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Radiative decay modes of theD0 meson

D. M. Asner,1 J. Gronberg,1 T. S. Hill,1 D. J. Lange,1 R. J. Morrison,1 H. N. Nelson,1 T. K. Nelson,1 D. Roberts,1 A. Ryd,1

R. Balest,2 B. H. Behrens,2 W. T. Ford,2 A. Gritsan,2 H. Park,2 J. Roy,2 J. G. Smith,2 J. P. Alexander,3 R. Baker,3

C. Bebek,3 B. E. Berger,3 K. Berkelman,3 K. Bloom,3 V. Boisvert,3 D. G. Cassel,3 D. S. Crowcroft,3 M. Dickson,3 S. von
Dombrowski,3 P. S. Drell,3 K. M. Ecklund,3 R. Ehrlich,3 A. D. Foland,3 P. Gaidarev,3 L. Gibbons,3 B. Gittelman,3

S. W. Gray,3 D. L. Hartill,3 B. K. Heltsley,3 P. I. Hopman,3 J. Kandaswamy,3 P. C. Kim,3 D. L. Kreinick,3 T. Lee,3 Y. Liu,3

N. B. Mistry,3 C. R. Ng,3 E. Nordberg,3 M. Ogg,3,* J. R. Patterson,3 D. Peterson,3 D. Riley,3 A. Soffer,3

B. Valant-Spaight,3 C. Ward,3 M. Athanas,4 P. Avery,4 C. D. Jones,4 M. Lohner,4 S. Patton,4 C. Prescott,4 J. Yelton,4

J. Zheng,4 G. Brandenburg,5 R. A. Briere,5 A. Ershov,5 Y. S. Gao,5 D. Y.-J. Kim,5 R. Wilson,5 H. Yamamoto,5

T. E. Browder,6 Y. Li, 6 J. L. Rodriguez,6 T. Bergfeld,7 B. I. Eisenstein,7 J. Ernst,7 G. E. Gladding,7 G. D. Gollin,7

R. M. Hans,7 E. Johnson,7 I. Karliner,7 M. A. Marsh,7 M. Palmer,7 M. Selen,7 J. J. Thaler,7 K. W. Edwards,8 A. Bellerive,9

