complicated by the
presence of doubly Cabibbo-suppressed decays (DCSD).
The rate for such process is expected to be
~tan*0c~0.3%, but might be significantly enhanced in
particular hadronic final states.

This Letter presents results from an analysis of the full
data sample of a Fermilab photoproduction experi-
ment.””® Using a high-precision vertex detector in the
Tagged Photon Spectrometer, we observe large samples

of D**—>D%*— (K z*)z* and D**—D%*
— (K "tz z")x" and charm-conjugate events,
which have exceptionally low background. We search
for mixing in the sample of D* events with wrong sign,
that is, the wrong combination of charge and
strangeness: D**— D%t — (K*z )zt or (K¥r~-
ntz7)x*. The charge of the pion from the D* decay
tags the charm quantum number of the D at produc-
tion. The proper time of the decay is used to separate
mixing from DCSD.

The events are reconstructed in a silicon-microstrip-
detector-drift-chamber tracking system and Cerenkov-
counter information is used to identify particles. The
charmed-particle decay tracks are required to form a
vertex with a good ¥2. In the analysis of the Kz channel
we search for a primary vertex that lies within a trans-
verse distance of 80 um of the line of the flight of the D°
candidate and require that it either contain the bachelor
pion (i.e., the pion which accompanies the D°) or lie
close to the projected position of the bachelor-pion track.
We reject the event if more than one extra track has an
impact parameter which is less than 80 ym with respect
to the secondary vertex.

The Krrnn candidates are subjected to slightly more
stringent cuts to reduce the larger combinatorial back-
ground. We require the primary vertex to lie within 65
pm of the line of flight of the D and demand that the
bachelor pion pass through the primary vertex. The
event is rejected if any extra track passes within 80 um
of the charm decay vertex, or if any track in the secon-
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dary vertex passes significantly closer to the primary ver- direction above the signal region, a band of D° events
tex than to the secondary vertex. combined with random pions is visible. A band of D*

The final samples include all such events with ¢ > 0.22 events in which the D does not decay into the K state
ps, 1.75 GeV=M(D?) <20 GeV, and 1 MeV=Q (i.e., one of the decay products is misidentified or not
=< 30 MeV, where ¢ is the proper time of the D° decay detected) is evident in the horizontal direction to the left
calculated from the primary vertex, and M(D?) of the boxed area. Figure 1(b) shows the same scatter
=M (Kn) [M(Kzzr)] is the invariant mass of the D®  plot for wrong-sign events (K ¥z ™)z *, with no excess of
candidate.  The quantity Q=M(D*)—M(D®) events in the D* region. In the analogous plot in the

—M(z%) is the available rest mass energy in the D** Knrnr channel (not shown) there are 375 % 19 events in

decay, where M(D*)=M(K "z*z*) [M(K "z*z~- the right-sign mode, with similar backgrounds to the Kz

x* )] is the invariant mass of the D* candidate. mode. There is no significant excess in the wrong-sign
The best measure of the effectiveness of the D* selec- plot.

tion is the size of the signal and background in the In order to separate mixing from DCSD and from

right-sign (K “z*z*) events. Figure 1(a) shows a background we use the decay-time information. As in

scatter plot of Q vs M(Kr) for the right-sign sample, the case of the K, the D system can be characterized
with 7>0.22 ps, which corresponds to about 7j0/2 by two CP eigenstates (even or odd) with mass difference

=1/2I'. Inside the boxed region there are 611 events, in- AM and width difference AI. We use the convention
cluding about 7 events from D®s combined with random AT =Todd —Feven, AM =M o3¢ — Meyen. In  the limit
pions and 5 other background events. In the vertical | AM AT <T, the rate for wrong-sign decays has the time
dependence’
(D'~ K*z™)=e —“{i—tzl(AM)2+(%Al“)2]+ |p| 24| L ATRe IH_:p—T-AMIm 11+:p } )

