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We present a measurement of the branching fractions for the Cabibbo-favored radiative decay D° —
K*0y and the Cabibbo-suppressed radiative decay D° — ¢ 7. These measurements are based on a data
sample corresponding to an integrated luminosity of 387.1 fb~! and recorded with the BABAR detector at
the PEP-II e* e~ asymmetric-energy collider operating at center-of-mass energies 10.58 and 10.54 GeV.
We measure the branching fractions relative to the well-studied decay D° — K~ 7" and find B(D° —
K0y)/B(D°— K 7)) =(843*+0.51 =0.70) X 10®> and  B(D°— ¢y)/B(D°— K 7*) =
(7.15 = 0.78 = 0.69) X 1074, where the first error is statistical and the second is systematic. This is
the first observation of the decay mode D° — K*0y.

DOI: 10.1103/PhysRevD.78.071101

In the b-quark sector, radiative decay processes have
provided a rich field in which to study the standard model
of particle physics. Decays such as B — p7y have yielded
measurements of the Cabibbo-Kobayashi-Maskawa matrix
element |V,4| [1,2]. These decays are dominated by short-
range electroweak processes, whereas long-range contri-
butions are suppressed. The situation is reversed in the
charm sector, where radiative decays are expected to be
dominated largely by nonperturbative processes, examples
of which are shown schematically in Fig. 1. Long-range
contributions to radiative charm decays are expected to
increase the branching fractions for these modes to values
of the order of 1073, whereas short-range interactions are
predicted to yield rates at the 10 level. Given the ex-
pected dominance of long-range processes, radiative
charm decays provide a laboratory in which to test these
QCD-based calculations.

Numerous theoretical models have been developed to
describe these radiative charm decays [3-9]. The two most
comprehensive studies [5,9] predict very similar ampli-
tudes for the dominant diagrams shown in Fig. 1. The first

PACS numbers: 13.25.Ft, 11.30.Hv, 12.38.Qk, 12.40.Vv

paper bases predictions on vector meson dominance
(VMD) calculations, while the second uses heavy-quark
effective theory in conjunction with chiral Lagrangians.
Though each approach arrives at similar estimates for the
magnitudes of the individual decay amplitudes, Ref. [5]
predicts that the pole diagrams, shown in Figs. 1(c) and 1
(d), interfere destructively and cancel nearly completely.
Reference [9] makes no such predictions. Precise measure-
ments of B(D? — Vy, V =K, ¢) may provide insight
into the amount of interference between pole diagrams.
The first observation of a radiative, but color-suppressed,
D° decay process was made by the Belle Collaboration
with a measurement of B(D° — ¢py) =
(2.4319%(stat.) T 13(sys.)) X 107> [10]. CLEO II con-
ducted searches for other radiative decays and established
the current upper limit of B(D? — K*0y) < 7.6 X 10™* at
90% confidence level (C.L.), as well as upper limits on
B(D° — p°y) and B(D° — w1y) [11]. Table I summarizes
theoretical predictions and current experimental results.
In this paper we present the first observation of the
Cabibbo-favored radiative decay D° — K*0y, as well as

C
(a)
DO
u
(c)
M N N
DO / P K %0 DO D*0 / K *0

FIG. 1.

Feynman diagrams for the long-range electromagnetic contributions to D® — Vy, V = K*, ¢. Figures (a) and (b) show

sample vector dominance processes, while (c) and (d) are examples of pole diagrams, where the circles signify the weak transition and

P represents a pseudoscalar meson.
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TABLE I. The current experimental status and theoretical predictions for the branching
fractions (B.F.) of radiative charm decays with vector mesons.

Mode Experimental B.F. (X1073) Theoretical [3-9] B.F. (X107)
D’ — ¢y (243758 (stat.) X3 (sys.) [10] 0.1-3.4

D0 — K0y <76 (90% C.L.) [11] 7-80

DO — pOy <24 (90% C.L.) [11] 0.1-6.3

D’ — wy <24 (90% C.L.) [11] 0.1-0.9

an improved branching fraction measurement of the pre-
viously observed decay D — ¢v. The analysis is based
on 387.1 fb~! of data recorded by the BABAR detector at
the PEP-II ¢ ¢~ asymmetric-energy collider operating at
center-of-mass (CM) energies of /s = 10.58 GeV and
10.54 GeV, and uses approximately 5 X 108 ete™ — c¢
events.