R. Janicek,9 D. B. MacFarlane,9 P. M. Patel,9 A. J. Sadoff,10 R. Ammar,11 P. Baringer,11 A. Bean,11 D. Besson,11

D. Coppage,11 C. Darling,11 R. Davis,11 S. Kotov,11 I. Kravchenko,11 N. Kwak,11 L. Zhou,11 S. Anderson,12 Y. Kubota,12

S. J. Lee,12 J. J. O’Neill,12 R. Poling,12 T. Riehle,12 A. Smith,12 M. S. Alam,13 S. B. Athar,13 Z. Ling,13

A. H. Mahmood,13 S. Timm,13 F. Wappler,13 A. Anastassov,14 J. E. Duboscq,14 D. Fujino,14,† K. K. Gan,14 T. Hart,14

K. Honscheid,14 H. Kagan,14 R. Kass,14 J. Lee,14 M. B. Spencer,14 M. Sung,14 A. Undrus,14,‡ A. Wolf,14 M. M. Zoeller,14

B. Nemati,15 S. J. Richichi,15 W. R. Ross,15 H. Severini,15 P. Skubic,15 M. Bishai,16 J. Fast,16 J. W. Hinson,16

N. Menon,16 D. H. Miller,16 E. I. Shibata,16 I. P. J. Shipsey,16 M. Yurko,16 S. Glenn,17 S. D. Johnson,17 Y. Kwon,17,§

S. Roberts,17 E. H. Thorndike,17 C. P. Jessop,18 K. Lingel,18 H. Marsiske,18 M. L. Perl,18 V. Savinov,18 D. Ugolini,18

R. Wang,18 X. Zhou,18 T. E. Coan,19 V. Fadeyev,19 I. Korolkov,19 Y. Maravin,19 I. Narsky,19 V. Shelkov,19 J. Staeck,19

R. Stroynowski,19 I. Volobouev,19 J. Ye,19 M. Artuso,20 F. Azfar,20 A. Efimov,20 M. Goldberg,20 D. He,20 S. Kopp,20

G. C. Moneti,20 R. Mountain,20 S. Schuh,20 T. Skwarnicki,20 S. Stone,20 G. Viehhauser,20 X. Xing,20 J. Bartelt,21

S. E. Csorna,21 V. Jain,21,i K. W. McLean,21 S. Marka,21 R. Godang,22 K. Kinoshita,22 I. C. Lai,22 P. Pomianowski,22

S. Schrenk,22 G. Bonvicini,23 D. Cinabro,23 R. Greene,23 L. P. Perera,23 G. J. Zhou,23 M. Chadha,24 S. Chan,24 G. Eigen,24

J. S. Miller,24 C. O’Grady,24 M. Schmidtler,24 J. Urheim,24 A. J. Weinstein,24 F. Würthwein,24 D. W. Bliss,25

G. Masek,25 H. P. Paar,25 S. Prell,25 and V. Sharma25

~CLEO Collaboration!

1University of California, Santa Barbara, California 93106
2University of Colorado, Boulder, Colorado 80309-0390

3Cornell University, Ithaca, New York 14853
4University of Florida, Gainesville, Florida 32611

5Harvard University, Cambridge, Massachusetts 02138
6University of Hawaii at Manoa, Honolulu, Hawaii 96822
7University of Illinois, Urbana-Champaign, Illinois 61801

8Carleton University, Ottawa, Ontario, Canada K1S 5B6 and the Institute of Particle Physics, Canada
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D. M. ASNER et al. PHYSICAL REVIEW D 58 092001
In this paper we describe a search for four radiative decay modes of theD0 meson:D0→fg, D0→vg,

D0→K̄* g, andD0→r0g. We obtain 90% C.L. upper limits on the branching ratios of these modes of 1.9
31024, 2.431024, 7.631024, and 2.431024, respectively.@S0556-2821~98!04319-7#

PACS number~s!: 13.20.Fc, 13.25.Ft, 13.40.Hq
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I. INTRODUCTION

Motivated by the successful CLEO II search forb→sg
decays@1#, we have looked for analogous decays in t
charm sector. In this paper we consider decays of the p
doscalarD0 meson to final states consisting of a vector m

son (f,v,K̄* or r) plus a photon.
Unlike b→sg decays, the short-range amplitudes relev

to c→ug are expected to be overwhelmed by much lar
long-range electromagnetic effects. The dominant diagra
describing these electromagnetic amplitudes are show
Fig. 1. In each case, a pair of vector mesons is produ
Providing the quantum numbers are correct, one of these
couple to a photon. The phenomenology of such interactio
called ‘‘vector meson dominance’’~VMD !, has been well
studied@2#. Using VMD, one can make rough estimates
the expected rates for the modes studied in this paper. If
coupling of the photon to the transverse component of ar0

results in a vector conversion with about 1% probability,
can use the Particle Data Group@3# value for theD0→fr
branching ratio, (2.660.8)31023, and expect that BR(D0

→fg) is about 2.631025f T , wheref T is the fraction ofr8s
produced in the decay of theD0 which are transversely po
larized. Detailed calculations of the long-rangeW exchange
and other contributing processes have been published by
eral groups@4–8#. The predictions range from 1024 to 1026

and are listed in Table I.
In the b sector, observation of the decayB→K* g at the

measured rate provided compelling evidence for the e
tence of a ‘‘penguin’’ contribution to theB mesons decay
amplitude into this channel. The analogous short-range p
guin diagrams for the radiative decay ofD0 mesons are ex
pected to contribute at the level ofBc→ug51021121028

@4,9#, making them relatively unimportant.
The long range electromagnetic contributions that are

pected to dominateD0→Vg decay amplitudes also contrib
ute in theb sector. Their contribution toB→K* g, for ex-
ample, may be as big as 20%@10#. It is hoped that a study o
these effects in the charm sector can improve our un
standing of their relevance to bottom decay.

