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We report the results of a search for the flavor-changing neutral-current decaysD1 ! p1m1m2

and D1 ! p1e1e2 in data from Fermilab charm hadroproduction experiment E791. No signal
above background is found, and we obtain upper limits on branching fractions,BsD1 ! p1m1m2d ,

1.8 3 1025 andBsD1 ! p1e1e2d , 6.6 3 1025, at the 90% confidence level.

PACS numbers: 13.20.Fc, 11.30.Hv
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Flavor-changing neutral-current (FCNC) decays ha
played a major role in our understanding of weak deca
For example, absence of ans ! d quark transition in
neutral kaon decays led to the Glashow-Iliopoulos-Maia
mechanism [1] that predicted the charm quark. Th
Letter presents limits from Fermilab experiment E791 f
FCNC decays of charm,D1 ! p1m1m2, p1e1e2 [2],
which would proceed through an effectivec ! u quark
transition. These decays are forbidden at tree level with
the standard model, but can occur through higher-ord
loop diagrams and are thus sensitive to physics at v
high mass scales [3].

Within the standard model, the contribution of shor
distance electroweak processes toBsD1 ! p1,1,2d is
expected to be less than1028 [4]; in contrast, the best
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published experimental limits are onlys223d 3 1023

sp1e1e2d [5] and 2 3 1024 (p1m1m2) [6]. Three-
body FCNC decays such asD1 ! p1,1,2 are more
sensitive to new physics involving vector or axial vect
currents than are two-body decays such asD0 ! ,1,2,
because three-body decays do not suffer from helic
suppression imposed by angular momentum conserva

Our search finds no evidence for FCN
D1 ! p1,1,2 decays. We set branching-fraction limi
that are an order of magnitude below those previou
published.

Data were recorded from500 GeVyc p2 interactions
in five thin foils (one platinum, four diamond) sepa
rated by gaps of 1.34 to 1.39 cm. The E791 spectro
eter is an upgrade of apparatus used in Fermilab ch
© 1996 The American Physical Society
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experiments E516, E691, and E769 [7]. Two dipole ma
nets bend particles in the horizontal plane for mome
tum analysis. Silicon microstrip detectors (6 in the bea
17 downstream of the target) provide precision track a
vertex reconstruction. A calorimeter [8] of lead and liq
uid scintillator, 19 m from the target, identifies electron
scintillator strips 3.17 cm wide [9] are oriented transver
to the beam and alternate among three stereo projectio
Muons are identified by a plane of 16 scintillation coun
ters behind 15 interaction lengths of shielding, includin
the calorimeter. These counters, 24 m from the target,
each 14 cm high and 300 cm wide, and measure displa
ment in the nonbend plane. Information from two se
mentedČerenkov counters is not used in this analysis.

E791 recorded2 3 1010 events with a loose transvers
energy trigger. After reconstruction, events with eviden
of multiple vertices were kept for further analysis.

To search forD1 FCNC decays in an unbiased way
track and vertex selection criteria for allD1 decays were
determined from the Cabibbo-suppressed modeD1 !
p2p1p1. These criteria, also nearly optimal for FCNC
modes, maximizeNSy

p
NB, where NS and NB are the

respective numbers of signal and background events
D1 ! p2p1p1. We obtain NS ­ 1057, NB ­ 920
events. Good mass resolution cleanly separates this sig
from D1 ! K2p1p1 feedthrough withoutČerenkov
information or antiselection of theD1 ! K2p1p1 peak.

We require a three-prong secondary vertex to
separated by.20sL from the primary vertex and by
.5.0sL from the closest material in the target foils, wher
sL in each case is the calculated longitudinal resoluti
in the measured separation. The summed moment
vector of the three tracks from this secondary vert
must miss the primary vertex by,40 mm in the plane
perpendicular to the beam. We form the ratio of ea
track’s smallest distance from the secondary vertex
that from the primary vertex, and require the product
these ratios to be,0.001. Finally, the net momentum
of the D1 candidate transverse to the line connecting t
primary and secondary vertices must be,250 MeVyc.