The BABAR detector is described in detail elsewhere
[12]. Charged-particle momenta are measured with a 5-
layer double-sided silicon vertex tracker and a 40-layer
drift chamber. Charged hadron identification is provided by
measurements of the specific ionization energy loss,
dE/dx, in the tracking system and of the Cherenkov angle
obtained from a ring-imaging Cherenkov detector (DIRC).
An electromagnetic calorimeter consisting of 6580 CsI(TI)
crystals measures shower energy and position for electrons
and photons. These detector elements are located inside,
and coaxial with, the cryostat of a superconducting sole-
noidal magnet, which provides a 1.5 T magnetic field. The
instrumented flux return of the magnet allows discrimina-
tion between muons and pions.

A detailed Monte Carlo (MC) simulation of the BABAR
detector based on GEANT 4 [13] is used to validate the
analysis and determine the reconstruction efficiencies.
We optimize our selection criteria using simulated events
by maximizing significance, defined as Ng//Ng + Ng,
where Ny and Ny denote the number of signal and back-
ground candidates in the MC simulation. We reconstruct
radiative D° — Vy, V = K*%(¢) decays using the charged
decay modes of the vector meson, K** — K~ 7t (¢ —
K~ K™") [14]. We form K** (¢) candidates from pairs of
oppositely charged tracks identified as K~ 7t (K~ K™)
using the Cherenkov angle measurement of the DIRC
and dE/dx measurements from the tracking system, and
accept any K~ 7" (K~ K™) candidates with invariant mass
in the range 0.848 t0 0.951 GeV/c? (1.01 to 1.03 GeV/c?).
The charged track candidates are fit to a common vertex,
and a fit probability greater than 0.1% is required.

A photon candidate is defined as an energy deposit in the
calorimeter that is not associated with the trajectory of a
charged track, and which exhibits the expected shower
shape characteristics. Each such candidate is required to
have CM energy greater than 0.54 GeV. The charged-
particle vertex is assumed to be the production point of
the photon. We suppress the significant background from

m° — yv decays by rejecting a photon candidate which,

when paired with another photon in the event, results in an
invariant mass consistent with the 7% mass, (0.115 <
M(yy) <0.150) GeV/c>.

Background from random D° — Vy candidates is re-
duced by requiring that the D° candidate be a product of
the decay D** — D°zr*. A D** candidate is formed by
combining a D° candidate with a low-momentum charged
pion, denoted as 77, . These pion candidates are required to
have CM momentum less than 450 MeV/c. We calculate
the mass difference, AM = M(Vyw}) — M(Vy), and re-
quire (0.1435 < AM < 0.1475) GeV/c?. The AM distri-
bution of candidates arising from signal decays is well
described by a Gaussian distribution function. Our selec-
tion corresponds to a six-standard deviation interval cen-
tered on the mean of the Gaussian, and hence retains
almost all of the signal candidates. We reduce combina-
toric background from BB events to a negligible level by
requiring that the CM momentum of the D** candidate be
greater than 2.62 GeV/c.

The dominant background in our sample of D — K*0y
candidates results from D° — K~ 7" 7° decays, where one
of the photons from the 7° decay is paired with the kaon
and pion from the D decay to closely mimic the signal
mode. As described above, we use a 7° veto to suppress
such events but, given the large branching fraction of this
mode, B(D® — K~ 7t 7% = (13.5 £ 0.6)% [15], a sig-
nificant number of such candidates survive. We can sepa-
rate this background from signal on a statistical basis
because of differences in the K~ 7rty invariant mass dis-
tribution. The background distribution peaks slightly be-
low the nominal D° mass, and has a different shape from
that of signal events. An additional background arises from
D" — K*07 events where the 7 decays to two photons, one
of which is combined with the K~ 7" pair to form an
invariant mass within our D° mass window. This contribu-
tion peaks well below the nominal D° mass, and it can be
separated easily from correctly reconstructed D° — K*0y
decays.

The impact of both D° — K*°7% and D° — K*0y is
further reduced by using the K*° helicity angle 6. The
helicity angle is defined as the angle between the momen-
tum of the K** meson parent particle (D) and the momen-
tum of the K** daughter kaon as measured in the K*° rest
frame. Because of angular momentum conservation,
dN/dcos@y for signal candidates varies as 1 — cos’6y,
whereas for D — K*07%(n) events it varies as cos?6.
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The cos@y distribution of D® — K~ 77+ 7% candidates is
complicated by the interference and overlap of resonant
structure in the final state Dalitz plot. Based on a MC study
an asymmetric selection of —0.30 <cosfy <0.65 is
chosen to maximize the signal significance.

