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Search for the Flavor Changing Neutral Current DecayD0!m1m2 in 800 GeV
Proton-Silicon Interactions
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We have searched for the flavor changing neutral current decayD0 ! m1m2 in the dimuon data
obtained by the E771 experiment conducted at Fermilab. No evidence is found. A 90% confidence
level upper limit of4.2 3 1026 is obtained for the branching ratio. This new upper limit is about two
times lower than the best published result. [S0031-9007(96)01183-0]

PACS numbers: 13.20.Fc, 11.30.Hv, 12.15.Mm, 13.85.Fb
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One of the outstanding symmetries of the stand
model (SM) is approximate flavor conservation in ele
troweak neutral current interactions. Historically, th
charm quark was proposed to account for the hig
suppressed decay rate of the strangeness nonconse
neutral current processKL ! m1m2 [1]; the charm
quark completes a two-generation quark model wh
forbids KL ! m1m2 at the lowest (tree) level. The
observed branching ratio (BR) ofs7.4 6 0.4d 3 1029

[2] is consistent with higher order electroweak process
involving insertion of loops to the tree-level diagrams [3
Recently, the beauty changing neutral current proc
B ! Kpg has been observed at a rate expected from
three-generation SM [4].
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The down-type quarks (d, s, and b) contribute to the
loop diagrams in the charm changing neutral curr
processD0 ! m1m2, resulting in a rate proportional t
m4

s , wherems is the mass of the strange quark [3]. T
expected BR at the quark level (short distance) forD0 !

m1m2 is about10219 [5], about 14 orders of magnitud
below the present experimental limit [2]. Nonperturbat
quantum chromodynamics (long distance) effects m
enhance the BR by several orders of magnitude [5],
still render the SM decay rate undetectable by curren
future experiments. Consequently, this decay mode of
a clean search window for models with flavor chang
neutral currents (FCNCs) at the tree level [6]. For su
models,D0 ! m1m2 is predicted to have a BR of1029
© 1996 The American Physical Society
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to 1028. Therefore, it is of great interest to conduct
search for this decay mode ofD0 with a higher sensitivity.

Experiment E771 is a fixed-target experiment at Ferm
lab designed primarily for detection of beauty hadro
via their decay to aJyc which subsequently decays t
two muons. Only the detector components relevant
this analysis are described here; details of the dete
are given elsewhere [7]. The detector consists of a la
acceptance open-geometry magnetic spectrometer, a
con microstrip vertex detector (SMVD), an electroma
netic calorimeter, and a muon detector. The spectrom
is configured with 31 planes of wire chambers in fro
of a dipole bending magnet, followed by 21 planes
wire chambers, to measure the momenta of charged
ticles. The muon detector comprises three layers of
sistive plate counters (RPCs) [8], interspersed in ab
37 interaction lengths of hadron absorber. The cen
region of the absorber has a longer interaction len
to reduce the hadronic punchthrough background,
sulting in a minimum penetration energy which vari
from 10 GeV in the central region to 6 GeV on th
outside. The RPCs are read out by highly segmen
pads which provide fast signals for muon triggerin
and tracking in the absorber. The SMVD is compos
of 12 planes of25 100 mm pitch silicon strip detectors
[9], 5 for x, 5 for y, and 2 stereo planes at 45±. (The
coordinate system is right-handed with thez axis pointing
along the beam and they axis pointing upward.) Six sili-
con planes of25 250 mm pitch are installed in front of
the target to track the beam protons. The target is a se
of 12 silicon foils, each 2 mm thick separated by a 4 m
decay region.

The experiment was conducted in the High Intens
Lab with 800 GeV protons extracted from the Tevatro
The trigger for the experiment requires either two muo
or one muon with high transverse momentumpt in the
muon detector. A muon trigger is defined as a threef
coincidence of pad signals in the three RPC layers, wh
lie within a road. Single highpt muon triggers require
a muon in coincidence with signals from a set of dr
chambers with pad readouts [10] which defines thept of
the muon. The data were taken during the 1991 fix
target run at Fermilab, with a typical interaction rate
2 3 106ys. A total of 190 3 106 triggers was recorded
during the one month long running period.

The search forD0 ! m1m2 was performed with
events obtained by the dimuon trigger. Muon candida
were required to have a reconstructed track in the sp
trometer which points to a muon track in the RPC. T
reduce background due topyK decay in flight, at least
one muon was required to have apt greater than 1 GeV,
in conjunction with a second muon withpt . 0.4 GeV.
A crude vertex requirement was imposed to remove s
rious muons originating outside the target region.

The mass spectrum for the unlike-sign dimuons, w
no silicon tracking requirement, is shown in Fig. 1 as
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FIG. 1. Mass spectra for like-sign (dotted histogram) a
unlike-sign (solid histogram) muon pairs.

solid histogram, where peaks at theJyc, f, and vyr

are clearly visible. Also shown in Fig. 1 is the like-sig
dimuon spectrum (dotted histogram) which represents
continuum background. The near equality of the like- a
unlike-sign spectra suggests that most of the events
from pyK decays in flight. The decrease of the dimu
yield below 1.5 GeV is a result of thept cut on the
muons. The excess in the unlike-sign spectrum be
1 GeV is expected from hadronic decays.