The CLEO Collaboration has recently published
complementary analysis searching for flavor changing n
tral currents inD0→Xl1l 2 decays@11#.
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Livermore, CA 94551.
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II. DATASET AND EVENT SELECTION

The data used for the analysis described in this paper w
acquired with the CLEO II detector@12# at the Cornell Elec-
tron Storage Ring~CESR!, and represents a total integrate
luminosity of 4.8 fb21. When searching forD0→Vg de-
cays we apply several selection criteria on both the pho
and vector meson candidates before attempting to recons
the D0 @13#. We look for f→K1K2 and require 1010
,MKK(MeV/c2),1030. We also demand that the time
flight and specific ionization of bothf daughter tracks be
consistent with Kaon hypotheses. We requirev candidates to
decay intop1p2p0 and have 763,M3p(MeV/c2),801.
Both photons from thep0 are required to be in the centra
region of the detector,ucos(ug)u,0.71, and thegg invariant
mass must be consistent with ap0 with x2,4.8. To improve
the measurement of thep0 four-vector, the photons are ki
nematically fit to the knownp0 mass.

We look for K̄* 0→K2p1 and require 842
,MKp(MeV/c2),942. In this mode we also make a cut o
the decay angle of the daughter particles in theK̄* rest
frame, requiringucos(uvg)u,0.8, since signal events shou
follow a sin2(uvg) distribution due to angular momentum
conservation. Finally, we reconstructr8s through the decay
r→p1p2 and require 620,Mpp(MeV/c2),920.

In all cases we require that the ‘‘radiative’’ photon be
the central region of the calorimeter, have an energy gre
than 830 MeV, and have a calorimeter shower isolated fr
charged tracks in the event. To avoid background fromp0

decays we veto photons that are part of ap0 candidate with
x2,15.3.

In this analysis, allD0 candidates are required to com
from a D* 1→D0p1 decay. The additional kinematic con
straint provided by theD* is used to significantly reduce th
otherwise large combinatoric background. We require the
constructed mass difference between theD* 1 and theD0,
DM5M (D* 1)2M (D0), to be between 144.3 an
146.5 MeV/c2. To further reduce the background, we d
mand thatXD* .0.625, whereXD* is defined to be the mo
mentum of the candidateD* divided by the maximum pos
sible D* momentum. The specific values of the cu
discussed above were chosen after performing a system

y,

Y FIG. 1. Feynman diagrams for the long distance electromagn
contributions.
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TABLE I. The upper limit yields extracted from the likelihood fit and the resulting 90% confidence l
upper limits on the branching fractions incorporating systematic uncertainties in yield and efficiency
mination.

Mode D0→fg D0→vg D0→K̄* g D0→rg

90% C.L. upper limit yield 8.9 7.7 38.5 21.6

Detection efficiency~%! 5.5760.13% 2.1060.05% 5.5160.13% 5.8360.13%

Branching fraction

90% C.L. upper limit 1.931024 2.431024 7.631024 2.431024

Theoretical prediction@4–8# 0.0120.3431024 0.0120.0931024 0.728.031024 0.0120.6331024
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study maximizing (signal)2/(background) for each of the
modes, using large samples ofGEANT @14# based Monte-
Carlo data to model each specific signal as well as the b
ground.

III. BACKGROUNDS

To learn about possible sources of background for eac
the four decay modes, a large sample of Monte Carlo ge
ated e1e2→qq̄ events was analyzed. The predomina
background source found was realD* 1→D0p1 decays
where theD0 decayed in channels involvingp08s, which in
turn decayed such that one of the photons had very l
energy and went undetected. Since theD* decay in the
above sequence is real, backgrounds of this kind will re
in a false signal that peaks in the mass difference (DM )

FIG. 2. The correctly normalized background contribution fro

D0→K2p1p0 Monte Carlo events to theD0→K̄* g invariant
mass distribution~shaded histogram!. The solid line shows the ex

pected position and shape for realD0→K̄* g events, also deter
mined using Monte Carlo.
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distribution. Additional peaking in theD0 mass spectrum
will depend on kinematics.