where ¢ is the CP parameter familiar from K decay.
The — (+) sign in the fifth term is taken for wrong-sign events near the border of the box), consistent with no
D (D°) decays and thus averages to zero in a sample mixing. If ry =1%, where ry is the fraction of wrong-
with equal numbers of D®s and D%s. This term is also sign events due to mixing, there would be about eleven
explicitly CP nonconserving and is therefore neglected.
The fourth term takes into account possible interfer- O3 prrrr T T
ence between the mixing and DCSD amplitudes. The I ol ( ):
third term is due to DCSD, and is described by the A e ;a.. -]
ratio of amplitudes p=A(D°— f)/A(D°— f), where o0z & TR LIV 2
f=K z% (K z*z"n%). The ratio p=VV,/ - n
V.sV.a and is expected® to be roughly equal to —tan?6c. 25 ¥ 7
The first and second terms are due to mixing. The initial % o1 .
analysis of wrong-sign decay includes the first three o UL -
terms only, because interference is expected to be a small & :’- . =
effect. o £ Ly

The parameter r has the value ry=[(aM)? 3 03 T
+ (5 Ar)?)/2r? if the wrong-sign decays are due solely g +-(b) i
to mixing, and r=rac=|p|? if they are due solely to o C . L 1
DCSD. The mixing events have a time distribution pro- 02 T
portional to z2exp(—Tt), while the DCSD distribution o SR
is the usual exp(—Tt). Thus if we cut at ¢ > 27,0=2/T, o ) . ) v
about 68% of the events due to mixing are kept, but only o1k e "
14% of the DCSD events are retained. Such a cut also SR ORI =
reduces the noncharm background to a negligible level. AT - B

Figure 2 shows scatter plots for the Kz mode with the SJUNRE SN LT SR ST
additional selection ¢ > 0.88 ps=2/I'. In Fig. 2(a) there 175 18 18 19 185 2

is still a strong D* signal from the long-lived tail of the

K .
right-sign decays. In Fig. 2(b) there should be 2.7 back- m mass in GeV

ground events in the boxed region if there is no mixing, FIG. 1. (a) The scatter plot of Q=M (Krr) —M(x)
2.2 due to D®s which combine with random pions and —M(Kn) vs M(Kr) for the (K “n*)x* sample. There is a
0.5 due to uncorrelated combinatorial background. requirement that ¢>0.22 ps. (b) The same plot for
There is only one event in the signal box (and three (K "n*)n~ events.
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FIG. 2. (a) The scatter plot of Q vs M(Kz) for (K "z*)z*
events, with the requirement > 0.88 ps. (b) The plot for
(K ~z*)n ™~ events with £ > 0.88 ps.

events at the D*. Figures 3(a) and 3(b) show the analo-
gous plots for the Knnrxr mode. The two events in the
boxed area are consistent with no mixing.

To extract the best values for the number of events in
the data sample from each source, we perform a max-
imum-likelihood fit to all the events using Q, M(Kn),
and ¢ for each event. In the right-sign fit, there are four
components, each with a known dependence on these
three variables: frs=fa+fs+fc+fp. (A) The D*
events are described by Gaussians in Q and M (Kr), and
a time dependence which is exp(—1I't), modified slightly
by the acceptance. (B) D° events with random pions
have the same form, except that the Q spectrum does not
have a peak. (C) The D* events in which the D° does
not decay into Kz produces a continuous M (Kx) spec-
trum on the low side of the D° (D) Finally, there is a
background due to random combinations of pions and
kaons, which is described by a phase-space dependence
on Q, and a decreasing linear term in M (Kx). The fit
gives a total of 709 =28 D* events of which 611 are in
the region 4.3 MeV < Q < 7.3 MeV and 1.845 GeV <M
< 1.885 GeV. The dominant backgrounds in this region
are 7.3 events of type (B) and 4.7 events of type (D).

The fit to the wrong-sign sample includes terms with
the same dependence as terms (A), (B), and (D) of the
right-sign fit: fws=fa+fs+/fp+fmix. The additional
fourth term has the same Q and M (Kz) dependence as
term (A), but represents mixing and therefore has a
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FIG. 3. (a) The scatter plot of Q vs M(Krnar) for
(K "n*x"n*)n*, events, with the requirement ¢>0.88 ps.
(b) The plot for (K “z*z " n*)z~ events with 1 > 0.88 ps.

t?exp(—Tt) dependence. Finally, there is a small con-
tribution, with fixed normalization, from right-sign de-
cays in which both the K and = are misidentified. These
events have a very broad peak in M (Kx), with less than
2 events expected in the signal region from this source.
The results of the fit are 0.8 6.0 DCSD events and
1.2+ 3.6 events from mixing. The background terms,
(B) and (D), are consistent with the same terms in the
right-sign sample, as expected.

