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We report the results of a search for flavor-changing neutral current, lepton-flavor, and lepton-
number violating decays of the 3 and 4-body decay modes of D° (and its antiparticle) containing
muons and electrons. Using data from Fermilab charm hadroproduction experiment E791, we ex-
amine modes with two leptons and either a p°, f*o, or ¢ vector meson or a non-resonant ww, K,
or KK pair of pseudoscalar mesons. No evidence for any of these decays is found. Therefore, we
present branching-fraction upper limits at 90% confidence level for the 27 decay modes examined
(18 new).

PACS numbers: 11.30.Fs, 12.15.Mm, 13.20.Fc, 14.80.Cp



In previous work, the E791 Collaboration reported
new limits on rare and forbidden dilepton decays of the
charged charm D meson [1,2]. Such measurements probe
the SU(2)xU(1) Standard Model (SM) of electroweak in-
teractions in search of new mediators and couplings. We
extend the methodology to 3 and 4-body decays of the
neutral D meson, whose rates are expected to be dom-
inated by long-distance effects. A recent calculation [3]
using a vector meson dominance model predicts branch-
ing fractions at the level of 1075; observing a rate signif-
icantly above this could indicate new physics.

We have searched for 27 dilepton decay modes of the
neutral charm meson, where the leptons are either muons
or electrons. These dilepton decay modes are either res-
onant modes of the form D° — V¢t¢~, where V is ei-
ther a pY, f*o, or ¢, or non-resonant modes of the form
D° — hhtf, where each h is either a pion or a kaon (note:
charge-conjugate modes are included implicitly through-
out this paper). These decays fall into three categories:

1. FCNC - flavor-changing neutral current decays (in
which the leptons are both of the same generation
and are oppositely charged);

2. LFV - lepton flavor-violating decays (in which the
leptons belong to different generations);

3. LNV — lepton number-violating decays (in which
the leptons belong to the same generation, but have
the same sign charge).

Decay modes belonging to (1) occur within the Stan-
dard Model via higher-order diagrams, but the esti-
mated branching fractions are 10719 to 1079 [4,5]. Such
rates are below the sensitivity of current experiments.
However, if additional particles such as supersymmetric
squarks or charginos exist, they could contribute addi-
tional amplitudes that would make these modes observ-
able [6]. Also long range effects (e.g., D° — f*opo, P’ —
eTe™) can contribute at the 107° level [3,5,7]. Decay
modes belonging to (2) and (3) do not conserve lep-
ton number and thus are forbidden within the Standard
Model. However, lepton number conservation is not re-
quired by Lorentz invariance or gauge invariance, and a
number of theoretical extensions to the Standard Model
predict lepton-number violation [6]. Many experiments
have studied rare decays of the charge —1/3 strange
quark and searched for rare decays of the charge —1/3
beauty quark. However, charge 2/3 charm quarks may
couple differently than charge —1/3 quarks [8]. The lim-
its we present here are often more stringent than those
obtained from previous searches [9,10], or are the first
reported.

The data come from measurements with the Fermi-
lab E791 spectrometer [11]. A total of 2 x 10'° events
were taken with a loose transverse energy requirement.
These events were produced by a 500 GeV/c 7~ beam

interacting in a fixed target consisting of five thin, well-
separated foils. Track and vertex information came from
“hits” in 23 silicon microstrip planes and 45 wire cham-
ber planes. This information and the bending provided
by two dipole magnets were used for momentum analysis
of charged particles. Kaon identification was carried out
by two multi-cell Cerenkov counters that provided m /K
separation in the momentum range 6 — 60 GeV/c [12].
We required that the momentum-dependent light yield in
the Cerenkov counters be consistent for kaon-candidate
tracks, except for those in decays with ¢ — KTK—,
where the narrow mass window for the ¢ decay provided
sufficient kaon identification.

For this analysis we made extensive use of electron and
muon identification (ID). Electron ID was based on trans-
verse shower shape plus matching wire chamber tracks
to shower positions and energies in an electromagnetic
calorimeter [13]. The electron ID efficiency varied from
62% below 9 GeV/c to 45% above 20 GeV/c. The prob-
ability to misidentify a pion as an electron was ~ 0.8%,
independent of pion momentum.