This type of background is most severe for theD0

→K̄* g analysis because poorly reconstructedD0

→K2p1p0 decays, where one of thep08s photons is
missed, will peak in theD0 signal region. Figure 2 shows th
D0 mass distribution for a set ofD0→K2p1p0 events ana-
lyzed asD0→K̄* g.

In the case ofD0→rg the problem is less severe sinc
there is no background decay mode which peaks in the si
region of our invariant mass distribution, although misreco
structedD0→K2p1p0 events cause the upward distortio
of the D0 invariant mass spectrum just below the expec
D0 mass. Figure 3 shows the distribution of these eve
when analyzed asD0→rg.

For the modesD0→vg and D0→fg there are noD0

decay modes with large enough branching ratios to ca
noticeable peaking in the reconstructed invariant mass di

FIG. 3. The correctly normalized background contribution fro
D0→K2p1p0 Monte Carlo events to theD0→rg invariant mass
distribution ~shaded histogram!. The solid line shows the expecte
position and shape for realD0→rg events, also determined usin
Monte Carlo.
1-3
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D. M. ASNER et al. PHYSICAL REVIEW D 58 092001
bution, hence we expect the background in theD0 mass
spectra of these to be smooth.

IV. SIGNAL YIELDS AND LIMITS

All yields were obtained by fitting theD0 mass spectra
The signal in all cases was parametrized by a double bi
cated Gaussian whose mean and width were determined
ing Monte Carlo. The background shape used depende
the mode. In the cases ofD0→fg and D0→vg the back-
ground is expected to be smooth and likelihood fits w
done using simple linear background. The data and fits
these modes are shown in Figures 4 and 5.

In the cases ofD0→rg and D0→K̄* g, we know the

FIG. 4. Data and fit for theD0→fg decay mode.

FIG. 5. Data and fit for theD0→vg decay mode.
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background shape is significantly modified by misreco
structedD0→K2p1p0 decays. Using Monte Carlo, we de
termined the magnitude and shape of this contribution to
D0 invariant mass spectrum, and in both cases included
additional component in our fits to compensate. The abso
normalization of this additional component was determin
from a previous analysis ofD0→K2p1p0 decays@15#. Fig-
ures 6 and 7~b! show the mass spectra and fits for the

FIG. 6. Data and fit for theD0→rg decay mode. This plot
shows the data after subtraction of theD0→K2p1p0 background
estimation from Monte Carlo.

FIG. 7. ~a! The observedD0→K̄* g data~points with error bars!
and Monte Carlo predicted background~solid histogram!. ~b! Data

and fit for theD0→K̄* g decay mode after subtraction of theD0

→K2p1p0 background prediction.
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TABLE II. Estimated systematic errors for the four modes.

Mode D0→fg D0→vg D0→K̄* g D0→rg

Normalization 3.87% 3.87% 3.87% 3.87%
Monte Carlo stat. 2.25% 2.4% 2.3% 2.3%
Branching ratio of the vector meson 1.2% 0.8% 0.1% 0%
Photon andp0 eff. 2.5% 8.5% 2.5% 2.5%
Vector-meson mass cut 3.4% 2.6% 2.3% 3.0%
Other cuts 1.5% 1.5% 1.5% 1.5%
Particle ID 9.2%
Yield/fitting 11.8% 7.3% 38.8% 23.6%

Total Systematic Error 16% 12% 39% 24%
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modes after subtracting the contribution from misreco
structedD0→K2p1p0.