There is no obvious peak in the unlike-sign dimu
spectrum at theD0 mass s1864.6 6 0.5 MeVd [2]. A
search for aD0 signal in about 50% of the data fo
lowing the procedure described in Ref. [11] resulted
a limit for the BR of 1.3 3 1025 at 90% confidence
level (CL) [12].

To carry out a more sensitive search, we have used
tracking information from the SMVD. The spectromet
muon tracks were matched to silicon tracks found
the SMVD. Each matched track was refitted with t
silicon hits, together with hits from the front spectrome
chambers. The primary interaction vertex (PIV) for ea
event was determined by reconstructing a common ve
for the silicon tracks and the beam tracks. The de
background is first suppressed by removing events wit
least one muon with an impact parameter less than50 mm
in bothx andy projections.

The vertex positions of all muon pairs whose distan
of closest approach is less than500 mm were recon-
structed by a vertex-constrained fit. Thex2 of the fit
has to be less than 50 per degree of freedom, which
very loose criterion since most of theJyc dimuons have
a x2 less than 10 per degree of freedom. A total of 85
unlike-sign dimuons was found to have a common vert
2381
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The distance between the PIV and the muon pair ve
along the beamsDzd for the 8514D0 candidates is show
in Fig. 2, where a peak atDz near zero due to doubl
pyK decays is clearly seen. The solid curve is a
consisting of two Gaussians, one fixed at as of 600 mm
to simulate theDz resolution for the prompt muon pair
superposed on a polynomial for the continuum. W
applied a vertex isolation cut ofDz . 3 mm to remove
the prompt muon pairs. We have also applied a fidu
cut of Dr , 3 mm and Dz , 3 cm to remove poorly
reconstructed muon pairs;Dr is the radial distance of th
muon vertex from the beam line.

The momentum of theD0 candidate$pD can be calcu-
lated from the momenta of the two muons. ForD0 de-
cays, $pD is parallel to the direction of flight of theD0

sn̂Dd which can be determined by the position of the s
ondary vertex of the two muons. The angle between$pD

and n̂D sDud is expected to be small. Our Monte Car
simulation, using realistic secondary vertex resolution
momentum measurement error for the muons, shows
the resolution ofDu is about 0.4±. We have therefore im
posed a cut ofDu , 0.9±. There are 14 unlike-sign an
18 like-sign dimuon events remaining in the mass reg
1560–2170 MeV which corresponds to610sD centered
at theD0 mass;sD is the mass resolution atD0, deter-
mined to be 30.5 MeV by a linear interpolation of th
observed resolutions atJyc andf in our data [7].

We have inspected these 32 events visually, and
tributed 7 events in the unlike-sign category and 8 eve
in the like-sign category to secondary interactions. T
criterion for secondary interaction requires at least

FIG. 2. Distribution ofDz for dimuon events. The solid line
is a fit described in the text.
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additional silicon track emerging from the dimuon ve
tex. We have determined the efficiency for retainingD0

events in the scanning to be9713
215% by two independent

scannings.
The mass distribution for the 7 remaining unlike-sig

events is shown in Fig. 3. The final search regio
indicated by the double-headed arrow in Fig. 3, w
chosen to be62sD centered at theD0 mass (1804–
1926 MeV). No event is seen in the finalD0 search
region for the unlike-sign events. Of the 10 like-sig
events left after scanning, one event falls in the fin
search region.

Since no excess events are observed in the se
region, we report our result as an upper limit on the B
of D0 ! m1m2, computed according to the following
formula:

BRsD0 ! m1m2d ,
ND

L ssDdhDA
. (1)

ND  2.3 is the upper limit on the number ofD0 events
at 90% CL [2,13]. L is the integrated luminosity,
determined to bes1.6 6 0.1d pb21. hD is the overall
acceptance times efficiency forD0 dimuon events, and
ssDd is the total production cross section per nucleon
D0 andD

0. We assumed a linear dependence for theD0

cross section on the atomic massA [14].
We have determinedhD by a Monte Carlo simulation.

The D0 events are generated withPYTHIA [15] with xF

FIG. 3. Mass distribution for the unlike-signD0 dimuon
candidates. The final search region for aD0 signal is indicated
by the double arrow.
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andpt distributed according to the following model:
ds

dxFdp2
t

~ s1 2 jxF jdnexps2ap2
t d .

The parametersn anda have been measured by three di
ferent experiments [14,16,17] in 800 GeV proton-nucle
interactions. The average values forn and a are 7.7 6

1.4 and 0.86 6 0.07 GeV22, respectively. TheD0 !

m1m2 events were simulated by a GEANT-based dete
tor Monte Carlo program, and were superimposed on d
events. hD was determined by applying the same cu
to the overlaid Monte Carlo events to bes6.2 6 1.5d 3

1024. The error inhD includes detector systematic unce
tainty (23%), and uncertainty in theD0 production model
(7%), combined in quadrature. It is worth pointing ou
that hD is fairly insensitive to theD0 production model;
hD changes by 7% when the parametersn anda are var-
ied by one standard deviation.