Similarly, but to a lesser extent, the signal of the
Cabibbo-suppressed radiative decay D° — ¢ is obscured
by backgrounds from D° — ¢7° and D° — ¢n decays.
Because of the small width of the ¢ meson, background
from D° — K~ K" 7Y transitions with a K* K~ invariant
mass in the ¢ region yields a negligible contribution to
D° — ¢y [16]. Since angular momentum conservation
dictates that the cosine of the helicity angle of the remain-
ing D° — ¢7° events follow a cos’dy distribution, we
replace the tight cos@; selection criterion used in the D? —
K*0y case with the looser requirement | cosf| < 0.9 and
include cosfy as a variable in the fitting procedure. This
retains a larger fraction of signal events, and so reduces
statistical uncertainty.

We consider other radiative decays which might reflect
into the M(K**vy) and M(¢7) invariant mass distributions.
Background to D° — K*y may arise from D° — ¢y ifa
kaon from ¢ — K K* is misidentified as a pion.
Background from D°— p’y may arise if a pion from
p® — 7~ 7" is misidentified as a kaon. Real D° — K*0y
events can reflect into the M(¢y) distributions if a 7" is
misidentified as a K. Using MC simulations, all of these
background contributions are found to be negligible.

We extract the D° — K*?y yield using an unbinned
extended maximum likelihood method (E-MLM) to fit
the M(K*°y) invariant mass spectrum. The yield of D? —
¢y events is extracted using an E-MLM to fit the two
dimensional distribution of invariant mass, M(¢vy), and
helicity, cosfy.

We use a Crystal Ball (CB) line shape [17] to model the
invariant mass distributions for D — K*%y (D° — ¢1y)
signal events, and background reflections from D°—
K 7" 7% (D° — ¢7°) decays. The invariant mass distri-
butions of D° — K*O7 and D° — ¢ background events
are modeled with a Gaussian function and a first-order
Chebychev polynomial. The remaining combinatoric
background decays are modeled with a second order
Chebychev polynomial. In the ¢y case the cosfy distri-
butions of D° — ¢y, D* — ¢7°, D° — ¢, and combi-
natoric background events are all modeled using second
order Chebychev polynomials. The parameters of these
probability distribution functions (PDFs) are obtained us-
ing simulated events and subsequently fixed when fitting
the data.

We validate the invariant mass PDFs using data. To
verify that the MC correctly simulates the backgrounds
and the effects of the missing photon from the 77° decay, we
search our data sample for D® — K27y candidates. Since
this decay is forbidden by angular momentum conserva-
tion, the candidates surviving our selection criteria are all
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combinatoric background or due to D° — K27° or D —
K97 decays.

We select Kg candidates from pairs of oppositely
charged tracks identified as pions. The pions are required
to share a common production vertex and have an invariant
mass in the range (0.490 < M(7*77) < 0.505) GeV/c>.
Selection criteria for the photon momentum, D** momen-
tum, AM, and 70 veto are identical to those used in the
DY — Vy analyses. The resulting K%y invariant mass
spectrum is fit with a linear combination of three PDFs.
The first PDF is used to model D° — K97 candidates, and
has the same functional form as the one used to model
D’ — K~ 7" 7Y candidates. The second PDF is used to
model D° — K97 candidates, and has the same functional
form as that used to model D° — K*Ox candidates. The
third PDF is a second order Chebychev polynomial used to
model combinatoric background candidates. The shapes
for both D° — K97 and combinatoric background candi-
dates are fixed using MC. The D° — K97° signal shape is
allowed to float in the final fit. Both MC and data are fit in
this way and we find good agreement. The observed dif-
ferences in the fit parameters are used to correct the CB line
shape PDFs as described below.

A second test is performed using D° — K*0y candidates
taken from the sideband regions defined by | coséy| > 0.9.
Very few D° — K*Ovy candidates are seen within this re-
gion, leading to a clean sample of D° — K~ 7" 7¥ decays.
The resulting D invariant mass spectrum is fit using a
procedure similar to the one used for signal region D? —
K*%vy candidates. The only differences are that the D° —
K*%v contribution is fixed to zero, and the D — K~ 7" 70
signal shape is allowed to float freely. The M(K*'y) dis-
tribution of D® — K~ 7% 7% events is compared between
data and MC and we find good agreement.

Potential differences between the D°— Vy invariant
mass distributions for data and MC are evaluated by using
D°— K)7° events. The selection criteria for K mesons
are identical to those applied in the D°— K9y analysis.
The requirements on AM and D** CM momentum are as
before. A 7° candidate consists of a photon pair with in-
variant mass satisfying (0.110<M(yy)<0.150) GeV/c?,
and resultant laboratory momentum greater than
0.540 GeV/c. This resulting sample of D° — K% candi-
dates is fit to a CB line shape and a linear background.