The mean momentum of survivingD1 mesons is
80 GeVyc. Longitudinal and transverse position reso
lutions for the primary vertex are350 and 6 mm, re-
spectively. For secondary vertices fromD1 decays, the
transverse resolution is about9 mm, nearly independent
of momentum; the longitudinal resolution is390 mm at
80 GeV/c and increases by30 mm every10 GeVyc.

The K2p1p1 signal (Fig. 1) obtained with the above
selection criteria serves as normalization for the FCN
branching fractions. A fit by a Gaussian signal and
exponential background gives 37 000D1 ! K2p1p1

events and aD1 mass resolution of12.6 6 0.1 MeVyc2.
In addition to meeting the above selection criteria, ca

didates forD1 ! p1m1m2 must have two oppositely
charged tracks from the candidate decay vertex identifi
as muons. Muon counter efficiencies were measured
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FIG. 1. Mass spectrum of candidateD1 ! K2p1p1 events
with final optimized selection criteria, used to provide th
normalizing signal for FCNC analyses. The curve is a fit
a Gaussian signal and an exponential background.

be s99 6 1d% in special runs using independent muo
identification (ID). False muon ID in E791 has two ma
jor sources: pion and kaon decay in flight, and misas
ciation with a counter fired by another track in the eve
Because directions and momenta of charged particles
measured in tracking devices upstream of thick abso
ing material in the muon system, predicted positions
the scintillation counters of low-momentum particles a
smeared by multiple scattering. We require a signal fro
a muon counter whose closest edge is withinNssMS of
the track’s projected vertical position, wheresMS is the
predicted root-mean-square position error due to mu
ple scattering for a muon of the measured momentu
Final values ofNs s1.0d and minimum momentumpmin

s7 GeVycd were chosen in an unbiased way by optimi
ing SMCy

p
Bdata, whereSMC is a Monte Carlo FCNC sig-

nal andBdata is the background of misidentified hadron
in data outside the FCNC signal region. ForNs ­ 1.0,
Bdata drops by a factor of 2.9 andSMC by a factor of 2.1
aspmin is raised from5.0 to 20 GeVyc.

The two muon candidates must be identified by separ
counters. This requirement halves the background a
only reduces dimuon efficiency by 11% for a uniform
populated Dalitz plot.

The D1 ! p1m1m2 search must account correctl
for feedthrough from misidentifiedD1 ! p2p1p1 and
D1

s ! p2p1p1 decays [10] (Fig. 2). First, the invari-
ant mass spectrum, under ap1m1m2 hypothesis but with
no muon ID requirement [Fig. 2(a)], is fit by the sum o
an exponentially falling distribution and two Gaussia
describing theD1 ! p2p1p1 and D1

s ! p2p1p1

peaks (solid curve). Because of incorrectly assign
daughter masses, thesep2p1p1 signals are broadened
and shifted downward by about15 MeVyc2 from true
parent masses. Central values and widths of these pe
are used in the fit described below. Next, the muon
requirement is imposed, giving the spectrum shown
365
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FIG. 2. Search for aD1 ! p1m1m2 signal. (a) Invariant
mass spectrum under ap1m1m2 hypothesis but with no
muon identification requirement (diamonds). The curve, wh
is a fit by the sum of Gaussian peaks from misidentifi
D1 ! p2p1p1 and D1

s ! p2p1p1 and an exponential
background, determines the central values and widths of
peaks. (b) Invariantp1m1m2 mass spectrum for event
with muon identification (histogram). The solid curve is th
best fit to a sum of contributions fromD1 ! p1m1m2,
feedthrough fromD1 ! p2p1p1 andD1

s ! p2p1p1, and
an exponential background. The dashed curve shows the
and shape of theD1 ! p1m1m2 contribution ruled out at
90% C.L.