TheD0 production cross section has been measured
several experiments in 800 GeV proton-nucleus collisio
[14,16,17]. Because of the large spread in the results,
have averaged the charged [16,17] and neutral [14,16,
D production cross sections, yieldingssDd  20.9 6

3.5 mbynucleon.
Using Eq. (1), the 90% CL upper limit for the BR wa

determined to be4.2 3 1026. The limit includes a sys-
tematic error of 33%, according to the prescription of [18
which increased the statistical limit by about 6%. Th
systematic error was computed as a sum in quadrature
the contributing terms in Eq. (1), dominated by the u
certainty in theD0 ! m1m2 detection efficiency (24%),
the D0 cross section (17%), and theA dependence of the
D0 cross section (14%). It is noted that this new upp
limit is 2–10 times more stringent than previous limit
[19–21].

We have performed a sensitive search for the FCN
decayD0 ! m1m2 with the use of a vertex detector in
a high-rate fixed-target experiment. The present sea
is limited byL hD. Beauty-physics experiments planne
at HERA (HERA-B) [22] and the LHC (LHC-B) [23]
are expected to have 104–105 times higherL hDssDd.
The sensitivity forD0 ! m1m2 is expected to reach the
level of one event per10210 to 1028 in BR. This will
eventually allow us to discover or severely constrain ma
extensions of the SM [6].

We acknowledge the invaluable help of the Fermila
staff, including the Research and Computing Division pe
sonnel. This work is supported by the U.S. Departme
of Energy, the National Science Foundation, the Nation
Science and Engineering Research Council of Canada,
-
s

c-
ta

ts

-

t

by
ns
we
17]

],
e
of
-

er
s

C

rch
d

y

b
r-
nt
al
the

Instituto Nazionale di Fisica Nucleare of Italy, and th
Texas Advanced Research Program.

[1] S. L. Glashow, J. Iliopoulos, and L. Maiani, Phys. Rev.
2, 1285 (1970).

[2] Particle Data Group, K. Hikasaet al., Phys. Rev. D50, 1
(1994).

[3] T. Inami and C. S. Lim, Prog. Theor. Phys.65, 297 (1981);
1772E, and references therein.

[4] CLEO Collaboration, R. Ammaret al., Phys. Rev. Lett.
71, 674 (1993).

[5] S. Pakvasa, Report No. FERMILAB-Conf-94/190 (to b
published).

[6] See, e.g., T. P. Cheng and M. Sher, Phys. Rev. D35, 3484
(1987); A. Antaramian, L. J. Hall, and A. Rasin, Phys
Rev. Lett. 69, 1871 (1992); L. Hall and S. Weinberg
Phys. Rev. D48, R979 (1993); K. S. Babu, X-G He, X-Q
Li, and S. Pakvasa, Phys. Lett. B205, 540 (1988).

[7] E771 Collaboration, T. Alexopouloset al., Nucl. Instrum.
Methods Phys. Res., Sect. A376, 375 (1996).

[8] G. Cataldi et al., Nucl. Instrum. Methods Phys. Res.
Sect. A337, 350 (1994).

[9] A. McManus et al., IEEE Nuclear Science Symposium
Santa Fe, 1991(IEEE, New York, 1991) p. 298.

[10] L. Spiegelet al., IEEE Nuclear Science Symposium, San
Fe, 1991(IEEE, New York, 1991) p. 381.

[11] E615 Collaboration, W. C. Louiset al., Phys. Rev. Lett.
56, 1027 (1986).

[12] E771 Collaboration, G. Moet al., in Proceedings of the
8th Meeting Division of Particles and Fields of the Amer
can Physical Society, Albuquerque, New Mexico, 199
edited by S. Seidel (to be published); see also G. M
Ph.D. thesis, University of Houston, 1993 (unpublished)

[13] O. Helene, Nucl. Instrum. Methods212, 319–322 (1983).
[14] M. J. Leitchet al., Phys. Rev. Lett.72, 2542 (1994).
[15] H.-U. Bengtsson, Comput. Phys. Commun.31, 323

(1984); T. Sjöstrand, Comput. Phys. Commun.27, 243
(1982); T. Sjöstrand, Comput. Phys. Commun.28, 229
(1983).

[16] K. Kodamaet al., Phys. Lett. B263, 573 (1991).
[17] R. Ammaret al., Phys. Rev. Lett.61, 2185 (1988).
[18] R. D. Cousins and V. L. Highland, Nucl. Instrum. Method

Phys. Res., Sect. A320, 331 (1992).
[19] WA92 Collaboration, M. Adamovichet al., Phys. Lett. B

353, 563 (1995).
[20] E789 Collaboration, C. S. Mishraet al., Phys. Rev. D50,

R9 (1994).
[21] CLEO Collaboration, A. Freybergeret al.,Phys. Rev. Lett.

76, 3065 (1996).
[22] HERA-B Collaboration, E. Hartouniet al., Report

No. DESY-PRC 95/01 (to be published).
[23] LHC-B Collaboration, A. Kuzucu-Polatozet al., Report

No. CERN/LHCC 95-5 (to be published).
2383