The results are summarized in Table I. The efficiency
each mode was determined by analyzing samples ofGEANT

@14# based Monte Carlo ‘‘signal’’ events, and is also pr
sented in Table I. To obtain branching ratios from the e
ciency corrected yields we normalize to a parallel analy
looking for D* 1→D0p1, D0→K2p1 decays. Our yield
in this mode was 13 0776124 events with an overall analy
sis efficiency of (16.960.2) %, determined using Mont
Carlo. Using the PDG value of (3.8660.14) % for theD0

→K2p1 branching ratio we find the initial number o
D* 1→D0p1 decays in our data sample was (2005677)
3103.

V. SYSTEMATIC ERRORS

Several sources of possible systematic error were inve
gated, and the results are presented in Table II. With
exception ofD0→vg, the uncertainty in each case is dom
nated by uncertainties in fitting. To investigate this error
systematically changed either the combinatorial backgro
shape, the normalization of theD0→K2p1p0 background
component~in therg andK̄* g cases only!, the signal shape
and the number of bins used in the fits. Constant, linear
quadratic background functions were tried. Signal sha
were parametrized by Gaussian, double Gaussian, bifurc
Gaussian, and the double bifurcated Gaussian shapes. In
case we took the largest variation as our estimate of
systematic error.

As an additional check we excluded the signal region a
fit only the background, using simple event counting in t
signal region combined with Poisson statistics to obtain
upper limits. The result of this procedure forD0→K̄* g, the
mode having the otherwise biggest fitting uncertainties
shown in Fig. 7~a!. In this case we fitted theD0→K̄* g data
with a linear combinatorial component plus the absolut
normalized Monte Carlo predictedD0→K2p1p0 back-
ground, excluding the region between 1.75 GeV/c2 and
1.90 GeV/c2 from the fit. We then count data and predict
background events in the same region to obtain a net yiel
233624. Using a conservative yield of 0624 events results
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in a 90% C.L. upper limit yield of 39 events, consistent wi
the original fitted result.

The vector meson mass cuts were studied by vary
them to produce a 10% change in efficiency and reanalyz
both data and Monte Carlo with the new values to estim
the systematic error. To estimate the errors associated
analysis requirements common to all of the studied mo
~the D* 2D mass difference andD* scaled momentum!
while avoiding the problem of low statistics in the modes
interest, we used numbers obtained in a previous meas
ment ofD0→K2p1p0 @15#.

From a CLEO study of the decaysh→gg and h
→p0p0p0, we assign a 5.5% systematic error for unc
tainty in the overallp0 finding efficiency and a 2.5% uncer
tainty for each individual photon. The systematic error due
particle identification was estimated by removing that c
entirely and noting the change.

The systematic error on the yield and the combined s
tematic error on the efficiency and normalization we
treated separately when calculating the final upper li
branching ratio for each mode. The efficiency and norm
ization errors were combined in quadrature, and the e
ciency for each mode~from Table I! was reduced by one
standard deviation. Similarly, the fitting errors were used
increase the yields in Table I by one standard deviation. T
90% C.L. upper limit branching fractions presented in Ta
I were found using the ‘‘modified’’ efficiency and yield, de
fined as above, for each mode.

VI. CONCLUSION

Using data representing 4.8 fb21 of integrated luminosity
acquired by the CLEO II detector at the Cornell Electr
Storage Ring, we have conducted a search for radiative
cay modes of theD0 meson. The final results for the 90%
confidence level upper limit branching ratios for the mod
studied are

B~D0→fg!,1.931024 @ 90% C.L .,

B~D0→vg!,2.431024 @ 90% C.L.,

B~D0→K̄* g!,7.631024 @ 90% C.L.,
1-5
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D. M. ASNER et al. PHYSICAL REVIEW D 58 092001
B~D0→rg!,2.431024 @ 90% C.L.

We note that all of these values are well above the th
retical expectations as shown in Table I. We hope that w
more data from CESR, KEK, and PEP-II B factories it w
be possible to provide improved measurements in the fut
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