the histogram in Fig. 2(b). We then search for a FCN
signal using a binned maximum likelihood fit with fou
components: a Gaussian centered at theD1 mass for
D1 ! p1m1m2, two Gaussians describing feedthroug
from D1 ! p2p1p1 and D1

s ! p2p1p1, and an
exponential distribution. The central values and widths
the feedthrough peaks are constrained to the values f
the fit in Fig. 2(a), and the width of the signal Gaus
ian is fixed at its observed value inD1 ! p2p1p1 de-
cays,11 MeVyc2. The sizes of the four contributions ar
allowed to vary independently. The result of this fit
shown by the solid curve in Fig. 2(b). We find0.3513.04

22.47
events fromD1 ! p1m1m2. The 90% confidence leve
(C.L.) upper limit is 4.36 events, determined by the po
at which the log-likelihood function falls below its maxi
mum value bys1.28d2y2. The size and shape of the sign
excluded at 90% C.L. is shown by the dashed curve.

Variations on this technique give consistent resu
Specifying widths of the expected FCNC signal betwe
11 and15 MeVyc2 changes the upper limit by only 4%
Constraining the relative amounts ofD1 ! p2p1p1

and D1
s ! p2p1p1 feedthrough to be the same as

Fig. 2(a) gives,3.2 events at 90% C.L., while use of
simple mass window instead of a likelihood fit gives,4.5
events. We have also tested the procedure with ensem
of simulated experiments in which fixed numbers (2–1
of simulated FCNC signal events, drawn randomly fro
a Gaussian mass distribution, are added to the obse
spectrum and successfully found by the fit.

The 90% C.L. upper limit on the branching fractionB
for D1 ! p1m1m2 is given by
366
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BsD1 ! p1m1m2d ,
Usp1m1m2d
NsK2p1p1d

1
hm

fsysBN ,

where Usp1m1m2d ­ 4.36 is the 90% C.L.
upper limit on the number of signal events
NsK2p1p1d ­ 37 006 6 204 is the number of events
in the normalizing channel,hm ­ 0.625 6 0.075 is
the relative efficiency of thep1m1m2 and K2p1p1

channels,fsys ­ 1.03 is the factor [11] by which the
limit is degraded by systematic uncertainties, an
BN ­ BsD1 ! K2p1p1d ­ s9.1 6 0.6d% [12].

The relative efficiencyhm is determined primarily from
a Monte Carlo calculation. It includes factors arising fro
different decay kinematicss1.12 6 0.10d, the 7 GeVyc
muon track momentum requirements0.96 6 0.01d, muon
ID s0.67 6 0.03d and separate-counters0.89 6 0.03d re-
quirements, and relative trigger efficiencys0.98 6 0.03d.
The systematic uncertainties which give rise tofsys, to-
taling 15% when added in quadrature, include those
NsK2p1p1d, hm, and BsD1 ! K2p1p1d. The fac-
tor fsys is calculated from the prescription of Ref. [11].

At 90% C.L., BsD1 ! p1m1m2d , 1.8 3 1025.
The limit is quite stable under variation of vertex sele
tion and muon ID criteria. Expressed as a measureme
the result isBsD1 ! p1m1m2d ­ s0.1411.2

21.0d 3 1025,
where quoted errors are statistical only; systematic erro
approximately 15% ofB, are negligible by comparison.

Monte Carlo calculations show that the experimental a
ceptance is nearly uniform across thep1m1m2 Dalitz plot
for squared dimuon massm2

mm greater than0.8 sGeVyc2d2.
For smallerm2

mm the acceptance decreases roughly linea
to near zero at minimumm2

mm [13].
The search forD1 ! p1e1e2 employs vertex se-

lection andD1 ! K2p1p1 exclusion criteria identi-
cal to those forp1m1m2. CandidateD1 ! p1e1e2

decays contain two oppositely charged tracks identifi
as electrons and havep1e1e2 invariant mass consisten
with D1.

