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Search for D'D" Mixing in Semileptonic Decay Modes
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We report the result of a search f&@°D ° mixing in the data from hadroproduction experiment
E791 at Fermilab. We use the charge of the pion from the strong detay— D°#* (and charge
conjugate) to identify the charm quantum number of the nedtrak production, and the charge of the
lepton and the kaon in the semileptonic dec&fs— Kev andK wv to identify the charm at the time
of decay. No evidence of mixing is seen. We set a 90% confidence level upper limit on mixing of
r < 0.50%, wherer = T'(D® - D° — K*1"7,)/T(D° — K~ I*v;). [S0031-9007(96)01122-2]

PACS numbers: 13.20.Fc, 14.40.Lb

The predicted rate oD°D° mixing in the standard semileptonic decays in the data from Fermilab experi-
model [1] is several orders of magnitude below thement E791.
sensitivity of current experiments. However, several the- Many experiments have used hadrofé decays to
oretical extensions to the Standard Model (e.g., theosearch for mixing. For example, Fermilab experiment
ries with a heavy fourth-generation quark with1/3  E691 studiedD’D° mixing by looking for the decay
charge, scalar leptoquark bosons, or flavor-changing newhain D** — 7+ D?, followed by D® - D% — K7~
tral Higgs bosons) predicth®D® mixing rates high or K7 7 7~ [3]. A wrong-sign chargedk from
enough to be measurable by existing experiments, makinipe neutralD decay (e.g.p° — D° — K*#~) can be
it interesting to search for this process [2]. The mixinga signature of mixing. However, a wrong-sigh can
rate is parametrized as= I'(D° — D° — f)/T'(D° —  also come from doubly-Cabibbo-suppressed (DCS) de-
f), where f is the final decay state used to identify cays in which aD® decays directly into the wrong-sign
the charm quantum number of the neutml at the kaon (e.g.,D° — K*7~). Moreover, the DCS ampli-
time of decay. We report here a limit on using tude can interfere with the mixing amplitude, reducing the
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sensitivity to mixing [4] even though the mixing, DCS, A segmented lead and liquid-scintillator calorimeter is
and interference terms in principle can be separated stased to identify electrons from their energy deposition and
tistically using decay-time information. E691 reportedtransverse shower shape. For the cuts used in this analy-
a 90% confidence level (C.L.) limit on of 0.37% as- sis, the typical probabilities that & or a K is misidenti-
suming no interference between DCS and mixing amplified as an electron are 1.6% and 0.8%, respectively. All
tudes. For worst-case interference, their [imili8% in  misidentification probabilities are obtained from the large
the K77 mode and).7% in the Ko7 mode. E791 has E791 sample o™ — K~ 77" decays, in which the
used theK7 and K77 modes to studyD’D® mix-  kaons and pions can be identified by their charge alone.
ing under a variety of assumptions on interference anduon identification is provided by two planes of scintilla-
CP violation, including the most general, with sensitivi- tion counters located behind shower-absorbing calorime-
ties comparable to those reported in this paper [5]. CLEQers and steel shielding with a total thickness equivalent
Il has observed a wrong-sign signal in the made—  to 15 proton interaction lengths. All muon candidates are
K, and measures the ratio of the wrong-sign to right+equired to have momentum greater that 10 Geto re-
sign decays to beO(77 = 0.25 = 0.25)% [6]. How-  duce background from decays in flight, and to leave a
ever, an unambiguous mixing signal cannot be establishesignal in the expected scintillation counters, allowing for
from the CLEO result because of the lack of decay-timemultiple scattering. For the cuts used in this analysis, the
information. typical probabilities that ar or a K is misidentified as a
An alternate way to make a mixing measurement isu are 3.6% and 4.6%, respectively.
to use semileptonic decays to tag the charm of the To reduce background, a candida® decay vertex
neutral D at the time of decay. There is no DCS is required to be separated from the production vertex
amplitude in these decays, eliminating the complicationdy at least8o,, where o, is the error on the separation
of interference. Fermilab experiment E615 searched fobetween the two vertices (average vatug#80 uwm). The
mixing by looking for pairs of muons with the same decay vertex is required to be at ledst away from the
