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Abstract

We report a measurement of the branching fractions of the radiative
decays D0—V , where V=, K77~ %0 or 0. This is the first observa-

tion of the decay DO— 0. We measure preliminary branching fractions
B(D0— )=(2.76+0.20+0.08)x10—5, B(DO—K™ *0 )=(4.66+£0.21+0.18) x 10—4
and B(D0— 0)=(1.774+0.30£0.08)x10—5, where the first uncertainty is
statistical and the second systematic. =~ We also present the first mea-
surement of CP asymmetry in these decays. The preliminary values are
ACP(D0— )=—(0.09440.066+0.001), ACP(DO—K™ "~~~ *0 )=—(0.00340.020+0.000)
and ACP(D0— 0 )=0.056+0.151£0.006. The analysis was conducted using 943

fb—1 of data collected by the Belle detector at the KEKB e+e— collider.
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Abstract

We report a measurement of the branching fractions of the radiative decays D
— V ,where V.= | K or . This is the first observation of the decay D —

We measure preliminary branching fractions B(D — ) = (2.76 + 0.20 + 0.08)
x 10 , B(D —- K ) = (4.66 &+ 0.21 £ 0.18) x 10 and B(D — ) = (1.77
+ 0.30 &+ 0.08) x 10 , where the first uncertainty is statistical and the second
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systematic. We also present the first measurement of CP asymmetry in these
decays. The preliminary values are A_ CP(D — ) = —0.094 £ 0.066 + 0.001,
A _CP(D — K* ) =—0.003 + 0.020 + 0.000 and A_ CP(D — ) = 0.056 +
0.151 £ 0.006. The analysis was conducted using 943 fb ! of data collected by
the Belle detector at the KEKB e e collider.

PACS numbers: 11.30.Er, 13.20.Fc, 13.25.Ft, 14.40.Lb

Introduction

CP violation in the charm sector has long been a neglected field of study, gaining

renewed interest only in recent years. The radiative decays D — V |, where

V is a vector meson, could be sensitive to New Physics via CP asymmetry.

Theoretical studies [?, ?] predict that in Standard Model (SM) extensions with

chromomagnetic dipole operators, A_ CP can rise to several percent for V. = |
, compared to the O(10 #) SM expectation.

The radiative decay D —  has been measured by the Belle and BABAR
collaborations [?, ?]. BABAR also observed the decay D — K [?], while
CLEO II produced an upper limit for the D —  branching fraction [?]. The
current world average values of the branching fractions are (2.70 £+ 0.85) x 10
( mode) and (32.7 + 8.4) x 10 (K mode). For the mode, the upper limit
isBOD — ) <24 x10 (90% C.L.) [?]. No study of CP violation in decays
D — V has been conducted to date.

We present here a measurement of the branching fractions and CP asymmetries
in decays D — V, where V. {, K*  }. This is the first observation and
branching fraction measurement of the decay D —

Detector and Data

The analysis is based on 943 fb ! of data collected by the Belle detector, operat-
ing at the asymmetric KEKB e e collider [?]. The data was collected at or near
energies corresponding to the Y(5S), T(4S), T(3S) and Y(2S) resonances. The
Belle detector is a large-solid-angle magnetic spectrometer that consists of a
silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array
of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter
comprised of CsI(T1) crystals (ECL) located inside a super-conducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux-return located outside of
the coil is instrumented to detect K_L mesons and to identify muons (KLM).
The detector is described in detail elsewhere [?, ?].
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Analysis Procedure

The analysis procedure was developed using a Monte Carlo (MC) simulation
based on EvtGen [?] and GEANT3 [?] and includes final-state radiative effects
(FSR) simulated by PHOTOS [?]. The selection criteria are optimized to max-
imize the figure of merit, defined as N_sig/y/(N_sig + N_bkg), where N_sig
(N__bkg) represent the number of signal (background) events. For estimating
N_sig in the mode, we take B(D — ) =3 x 10 , as theory predicts it to
be similar to the mode [?], since both are Cabibbo-suppressed decays.

The D mesons are required to originate from the decay D — D  in order
to provide a tag on the D flavor and to suppress combinatorial background.
The signal decays are reconstructed in the following decay chains of the vector
mesons: — KK, K — K and — . We accept candidates in a mass
window of 11 MeV/¢? around the nominal mass [?], while for K* and , the
mass windows are 60 MeV /c? and 150 MeV /c?, respectively. Candidate photons
are required to have an energy greater than 540 MeV. To suppress events with
two photons from a  decay forming a merged cluster, we require the ratio of
the energy deposited in a 3 x 3 array of ECL crystals (E9) versus the energy
deposited in the enclosing 5 x 5 array (E25) to be above 0.94.

When reconstructing both charm mesons, a vertex fit is applied and candidates
with confidence levels exceeding 10 ? are retained. For the D, an additional
interaction-point (IP) constraint is applied, which requires that both daughter
particles originate from the e e interaction region. To suppress combinatorial
background, we require the total energy released in the decay ¢ M(D) - M(D)
- m( ) (where M is the invariant mass and m the nominal mass [?]) to lie in a
0.6 MeV/c? window around the nominal value [?]. The momentum of the D
in the center-of-mass system (CMS) must satisfy p_ CMS(D ) > 2.42 GeV/c (
mode), p_ CMS(D ) > 2.17 GeV/c (K mode) and p_ CMS(D* ) > 2.72 GeV/c
( mode).