Electron ID is based on energy deposition and tran
verse shower shape, and position in the calorimet
Calorimeter response was studied with topologically ide
tified e1e2 pairs from g conversions upstream of the
tracking, and with pions from kinematically identified
K0

s ! p1p2 decays. Electron ID efficiency and hadro
mis-ID probability were measured as a function of partic
momentump for varying shower criteria. For the FCNC
limit, a mis-ID probability of 0.8% was chosen by agai
optimizing SMCy

p
Bdata. Electron efficiency then varies

from 62% to 45% for9 , p , 20 GeVyc.
A search-window procedure (Fig. 3) is used forD1 !

p1e1e2. One of the three candidates is inside th
window 1.830 to 1.890 GeVyc2, which was chosen from
a simulated signal. Thep1e1e2 spectrum without
electron ID is normalized to two events outside the sea
window, and then used to predict the expected numb
inside the window,0.42 6 0.29 event, giving a signal
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FIG. 3. Search for aD1 ! p1e1e2 signal: invariant mass
spectrum with ap1e1e2 hypothesis. Three events pas
electron identification requirements (histogram). One of th
is in the signal region between the arrows. Background
estimated from thep1e1e2 invariant mass spectrum withou
electron identification requirement, normalized to two eve
outside the signal region (diamond points). The dashed cu
shows the size and shape of the bremsstrahlung-widenedD1 !
p1e1ye2 signal excluded at 90% C.L.

of 0.58 6 1.04 event. A standard method for Poisso
processes with background [12] gives 3.56 events as
90% C.L. upper limit for one signal and 0.42 expect
background events. The size and shape of the sig
excluded at 90% C.L. is shown by the dashed curve.

TheBsD1 ! p1e1e2d upper limit is obtained from

BsD1 ! p1e1e2d ,
Usp1e1e2d

NsK2p1p1d
1

he
fsysBN ,

where Usp1e1e2d ­ 3.56 events at 90% C.L.,
NsK2p1p1d ­ 37 006 6 204 events in the nor-
malizing channel,he ­ 0.138 6 0.021, andfsys ­ 1.04.
The relative efficiencyhe of p1e1e2 and K2p1p1,
determined from a Monte Carlo calculation, is dominat
by the dielectron detection efficiencys0.32 6 0.02d
and by the exclusion of much of the expected lo
bremsstrahlung tail in aD1 ! p1e1e2 mass peak from
the mass windows0.66 6 0.08d. The systematic uncer
tainties which give rise tofsys [11], totaling 16% when
added in quadrature, include those inNsK2p1p1d, he,
andBsD1 ! K2p1p1d.

At 90% C.L.,BsD1 ! p1e1e2d , 6.6 3 1025. The
branching fraction with one-standard-deviation errors
BsD1 ! p1e1e2d ­ s1.0 6 1.9d 3 1025. Efficiency
across the Dalitz plot is fairly uniform for squared d
electron massesm2

ee above about0.4 sGeVyc2d2, but
decreases roughly linearly to near zero at minimu
mee [13].

In summary, Fermilab experiment E791 has obtain
upper limits on branching fractionsB for the three-body
FCNC decaysD1 ! p1m1m2 and D1 ! p1e1e2

that are an order of magnitude below those previou
published. At 90% C.L.,BsD1 ! p1m1m2d , 1.8 3

1025 andBsD1 ! p1e1e2d , 6.6 3 1025.
These limits can constrain extensions to the stand

model [3]. For example, if a new neutral gauge bos
X couples thec and u quarks with strength similar to
those of allowed weak couplings, one expectsBsD1 !
s
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p1l1l2d tD0 yBsD0 ! p2l1nd tD1 . m4
W ym4

X . Insert-
ing our upper limit forBsD1 ! p1m1m2d and known
values [12] ofBsD0 ! p2e1nd ­ 3.9 3 1023 and the
lifetime ratio tD0 ytD1 ­ 0.39 into this expression gives
the constraintmX * 390 GeV yc2.
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