Muon ID was obtained from two planes of scintillation
counters. The first plane (5.5 m x 3.0 m) of 15 counters
measured the horizontal position while the second plane
(3.0m x 2.2 m) of 16 counters measured the vertical po-
sition. There were about 15 interaction lengths of shield-
ing upstream of the counters to filter out hadrons. Data

from Dt — F*Olu+l/“ decays [14] were used to choose
selection criteria for muon candidates. Timing informa-
tion from the smaller set of muon scintillation counters
was used to improve the horizontal position resolution.
Counter efficiencies, measured using muons originating
from the primary target, were found to be (99 + 1)% for
the smaller counters and (69 & 3)% for the larger coun-
ters. The probability for misidentifying a pion as a muon
decreased with momentum, from about 6% at 8 GeV/c
to (1.3 £0.1)% above 20 GeV/c.

After reconstruction, events with evidence of well-
separated production (primary) and decay (secondary)
vertices were selected to separate charm candidates from
background. Secondary vertices were required to be sep-
arated from the primary vertex by greater than 120, ,
where o, is the calculated resolution of the measured
longitudinal separation. In addition, the secondary ver-
tex had to be separated from the closest material in the
target foils by greater than 50/, where o/ is the uncer-
tainty in this separation. The vector sum of the momenta
of tracks from the secondary vertex was required to pass
within 40 pm of the primary vertex in the plane per-
pendicular to the beam. Finally, the net momentum of
the charm candidate transverse to the line connecting
the production and decay vertices had to be less than
300 MeV/c. Decay track candidates were required to
pass approximately 10 times closer to the secondary ver-
tex than to the primary vertex. These selection crite-



ria and kaon identification requirements were the same
for both the search mode and for its normalization sig-
nal (discussed below). The mass ranges used for the
resonant masses were: Mg +.- —myo| < 150 MeV/c?,
< 55 MeV/c?, and |mg+xg- —my| <

|mK7ﬂ-+ — m?*o
10 MeV/c?.

To determine our selection cuts we used a “blind” anal-
ysis technique. Before the selection criteria were final-
ized, all events having masses within a window AMg
around the mass of the DY were “masked” so that the
presence or absence of any potential signal candidates
would not bias our choice of selection criteria. All crite-
ria were then chosen by studying events generated by a
Monte Carlo (MC) simulation program (see below) and
background events, outside the signal windows, from real
data. The criteria were chosen to maximize the ratio
Ny /V/Ng, where Ny and Np are the numbers of
MC and background events, respectively, after all selec-
tion criteria were applied. The data within the signal
windows were unmasked only after this optimization. We
used asymmetric windows for the decay modes contain-
ing electrons to allow for the bremsstrahlung low-energy
tail. The signal windows were: 1.83 < M (D) < 1.90
GeV/c? for pp and 1.76 < M (D) < 1.90 GeV/c? for ee
and pe modes.

We normalize the sensitivity of our search to topo-
logically similar hadronic 3-body (resonant) or 4-body
(non-resonant) decays. One exception to this is the case
of D — p°¢*(T where we normalize to nonresonant
D° — 77~ 7t 1~ because there is no published branch-
ing fraction for D® — pOz+ 7. Table I lists the normal-
ization mode used for each signal mode and the fitted
number of data events (Nxorm)-

The upper limit for each branching fraction By is cal-
culated using the following formula:

NX ENorm

BX X BNorm (1)

NNorm €x

where Nx is the 90% confidence level (CL) upper limit
on the number of decays for the rare or forbidden de-
cay mode X, and ex is that mode’s detection efficiency.
ENorm 1S the normalization mode detection efficiency and
Bnorm is the normalization mode branching fraction ob-
tained from the Particle Data Group [9].

The ratio of detection efficiencies is

TABLE I. Normalization modes used.

