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As a by-product to the study of muon pairs produced by 2SS-GeV[c pions, data from Experiment 
61S at Fermilab yield upper limits on the decay DO -- IJ+ IJ- and on DO_DO mixing. An unrestricted 
sample of 122,630 unlike-sign muon pairs allows a 90% C.L. upper limit of 9.S x 10-6 to be placed 
on the branching ratio of the charm-changing neutral-current decay DO -- IJ+ IJ-. From a sample 
of 3973 like-sign muon pairs, the ratio r = reDo -- IJ+ X)/r(DO -- IJ- X) is determined to be 
r < 4.7 x 10-3 at 90% C.L. 

PACS numbers: 13.20.Jf, 13.8S.Qk, 14.40.Jz 

Historically, the suppression of flavor-changing neutral 
currents has played a major role in shaping the present 
theory of the weak and electromagnetic interactions and 
in predicting the existence of new physics. The low rates 
for Ko.Ko mixing and Kf --+ IJ+IJ- led to the GIM 
mechanism 1 which in tum predicted the charm quark. 
As a test of the now-standard SU(2)L x U(l) model 
of electroweak interactions, it is natural to extend the 
search for flavor-changing neutral currents from the KO 
to the Do sector and look for the decay Do --+ IJ + IJ - and 
for Do_Do mixing. These processes are expected 2•3 to 
occur at rates below the current experimenral Iimits.V' 
An additional motivation is the apparent excess of same
sign bon events found in DoDo decays by the Mark III 
group.6 These events may be due to doubly-Cabibbo
suppressed Do decays or to Do·Do mixing. Several mod
els have been proposed? which allow a larger mixing rate 
than the standard model. 

Experiment 615 at Fermilab was designed to study 
muon pairs produced in the forward direction in pion
nucleon interactions. Its principle goal was to explore 
the structure of the pion, by measurement of IJ+IJ- pairs 
with invariant masses greater than 4 GeVIc 2 which arne 
from quark-ant iquark annihilation.f In this Letter we 
use lower-mass IJ+IJ - data to search for the decay Do --+ 

IJ+ IJ -. In addition, we analyze the same-sign muon-pair 
spectra (IJ + IJ+, IJ - I-'-) to set limits on Do-Do mixing, 
where the produrtion of a DDo pair is followed by the 
semi-leptonic decays of both mesons to IJ+ X and the 
decay Do --+ 1-'+X results from Dr-Dv mixing. 

The experimental apparatus has been described in de
tail elsewhere. \I Briefly, the 255-GeV[c pion beam in

teracted in a tungsten target just upstream of a selec
tion magnet, whose magnetic volume was filled with low
Z material to absorb secondary hadrons. Downstream 
of the selection magnet was a magnetic spectrometer 
consisting of 16 planes of drift chambers, 9 planes of 
multi-wire proportional chambers, and 4 scintillator ho
doscopes surrounding an analysis magnet. Candidate 
track pairs were required to penetrate an additional 2 
m of iron at the rear of the apparatus to confirm that 
they were muons. A hardware processor used hodoscope 
information to trigger only on muon pairs with invari
ant mass above 2.0 GeV/c2 • In addition, there was a 
prescaled trigger on every thousandth muon pair regard
less of mass. Data were obtained in runs of 5.5 x 1013 ~

and 3.8 x 1013 lI"+ beam particles at 255 GeV[c. 
The decay Do --+ 1-'+1-'- (and Do --+ 1-'+1-'-), if present, 

would result in an enhancement at the Do mass in the 
1-'+1-'- spectrum. Figure l(a) shows the raw mass dis
tribution from the 122,630 muon pairs in the prescaled
trigger sample, which is well suited to a search at lower 
masses because of the absence of a hardware mass cut. 
These pairs were required to pal'S the following criteria: 
(i) 2 and only 2 opposite-sign reconstructed tracks; (ii) 
total pair momentum < 280 GeVIc; (iii) individual track 
momenta < 260 Ge VIc. 