We used the average difference between the CB line
shape parameters in MC and these data control samples to
modify the PDF parametrizations used in the fit.

The fit results from data and expected signal and back-
ground contributions from MC are shown in Figs. 2(a)-2
(c). The event yields obtained from the E-MLM fit for both
D’— ¢y and D°— K*0y are N(D°— ¢py;p =K K*) =
242.6 +24.8 and N(D°— K*0y; K**— K~ 7")=2285.8+
113.2. The reconstruction efficiencies, determined using
MC, are found to be e(D°— ¢y;p—K K")=(10.8 =
0.1)% and €(D° — K*0y; K** - K~ 7%) = (6.4 = 0.1)%,
where the errors are statistical.
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In order to avoid uncertainties in the overall normaliza-
tion we measure the branching fraction of the radiative
decays relative to B(D" — K~ 7"). We prepare a D° —
K~ 7" data set following procedures similar to those de-
scribed above, and find a yield N(D°— K 7*) =
(335.1 =4.0) X 10> with an efficiency of e(D°—
K~ at) = (5.3 + 0.2)%, where the error is statistical.

We perform several consistency checks. Our result is
compared to the cosfy distribution expected for D° —
K*0y by refitting the data in intervals of cosf; and mea-
suring N(D° — K**y) in each interval. The normalized
and efficiency-corrected result, shown in Fig. 2(d), com-
pares well to the expected distribution. As an additional
check, we divide the data into five distinct samples, one for
each PEP-II run period, and perform the analysis on each
subset independently. We see a D® — K*Ovy signal for each
run period, and find that the branching ratios are consistent
within statistical uncertainties.

We evaluate the systematic uncertainties associated with
our measurement in several different studies. Systematic
effects due to the PDF parametrizations of signal and
backgrounds are determined by generating an ensemble
of 1000 random numbers drawn from a normal distribution
for each PDF parameter, including their correlations ob-
tained from our fits. We refit the data using each of the
1000 sets of random numbers. The resulting distribution of
N(D° — V1) is fit to a Gaussian function and the percent
standard deviation is taken as the systematic error, 5.9% for
D° — ¢y and 4.4% for D° — K*0v.

Correcting the D° — Vy and D° — V#° PDF parame-
ters using the data control samples induces a second sys-
tematic uncertainty in the parametrization of the signal
shapes. We estimate this effect by independently applying
the corrections obtained using each of the three control
samples. The largest percentage variation in N(D° — V)
is taken as the systematic uncertainty associated with this
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correction; this leads to systematic uncertainties of 3.0%
for N(D° — ¢v) and 4.3% for N(D° — K*y).

We quantify the difference in particle identification
(PID) efficiency between data and simulation by means
of a high-purity control sample of D** — D%z*, D0 —
K~ events, which we divide into intervals of polar angle
and momentum. The change in yield when PID selection
criteria are applied is computed separately for data and for
simulated events and the difference is taken as a correction
factor for that interval. We then weight the correction
factors according to the expected momentum and polar-
angle distributions of the D° — K*0y signal. While a
portion of the PID systematic uncertainty for our signal
modes is canceled when measuring the branching fractions
in ratio to D° — K~ 7", the residual uncertainty is found
to be 2.88% for D° — ¢y and 1.10% for D° — K**y. By
measuring B(D? — K*0y) and B(D° — ¢y) with respect
to D° — K~ 7, first-order effects from charged-particle
tracking also cancel, leaving only a second order system-
atic uncertainty of 1.00% for D° — K*°y events and
1.20% for D° — ¢y. We summarize all systematic uncer-
tainties in Table II.

In this paper, we report our observation of the Cabibbo-
favored, but color-suppressed, radiative decay D° — K*0y.
We also present confirmation of the previous measurement
of the Cabibbo-suppressed radiative decay B(D° — ¢ 1),
but with reduced statistical uncertainties. The measured
branching ratios are

B(D° — ¢vy) _
= (7.15 £ 0.78 = 0.69) X 1074,
B(D°— K~ 7™") ( )
B(D® — K*0y)
= (8.43 = 0.51 = 0.70) X 1073
BD— K~ 7™) ( )

where the first uncertainty is statistical and the second is
systematic. Using the current world average of B(D° —
K- 7*)=(3.89 = 0.05)% [15] we obtain the following
absolute branching fractions:

TABLE II.
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B(D° — ¢y) = (2.78 = 0.30 = 0.27) X 107,
B(D° — K*y) = (3.28 = 0.20 = 0.27) X 107*.

These results are consistent with the theoretical expecta-
tions and previous measurements listed in Table I.