Decay Mode Norm. Mode NNorm

D° — ple* (T D - ntr nto 2049+53
D° = K OrteF D° 5 K ntr 5451472
DO — ptEeF D — ¢rta~ 113+19
D° — nnll D 5t ntn™ 2049453
D° - Kret D 5 K—rntn—nt 115504113
D° » KKt D’ 5> KTK ntn~ 406+41

NMC

€Norm Norm
2
EX N)l\élc ( )
where NNMo(er and N XMC are the numbers of Monte Carlo

events that are reconstructed and pass the final selection
criteria, for the normalization and decay modes respec-
tively. The simulations use PYTHIA/JETSET [15] as the
physics generator and model the effects of resolution, de-
tector geometry, magnetic fields, multiple scattering, in-
teractions in the detector material, detector efficiencies,
and the analysis selection criteria. The efficiencies for the
normalization modes varied from approximately 0.2% to
1% depending on the mode, and the efficiencies for the
search modes varied from approximately 0.05% to 0.34%.
We take muon and electron ID efficiencies from data.

Monte Carlo studies show that the experiment’s accep-
tances are nearly uniform across the Dalitz plots, except
that the dilepton identification efficiencies typically drop
to near zero at the dilepton mass threshold. While the
loss in efficiency varies channel by channel, the efficiency
typically reaches its full value at masses only a few hun-
dred MeV/c? above the dilepton mass threshold. We use
a constant weak-decay matrix element when calculating
the overall detection efficiencies.

The 90% CL upper limits Nx are calculated using the
method of Feldman and Cousins [16] to account for back-
ground, and then corrected for systematic errors by the
method of Cousins and Highland [17]. In these methods,
the numbers of signal events are determined by simple
counting, not by a fit. All results are shown in Fig. 1
and listed in Table II. The upper limits are determined
using the number of candidate events observed and the
expected number of background events within the signal
region.

Background sources that are not removed by the se-
lection criteria discussed earlier include decays in which
hadrons (from real, fully-hadronic decay vertices) are
misidentified as leptons. These misidentified leptons can
come from hadronic showers reaching muon counters,
decays-in-flight, and random overlaps of tracks from oth-
erwise separate decays (“accidental” sources). In the
case where kaons are misidentified as leptons, candidates
have effective masses that lie below the signal windows.
We identify events from background sources that con-
tain a different number of kaons than the candidate de-
cays. These reflections are explicitly removed prior to
the selection-criteria optimization, if they lie inside our
D° mass window.

There remain two sources of background: hadronic de-
cays where pions are misidentified as leptons (Nuisip)
and “combinatoric” background (Ncpp) arising primar-
ily from false vertices and partially reconstructed charm
decays. The background Nygp arises from the nor-
malization modes. To estimate the rate for misiden-
tifying 7w as £¢, for all but the D° — K xt(ti-
modes, we assume all D° — K ~7n+¢+{~ candidates re-



sult from misidentification of D° — K- nta 7t de-
cays and count the number of D° — K—znt{+{~ de-
cays passing the final selection criteria. We then divide
by twice the number of D° — K~ 7tr~ 7t normaliza-
tion events with K~ 7 T¢+¢~ mass within AMg bound-
aries (twice because there are two possible 7 misiden-
tifications). To estimate the misidentification rates for
the D° — K~mt{*¢{~ modes themselves, we take the
smaller of these rates and the misidentification rates ob-
tained from our previous study [2]. This results in a con-
servative upper limit. As it turned out the rates based
on the actual number of observed events from D° —
K~ nt¢*{~ modes were smaller. The following misiden-
tification rates were obtained: r,, = (3.4 +2.4) x 1074,
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FIG. 1. Final event samples for the opposite signed dilep-
ton (rows 1-3), resonant (rows 4-6), and same signed dilepton
modes (rows 7-9) of D° decays. The solid curves represent es-
timated background; the dotted curves represent signal shape
for a number of events equal to the 90% CL upper limit. The
dashed vertical lines are the AMs boundaries.

mD® —> KK '

Tue = (4.2£1.4)x 1074, and re. = (9.0£6.2) x 107°. For
modes in which two possible pion combinations can con-
tribute, e.g., D® - K~ 7t p* T, we use twice the above
rate and for D° — 77~ 7T 71—, where there are 4 possi-
ble combinations, we use 4 times this rate in calculating
DY — wtg—¢*¢~. Using these rates, we estimate the
numbers of misidentified candidates, Nyt4p and N
in the signal windows as follows:

hht¢ hhrm vee Vrm
Nytisip = Tee X NXorm and Nyjign = 7ee X Nxorm > (3)

where NAATT™ and NY 7™ are the numbers of normaliza-
tion hadronic decay candidates within the signal win-
dows.