The solid line in Figure l [a] is a fit to the data using 
Gaussian distribut.ione for pairs due to J l,p, ,p', and Do 
decays, and an exponential of a quartic polynomial to 
describe the continuum mal'S disrribution. The fit was 
performed in the rnass interval 1.0 < M < 5.0 Ge VIc 2 

(where the acceptance was slowly varying) and has a X2 

of 178.6 for 150 degrees of freedom. The X2 is 64.9 for 60 
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degrees of freedom in the mass interval 1.0 < M < 2.75 
GeV/c 2

• The fitted J/I/J mass, M J = 3.080 ± 0.003 
Ge V/ c 2

, is somewhat low due to the energy loss of muons 
via bremsstrahlung and pair production. The fitted J /,p 
mass resolution is 0.165 ± 0.003 GeV/c 2, compatible 
with the calculation of 0.170 Ge V/ c2 made with a Monte 
Carlo simulation of the apparatus. Figure l(b) is a plot 
of the data with the fitted parameterisation (except for 
the Do contribution) subtracted. The solid line repre
sents the best fit when Do and Do decays are included 
at 90% confidence level. The mass resolution of the 
DO(1865) was set to 0.165 GeV/c2, consistent with the 
detector resolution. 
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FIG. 1. (a) The raw mass distribution from the prescaled
trigger sample. The solid line is a fit to the data deecribed 
in the text. (b) The raw mals distribution with the fitted 
parameterization subtracted. The solid line is the beet lit 
when DO and jjo decays are included at 90% C.L. 

An upper limit on the decay Do - JJ+JJ- was obtained 
by normalizing to J/I/J events according to 

qDo - JJ+JJ-) <7' B(J -+ JJ+JJ-) Noo + Nbo A J 

qDo - all) <7(Do) + <7(Do) N J ADo' 

where r is the decay rate. The cross-section-times
branching-ratio for J/I/J production was measured by our 
experiment!" to be <7 • B(J - JJ+JJ-) = 8.15 ± 0.76 
nb/nucleon for Feynman-x (XF) > O. The observed 

number etf.J /t/J decays in the prescaled-trigger sample 
was N J = 5584 ± 200, and the upper limit on the ob
served number of Do and Do decays at 90% C.L. was 
No" + N Do :5 48.6. The total J/t/J -+ JJ+JJ- acceptance 
was calculated to be AJ = 0.055 ± 0.003. 

The D cross sections were taken from four experi
ments which recently measured D D production in lI"- N 
interactions 11 -14 with a variety of targets and beam en
ergies. A summary of the results is shown in Table 1. 
Averaging over the four experiments, we estimate that 
<7(D) +<7(D) = 18.2± 1.9 JJb/nucleon for XF > 0, assum
ing a linear dependence on the atomic number of the tar
get. The data from the ACCMORI3 and LEBC-EHS14 
groups suggest that <7(DO) + <7(DO) > <7(D+) + <7(D-), 
which is expected since the D* decays predominantly to 
Do and Do. Nevereheless, we conservatively assume that 
the charged and neutral cross sections are the same and 
obtain <7(DO) + <7(DO) = 9.1 ± 1.0 JJb/nucleon. 

TABLE 1. Measurements in lI"- N interactions of 
inclusive D production for 2:F > 0, presented in the form 

d2~/d2:Fdp;. ..... [A(I - 2:F)"l + B(I - 2:F)"2]e-bP; . 