In the context of the vector dominance model, the largest
contribution to radiative D° decays is expected to come
from a virtual p° coupling directly to a single photon,
leading to the prediction that the branching ratios B(D° —
¢y)/B(D°— K*y) and  B(D’— ¢p°)/B(D° —
K*0p%) should be equal [5]. Comparing our measurements
of the radiative D decays with the current world averages
[15], we find

B — ¢v)
B(D" — KVy)
B(D° — ¢p°)
B(DO — K0p0)

= (8.48 = 1.07 = 1.08) X 1072,

=(9.15+£217) x 1072

in agreement with this prediction.

If we assume all contributions are from VMD-type
processes and under the assumption that the p® meson is
transversely polarized, as has been confirmed experimen-
tally for D® — K*0p0 [15], we expect B(D® — Vy) =
apmB(D? — Vp°) [5], where agy = 1/137 is the fine
structure constant. Using our results we find

B (D" — K*0y) = (0.022 * 0.005)B(D° — K*p0),
B(D® — ¢y) = (0.019 = 0.003)B(D° — ¢p°)

which in both cases is about a factor of 3 larger than the
VMD prediction. This indicates that we are seeing en-
hancements from processes other than VMD, which might
be explained by incomplete cancellation between pole
diagrams.
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Summary of all systematic errors for each D° decay mode. The total systematic

uncertainty is obtained by adding the individual systematic estimates in quadrature.

Systematic o(D° — ¢y)(%) o(D° — K*0)(%)
Tracking, vertexing 1.2 1.0
Particle ID 29 1.1
7 reconstruction 1.8 1.8
70 veto 1.8 1.8
PDF parameter 5.9 44
Correcting Ppo_y, and Ppo_y 0 3.0 43
Reference mode efficiency 1.5 1.5
Selection criteria 5.4 4.5
Total systematic effect 9.6 83

071101-8

RAPID COMMUNICATIONS



MEASUREMENT OF THE BRANCHING FRACTIONS OF THE ...

This work is supported by DOE and NSF (USA), NSERC
(Canada), CEA and CNRS-IN2P3 (France), BMBF and
DFG (Germany), INFN (Italy), FOM (The Netherlands),
NFR (Norway), MES (Russia), MEC (Spain), and STFC

(1]
(2]

(4]
(5]

(6]
(71

(8]

PHYSICAL REVIEW D 78, 071101(R) (2008)

(United Kingdom). Individuals have received support from
the Marie Curie EIF (European Union) and the A. P. Sloan
Foundation.

A. Ali and A.Y. Parkhomenko, Eur. Phys. J. C 23, 89
(2002).

A. Ali, E. Lunghi, and A.Y. Parkhomenko, Phys. Lett. B
595, 323 (2004).

B. Bajc, S. Fajfer, and R. J. Oakes, Phys. Rev. D 51, 2230
(1995).

B. Bajc, S. Fajfer, and R. J. Oakes, Phys. Rev. D 54, 5883
(1996).

G. Burdman, E. Golowich, J. L. Hewett, and S. Pakvasa,
Phys. Rev. D 52, 6383 (1995).

H.-Y. Cheng et al., Phys. Rev. D 51, 1199 (1995).

S. Fajfer, A. Prapotnik, S. Prelovsek, P. Singer, and J.
Zupan, Nucl. Phys. B, Proc. Suppl. 115, 93 (2003).

S. Fajfer and P. Singer, Phys. Rev. D 56, 4302 (1997).

S. Fajfer, S. Prelovsek, and P. Singer, Eur. Phys. J. C 6,471
(1999).

O. Tajima et al., Phys. Rev. Lett. 92, 101803 (2004); the
published result has been rescaled using the latest values

[11]
[12]

[13]
[14]
[15]

[16]
[17]

071101-9

from [15].

D. M. Asner et al., Phys. Rev. D 58, 092001 (1998).

B. Aubert et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 479, 1 (2002).

S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 506, 250 (2003).

Unless explicitly stated otherwise, charge conjugate reac-
tions are included throughout this paper.

C. Amsler et al. (Particle Data Group), Phys. Lett. B 667, 1
(2008).

B. Aubert et al., Phys. Rev. D 76, 011102 (2007).

M.J. Oreglia, Ph.D thesis, SLAC [Institution Report
No. SLAC-236, 1980 (unpublished)]; J. E. Gaiser, Ph.D
thesis, SLAC [Institution Report No. SLAC-255, 1982
(unpublished)]; T. Skwarnicki, Ph.D thesis, DESY
[Institution Report No. DESY F31-86-02, 1986 (unpub-
lished)].

RAPID COMMUNICATIONS