charge in a single event [7]. Same-sign muons coulédge of the nearest solid material, whereis the error
come from the semileptonic decays oftameson P°  on the separation. The minimum parent mass, defined as
or D_*) and aD? that has oscillated into 0. E615 My = pr + Vp3 + M%,, where py is the transverse
obtained a 90% C.L. upper limit on of 0.56% using momentum of thek! with respect to the direction of
specific assumptions for charm production cross sectionlight of the D° and My; is the invariant mass of the
andD branching fractions. Kl candidates [10], is required to be in the range 1.6
In this Letter we report the result of a mixing searchto 2.1 GeV/c?. The M,,;, distribution for Monte Carlo
using reconstructed semileptonic decays of & in  signal events has a cusp at thé mass and falls rapidly at
the data sample of hadroproduction experiment E791 dower values ofM,,;,, whereas background rises &6,
Fermilab. We observe a large signal for the right-signdecreases. We also require the invariant mass okithe
(RS) decay chai®*t — 77D — 7 (K~ I*y;), where candidateM; to be in the range 1.15 to 1.80 Ggx2.
[ is ane or a u, in which the charge of ther is the The lower cut onMg; reduces noncharm background
same as the charge of the lepton from the neual and the upper cut oMy, removes feedthrough from
decay (charge conjugate modes are implied throughou®® — K7 decays into the RS sample, in which the
this paper). We search for mixing in wrong-sign (WS)is misidentified as a lepton. We require the transverse
D*" decay candidates in which the charge of theis  momentum of the lepton with respect to the direction of
opposite that of the charged lepton. These candidatetight of the candidateD? to be greater than 0.2 GgV
could correspond to the decay chaiit — 7#*D? —  and that of the hadron to be greater than 0.4 GGg\éince
7™D% — 77 (KT1"7;). We look for two signatures charm decay products tend to have larger such transverse
of mixing in the WS sample—a peak i value momenta than background tracks. The track from
[0 = M(Klvw) — M(D®) — M(7)] at about 5.8 MeV the D*" is required to be consistent with belonging
and the characteristic distribution in proper decay timeo the primary vertex and to have momentum greater
t. Assuming mixing is small, the time evolution of the than 2 GeVc.
mixed D’s is given bydN /dt « >~ ", whereT is the To eliminate feedthrough of th& 7 mode into the
DY decay rate. wrong-sign sample through double misidentification of
The E791 experiment [8] recorde2l X 10'° events the hadrons (thek misidentified as a lepton and the
from 500 GeV/c7r~ interactions in five thin targets (one 7 misidentified as aK), we require|M,x — Mpo| >
platinum, four diamond) separated by gaps of 1.34 t®0 MeV/c? (typical o of the D° mass peak in th&
1.39 cm. Precision vertex and tracking information wasmode is 15 MeV¢?), whereM , ¢ is the invariant mass of
provided by 23 silicon microstrip detectors and 35 driftthe K/ candidate when th& is assigned ther mass and
chamber planes. Momentum was measured using twthe! is assigned th& mass.
dipole magnets. Two segmented threshold Cerenkov Additional cuts are applied t&K wr candidates be-
counters providedr /K /p separation in the 6-60 G¢¥  cause kaons and pions are more likely to be misidenti-
momentum range [9]. fied as muons than as electrons due to punchthrough and
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decays in flight. If the muon track is positively iden- cally identical RS signal. It is parametrized by asymmet-
tified as a kaon in the Cherenkov detectors, the decasic Gaussian distributions, broader on the highside,
vertex is rejected. Feedthrough from the mablé —  with widths o decreasing with longer proper decay time
K~ K" is eliminated by the requiremeixx — Mpo| > 1, o(t) = \/(00)?* + (C/t)2. This + dependence arises
30 MeV/c2, where Mgk is the invariant mass of th&! because th@®" direction is measured better for decays at
candidate when both tracks are assignedkhmass. We greater distances. Th@-value distribution of the back-
also demand that there be one and only @fecandi- ground under theD* peak is described by the spectrum
date @ value < 80 MeV/c?) in each event in th& ur  which results from combining #° candidate from one
sample. An event is rejected if more than ddécandi-  event with pions from other events to form rand@t-7
date is found. mass combinations (dotted histograms in Fig. 1).