Ref. 11 Ref. 12 Ref. 13 Ref. 14 

~(D)+~(D) (JJb) 28± 11 13.8~~:~ 24±7.5±12 15.8 ± 2.7 

Target C3Fs Fe Be H 
Energy (GeV) 340 Z78 175/200 360 -J 

b ..... 1.23 0.70±0.15 1.1±0.5 1.18±0.IS 

A ..... 0.46 ..... 0.34 

"1 ..... 0.7 ..... 0.9 0.8±0.4 '" 0.7 

B ..... 5.2 ..... 6.8 

"'Z ..... 5.9 '" 7.5 

The total acceptance for Do -+ JJ+Jlr- was calculated 
to be ADo = 0.0462 ± 0.0046, assuming a distribution of 
the form cfl<7/dx FdP,#- ..... (1- XF)3 e-l.OP; for D produc
tion, which is consistent with the measurements of the 
CCFRSI2 and LEBC.EHS 14 groups. (The total accep
tance would be 0.0686±0.0069 for a (1- XF)2 distribu
tion, which is closer to the measurements of the BIBC II 
and ACCMORI3 groups.) Finally, it was assumed that 
the ratio of the cross sections for D and J /t/J production 
in K-N and p-N interactions is the same as in lI"-N in
teractions, even though the J /t/J production cross section 
by pions is approximately twice that by protons. 15 We 
therefore counted the kaon and proton contamination in 
the beam (which averaged 5.2% and 19.6%. respectively] 
as pions. 

Combining the above factors, we find the 90% C.L. 
limit on the branching ratio to be 

where the percentage errors have been added in quadra
ture. The main uncertainty in calculating this limit is 
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the total acceptance, ADD, for Do --+ ~+ ~ -, which de
pends on the D production distribution. Although there 
is some disagreement among the experiments concerning 
the XF distribution, we have conservatively chosen a rel
atively central XF spectrum to estimate ADD. The EMC 
group has recently" set an upper limit of 3.4 x 10-4 on 
this branching fraction. 

As mentioned above, the ~+ ~+ spectrum 16 might 
contain a component due to the production and semi
leptonic decay of a DDo pair in which the decay Do --+ 

~+ X occurs via tr.t» mixing. To search for mixing 
we found it most effective to examine the Icos 81 distri 
bution of the pairs, where 8 is the angle between the 
direction of the incident pion and a ~+ in the muon-pair 
rest frame. Figure 2 shows the Icos 81 distribution of the 
3973 ~+~+ pairs with mass> 2.0 GeV/c2 belonging to 
the full data sample, for which the hardware mass cut 
was enforced. In addition to satisfying criteria similar to 
those for the prescaled-trigger sample described above, 
pairs in the full data sample were required to have muon 
tracks at angles of at least 8 mr relative to the inci
dent pion beam, to avoid contamination by muons from 
beam-particle decays. 
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FIG. 2. The Icos 81 dietribution for like-sign muon pairs 

(points with error bars). The histogram is from the random
pair sample. The dashed and solid lines are predictions aris
ing from DO-iJo mixing in parameteriaatlons A and D, re
spectively, described in the text. 

The histogram in Figure 2 was obtained from the 
'random-pair sample.' This was generated by taking 
a muon in the prescaled-trigger sample which was not 
part of an in-time opposite-sign muon pair and ran,,--
domly combining it with another such muon. The ex
cellent agreement between the directly observed ~+ ~+ 

data and the random-pair sample suggests that the like
sign muon pairs were essentially all due to uncorrelated 

backgrouad, probably from separate pion and/or kaon 
decays. Since the average pion multiplicity in a RF 
'bucket' was about 5, the muons from uncorrelated back
ground carne mostly from different pion interactions. 

We used a Monte Carlo simulation to calculate the 
Icos81 distribution of ~+~+ pairs from DDo decay with 
tr.t» mixing. To perform this simulation we needed to 
know the differential cross section for the associated pro
duction of DDo pairs, as well as the muon spectra from 
the serni-leptonic decays of the D mesons. The latter 
were taken from the work of Ali,17 assuming contribu
tions from D --+ K~II, D --+ K·(890)~II, and D --+ 1r~1I 

of 55%, 39%, and 6%, respectively.ls For DD associ
ated production we considered four different parameter
izations: 

A. Uncorrelated DD production with each D gener
ated by ePu/dxFdP;, '"""' (1- XF)3e-l.OP; for XF > O. 

B. Uncorrelated DD production with each D gener
ated by ePu/dxFdP;, '"""' (1 - XF)2e-I.OP; for XF > O. 

C. Uncorrelated DD production with each D gener
ated by ePu/dxFdP;, '"""' [0.46(1- XF)O.9 + 
5.2(1- XF)5.9je-O.1P; for XF > O. 