These results are for the region ¢ > 0.22 ps, and must
be corrected for the time dependence of the efficiency to
obtain the final physics result. In addition to the require-
ment that ¢t > 0.22 ps, there is a correction of about 0.77
for right-sign D* events with ¢ > 0.22 ps. As the time
dependence of mixing is proportional to t%e ~™, the
corrected number of mixed events, 1.4+4.1, is only
slightly greater than the uncorrected number. The cor-
rected number of right-sign D* events is 1554.1 +53.5,
which implies

ry=(1.4%4.1)/(1554.1 = 53.5) =0.0009 =+ 0.0026.

The 90%-confidence-level upper limit for the Kz mode
only is then rp <0.0050. For the DCSD signal, the
corrected number of events is 1.8 = 13.2 which corre-
sponds to a 90%-confidence-level upper limit of ryc
<1.5%, where ryc is the ratio of wrong-sign decays
from the doubly Cabibbo-suppressed process to right-
sign decays.
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TABLE I. Limits on mixing in the case of interference for
the Kzzm and (in parentheses) Kz modes at the 90%
confidence level.

™ rac r
cos¢ (%) (%) (%)
1.0 0.7 (1.9) 3.3 (4.9) 2.6 (3.4)
0.5 0.6 (0.6) 2.2 (1.8) 2.2 (1.8)
0.0 0.5 (0.5) 1.8 (1.5) 1.8 (1.5)
—0.5 0.5 (0.5) 1.8 (1.6) 1.8 (1.6)
-1.0 0.4 (0.5) 1.8 (1.6) 1.8 (1.6)

We have performed a similar fit to the events in the
Krrr sample. In this case the contribution from doubly
misidentified decays is negligible. A term of type (C) is
also omitted. The final result corrected to zero time is
0.0+4.0 mixed events and 1357 +67 right-sign D*
events. This corresponds to a limit of rps <0.0048 at the
90% confidence level. The fit finds 5.1 =12.2 DCSD
events, which corresponds to an upper limit of rac
< 1.8% at the 90% confidence level.

To accommodate the possibility of interference be-
tween the DCSD amplitude and the mixing amplitude,
we add the fourth term from Eq. (1) to the fit. The

fourth term is proportional to \/r—zc_; \/r_A; cos¢, where
cosp =+ AT/[(AM )2+ (AT/2)21"/2. The results of the fit
to the Kznr and (Kx) modes allowing for constructive
and destructive interference are shown in Table I, where
the results for the Kz mode are given in parentheses. If
the sign of AI'p is negative, interference can cause rela-
tively large DCSD and mixing terms to cancel in the re-
gion near t=2/T". Even in the most extreme case, how-
ever, the limit on mixing is quite restrictive. Similar re-
sults are obtained for the Kz mode, but with somewhat
weaker limits.

There are a number of reasons why a scenario with
maximal destructive interference is unlikely. It would
require a large | A'|, but a small value of AM. In addi-
tion, the sign of A'p must be negative, although a simple
theoretical estimate suggests that AT'p is positive.® To
properly mask the effect of mixing near t=2/T, rac
must be roughly a few percent, or 10tan*6¢, which
would be a surprising deviation from the standard pic-
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ture of Cabibbo suppression. Finally, this greatly en-
hanced r,c would have to be the same in both modes, in
contrast to the situation in the measured singly
Cabibbo-suppressed modes. Other experiments which
seek to constrain the strength of mixing by studying
wrong-sign hadronic D° modes without decay time infor-
mation measure only r =rp +rine +r2c and are even less
sensitive to mixing in this pathological case.

We observe no evidence of mixing in the D°— Kr and
D°— Knan modes. The combined result from the two
modes is 7y =0.0005 % 0.0020, which corresponds to the
upper limit rp <0.0037 at the 90% confidence level.
This result is inconsistent with the value of ry = 1% sug-
gested by the mixing interpretation of the Mark III
events. In addition, we find limits on DCSD decays:
racKtnr™)<1.5% and roc(K*tn " 2t27)<1.8% at
the 90% confidence level.
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