To estimate the combinatoric background Ncy,p, within
a signal window AMg, we count events having masses
within an adjacent background mass window AMp, and
scale this number (Naas,) by the relative sizes of these
windows: Nomb = (AMg/AMBp) x Nan,- To be conser-
vative in calculating our 90% confidence level upper lim-
its, we take combinatoric backgrounds to be zero when
no events are located above the mass windows. In Table
II we present the numbers of combinatoric background,
misidentification background, and observed events for all
27 modes.

TABLE II. E791 90% confidence level (CL) upper limits on
the number of events and branching fraction limits (x107?).
Previously published limits are listed for comparison [9,10].

(Est. BG) Sys. 90% E791 PDG
Mode D° — Ncmb Numisip Nx Err. CL Limit Limit
ata ptp™ 0.00 315 2 11% 2.96 3.0
atr"ete™  0.00 073 9 12% 15.16 37.3

atrpteT 525 346 1 15% 1.06 1.5
K rtutp~ 365 791 12 16% 7.23 16.8
K rtete™ 350 207 6 23% 584 288
K ntp*e™ 525 975 15 16% 7.75 23.8
KtK-ptp~ 213 017 0 17% 1.22 3.3
KtK~ete™ 613 004 9 18% 961 315
KTK p%eT 350 017 5 17% 6.61 175
pPutu~ 0.00 075 0 10% 1.80 2.2 23.0
plete” 0.00 0.18 1 12% 4.28 124 10.0
pPPute 000 082 1 11% 360 66 4.9
Kty 0.30 1.68 3 24% 5.66 2.5 118.0
K ete- 0.88 044 2 25% 478 48 14.0
KOuteF 1.75  2.08 9 24% 13.07 85 10.0
putu 030 004 0 33% 2.33 3.1 41.0
pete 0.00 001 0 33% 2.75 5.9 5.2
puteT 000 005 0 33% 271 47 34
o ptpt 091 079 1 9% 278 2.9
nm retet 0.00 018 1 11% 4.26 11.2
m r ptet 263 08 4 10% 5.18 7.9
K rn ptpt 274 396 14 9% 1570 39.0
K- n~etet™ 088 1.04 2 16% 4.14 206
K r~uptet 000 488 7 11% 7.81 21.8
K K ptpt 122 000 1 17% 3.27 9.4
K K etet 08 000 2 17% 5.28 152
KK~ ute™ 000 000 0 17% 2.52 5.7




The sources of systematic errors in this analysis in-
clude: errors from the fit to the normalization sample
NnNorm; statistical errors on the numbers of Monte Carlo
generated events for both NMC ~and N¥C; uncertain-
ties in the calculation of misidentification background;
and uncertainties in the relative efficiency for each mode,
including lepton tagging efficiencies. These tagging effi-
ciency uncertainties include: 1) muon counter efficiencies
from hardware performance; and 2) the fraction of signal
events (based on simulations) that would remain outside
the signal window due to bremsstrahlung tails. Also, for
the D° — p%*¢*+ modes, an additional systematic er-
ror is included because we are using D° — #ta rta~
as the normalization mode since there is no published
branching fraction for D° — p°7t7~. The sums, taken
in quadrature, of these systematic errors are listed in Ta-
ble II.

In summary, we use a “blind” analysis of data from
Fermilab experiment E791 to obtain upper limits on the
dilepton branching fractions for 27 flavor-changing neu-
tral current, lepton-number violating, and lepton-family
violating decays of D° mesons. No evidence for any
of these 3 and 4-body decays is found. Therefore, we
present upper limits on the branching fractions at the
90% confidence level. Four limits represent significant
improvements over previously published results. FEigh-
teen of these modes have no previously reported limits.
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