D. Correlated DD production with the D's produced 
from the decay of a heavier state M generated by 
d3u/dMdx FdP;' '"""' e-O.66MM-3(1_ xF)le-l.OP:' This 
yields a disrribnfion (1 - XF)3 for each D.e-

Parameterization A is consistent with the measure
ments of the CCFRS12 and LEBC-EHS14 groups while 
B is closer to the measurements of the BIBCll and 
ACCMOR13 groups. Parameterization C comes directly 
from the CCFRSI2 group, which had a beam energy and 
target material similar to ours, Parameterization 0 is 
representative of correlated DD production. 

The dashed and solid curves in Figure 2 are the ~ +~+ 
spectra predicted by combining o-:» mixing with pa
rameterizations A and 0, respectively. They have a 
completely different shape from the data. To detennine 
quantitatively what fraction of the ~+~+ data could be 
due to Do_Do mixing, the data were fitted to a sum of 
random-pair sample and Monte-Carlo-generated tr.t» 
mixing events. Tl1e results of the fit are shown in Table 
2 for the four different parameterizations. The x 2 is 25.6 
for 18 degrees of freedom for each fit. Not more than 63 
events are consistent with tr.o- mixing at 90% C.L.. 

The upper limit on tr-t» mixing (normalized to J!rJ; 
events) is given by 

r[Do --+ ~+ X) 
r= 

r[Do --+ ~-X) 

The cr08s-seetion-times-branching-ratio for J!rJ; produc
tion is given above. The number of J!l/J decays ob
served in the full data sample was N J = (2.20 ± 0.10) x 
106 • The total J / l/J --+ ~ +~ - acceptance was cal
culated to be AJ = 0.0307 ± 0.0016, taking into ac
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count the more restrictive trigger and analysis require
ments of the full data sample. For the D -+ ~X semi
leptonic branching ratios we used measurements by the 
Mark III collaborat.ion lP of BD ::::: (11.7 ± 1.1)% and 
B Do = (7.5 ± 1.2)%. We assumed that a Do was al
ways accompanied by a D+ or Do with equal probabil 
ity. A neutral-D cross section larger than the charged-D 
cross section, or significant A; D production,2° would 
imply a lower semi-leptonic branching ratio; however, 
this would be offset by a relatively larger Do cross sec
tion. Hence the cross section for a D Do pair was taken 
to be C7(DDO) = C7(DO) = 4.5±O.5 ~b/nucleon. The to
tal acceptance for D ..... ,....xDZ,.... x: A D b o' the number 

of possible Do_Do mixing events at 90% confidence level, 
NDDO' and the resulting limits are shown in Table 2 for 
the four different parameterizations. 

TABLE 2. Total acceptances, limits on the number of mixing 
events, and limits on r = r(bo -+ IS+ X)/r(VO -+ IS- X) for 
four parameterisatlons of Db production described in the 
text. 

Paramo Total Limit on Limit on 
Acceptance Mixing Events r 

A 3.3 ± 0.3 x 10-6 52.1 4.7 x 10-3 

B 4.6 ± 0.5 x 10-6 43.6 2.8 x 10-3 

C 4.5 ± 0.5 x 10-6 62.9 4.2 x 10-3 

D 6.8 ± 0.7 x 10-6 43.8 1.9 x 10-3 

To set a limit we take the Db production parameters 
from parameterization A and conclude that at 90% C.L., 

where the percentage errors have been added in quadra
ture. A possible source of systematic error is the esti 
mate of the total acceptance, AD b o• Our acceptance 
is greater for correlated DDo production at high XF 

and lower for uncorrelated production at low XF. To 
be conservative we have based our limit on pararne
teriza.tion A which produces an uncorrelated D Do pair 
with a central x F spectrum. The previous best limitE> 
is r < 1.2 x 10-2. Predictionef of r lie in the range 
10 -4 to 10 -12. Analysis of Do.Do mixing indicates that 
r = (4~M2 + ~r2)/(8r2 + 4~M2 - ~r2), where ~M 

and ~r are the differences in the masses and widths of 
the two CP eigenstates of the Do and r is the average 

1012/sec,22 and rwidth.21 For r = 2.27 X < 4.7 x 10-3, 

we obtain ~M < 1.5 x 1O-4eV/c2 and ~r/r < 0.19. 
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