Since there is an undetected neutrino in a semilep- When smearing is neglected, the measured proper
tonic decay, theD® momentum cannot be reconstructeddecay-time spectrum of a mixing signal is proportional
directly. However, using the measured positions of theo r%e(r)e ', where e(r) is the r-dependent detector
primary and secondary vertices, the measukednd !  efficiency. This spectrum is obtained by multiplying the
momenta, and assuming the parent particle mass is thaieasured distribution [crosses in Figs. 2(a) and 2(b)] of
of a D?, one can solve for the neutrino momentum upbackground-subtracted RS data §(r)e "] by the mean
to a twofold ambiguity. The solution resulting in higher value of> in each bin. The distribution of the non®*

D° momentum is used for all events. Monte Carlo (MC)background is obtained from data events in (ealue
studies indicate that it gives a better estimate of the trugideband with25 < Q < 60 MeV/c¢2. Distributions of
momentum for the selected sample. From MC, we detert in the threeQ-value sidebandf20 < 0 < 30, 40 <
mine that the root mean square (rms) deviation betwee® < 50, and60 < Q < 70 MeV/c? are identical within
the calculated and truB® momenta is about 15%. This statistical errors. Therefore the background decay-time
also causes smearing in the calculated proper decay timeistribution is constant across th@-value spectrum, as
The effect of this smearing is discussed below. Havingexpected if most background is due to r&dls combined
obtained theD® momentum, we calculate the invariant with random pions. Sideband dependence thus can
mass of theD** candidate and the proper decay time ofbe and is used to model the background in the signal
the D° candidate. The finaD-value distributions fokev  region.

andK uv candidates are shown in Fig. 1. From the fits, we findNrs = 1237 + 45 RS events

To search for mixing signals, separate unbinned maxiand Npyix = 4.4 108 WS mixed events in theKev
mum likelihood fits are performed on thé v andK uv samples, andVrs = 1267 = 44 RS events andVy,;x =
samples using th@ value and proper decay timefor
each event. The expectgd-value signal shape in WS
data is obtained directly from fits to the large, kinemati-
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0 TR T

0 0.02 0.040 “(')'.65' ”b'.i)'4' FIG. 2. Dependence of RS and WS signals on proper decay
- ) 0y 2 time¢. Crosses represent the measured decay-time distributions
Q= MEIvm =MD - M(m) (GeVie) for (a) Kev and (b) Kuv background-subtracted RS signals,
FIG. 1. TheQ-value distributions for (aKev RS, (b)Kuv and for (c) Kev and (d) Kur WS signal region @ <
RS, (c) Kev WS, and (d)Kur WS candidates. The solid 0.015 GeV/c?). The dashed line in all histograms is the
line histograms show the dat-value distributions, the dashed expectedD® decay-time distribution uncorrected for detector
lines are the projections of the fit i@ value, and the dotted acceptance, normalized to the number of events with0.7 ps
lines show theQ-value distribution obtained from combining (where acceptance is uniform). The dotted lines in (c) and
a D° from one event andr from another, normalized to the (d) represent the expected decay-time distributions uncorrected
number of events withD > 0.025 GeV/c? in the respective for detector acceptance faker and Kuv mixing signals,
histograms. corresponding to our 90% C.L. limit in each mode.
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1.871% WS mixed events in th& x» samples. There is sign data sample and refit. These fits found a mixing rate
no indication of a mixing signal. systematically (10—15)% higher than the correct value,
The mixing rate isr = (Npnix/Nrs)a, Where o ac- mainly due to an overestimate of the correction faetor
counts for the dependence of detector acceptance amhich is a result of our choice of the neutrino momentum

t and the differentr dependences of mixed and un- resulting in higherD® momentum. We conservatively
mixed decays. Since vertex reconstruction efficiency ichoose not to correct for this systematic overestimate of
low at small ¢, the detector is more efficient at find- mixing rate.

ing the longer-lived mixed decays. Specifically = In summary, we have searched f&°D° mixing

[T [3 e(t)e "1dr]/[3T3 [; e(t)i>e"'dr]. Itis measured using D** — 7"D° — #*D° — 7 *(K*1"7;) candi-
from the background-subtracted RS decay-time distribudates together with decay-time information. We obtain
tion [ e(r)e ']. Values ofa are0.44 = 0.02 for the  a 90% C.L. upper limit of 0.50% on the mixing rate. This

Kev mode and).46 = 0.02 for the K w» mode. is the best model-independent limit @D ° mixing to
We measure the mixing rate to be= (0.16°035)% for ~ date.
the Kev mode and- = (0.0670:43)% for the K uv mode. We gratefully acknowledge the assistance of the staff
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