Normalization Method

Both the branching fraction and A_ CP are obtained via normalization to other
decay channels. The signal branching fraction B_sig is given by B_sig =
B_norm x (N_sig/ _sig)/(N_norm/ _norm), where N is the extracted yield,
the reconstruction efficiency and B the branching fraction for signal and normal-
ization modes, respectively. For B_norm the world-average value [?] is used.

The extracted raw asymmetry A raw = (N(D ) - N(D ))/(N(D ) + N(D)) is
given by A_raw = A_CP + A_FB + A_ "+. Here, A_FB is the forward-
backward production asymmetry [?], and A "4 the asymmetry due to different
reconstruction efficiencies for positively and negatively charged particles. Both
can be eliminated through a relative measurement of A_ CP if the charged final-
state particles are identical. The chosen normalization modes are D — K K (
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mode), D - K (K* mode) and D —  ( mode). The CP asymmetry of
the signal modes is A_ CP " sig = A_ CP norm + A_raw sig - A_raw norm,
where A__ CP " norm is the nominal value of CP asymmetry of the normalization
modes [?].

Background Suppression

The dominant background arises from decays comprising a instead of a photon
with the subsequently decaying into a pair of photons. The final-state hadrons
are the same as in our signal decays, but one of the daughter photons is
missed in the reconstruction. To suppress such events, a dedicated veto is
developed, comprising a neural network [?, ?] variable obtained from two mass
veto variables. The signal photon is paired once with each other photon in the
event with an energy above 30 MeV, and once with each photon with an energy
above 75 MeV. The pair in each set whose diphoton mass lies closest to m( ) is
fed to the neural network. The final criterion on the veto variable rejects about
60% of background while losing about 15% of signal.

Fit Procedure

To extract the signal yield and CP asymmetry, a simultaneous two-dimensional
unbinned extended maximum likelihood fit of D and D samples is performed.
The fit variables are the invariant mass of the reconstructed D meson and the
cosine of the helicity angle _H, defined as the angle between the D and the
positively or negatively charged hadron in the rest frame of the V meson (for
D, we take K /K / for /K* / , and the opposite charged particles for D ). By
angular momentum conservation, the cos( _H) distribution of signal decays is
proportional to 1 - cos?( __H). No background contribution is expected to exhibit
a similar shape in cos( _H).

For the K and  signal modes, the helicity-angle range is reduced to -0.8 <
cos(_H) < 0.4 to suppress certain peaking backgrounds. For the mode, the
full cos(_H) range is used. The range of the D mass variable is set to 1.67
GeV/c?* < M(D ) < 2.06 GeV/c? for all three signal modes. The final full-
reconstruction efficiencies, determined from MC simulation, are 9.7% ( mode),
7.8% (K mode) and 6.8% ( mode).

The invariant-mass distribution of candidate signal events is modeled with a
single Crystal-Ball function [?] for the and modes, and a combination of a
Crystal-Ball and two Gaussians for the K mode. To take into account possible
differences between MC and data, a free offset and scale factor are implemented
for the mean and width () of the K PDF, and the obtained values are applied
to the other two signal modes.
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The -and (— )-type background M(D ) distributions are described with either
a Crystal-Ball or the combination of a Crystal-Ball or logarithmic Gaussian [?]
with up to two additional Gaussians. For the mode, the only -type background
is the decay D — . In the K mode, and -type backgrounds are the decays
D — K (1430) , K , non-resonant K , K , K |, K* and non-resonant
K . For the mode, the backgrounds are , charged and K with the kaon
being misidentified as pion. In all three signal modes, a remaining “catch-all”
background comprises all other decays wherein the D is correctly reconstructed.

In the K () mode, there are two additional backgrounds: the decay to K
() with the photon being emitted as FSR and the decay into K  with the
photon being emitted from a radiative decay of the charged meson. Since
there are no missing particles, these decays exhibit the same M(D ) distribution
as the signal decays. We fix their yields to expectations based on MC and
the known branching fractions [?]. The remaining combinatorial background is
parametrized in M(D ) with an exponential function in the mode and a second-
order Chebyshev polynomial in the K and modes. All parameters are left free
in the fit.

The MC invariant-mass distribution M(D ) of events from the dominant back-
ground is calibrated by reconstructing the forbidden decay D — K_S in sim-
ulation and data, which yields mostly background from decays D — K_S .
The same particle identification criteria as for signal decays are applied, along
with the q cut and the p_ CMS(D* ) cut as determined for the mode. K_S

candidates in a £9 MeV /c? window around the nominal mass are accepted. To
calibrate to the data distribution, the simulation distribution is smeared with a
Gaussian of width 7 MeV /c? and offset (-1.33 £ 0.25) MeV/c2.

The cos( __H) signal distribution is parametrized as 1 - cos?( _H) with no free
parameters for all three signal modes. For the V. and V categories, the shape
is close to cos?( __H) and described with a third-order (K* mode) or second-
order ( and mode) Chebyshev polynomial. In the mode, the parameters
are left free to take into account possible interference between resonant and
non-resonant amplitudes. For other background categories that do not in fact
contain the vector resonance, the non-trivial distributions are parametrized in
an ad hoc manner.

In the K mode, the yield (and A__raw) of certain backgrounds that contain a
low number of events is fized: the decays to K (1430) , K and the catch-all
background. The same is done for backgrounds with a photon from FSR or
radiative decay in the K and modes. For the fit to data, all fized yields are
scaled by the ratio between reconstructed signal events in simulation and data of
the normalization modes. We impose an additional constraint in the K mode
by assigning two common A_raw variables to all - and all -type backgrounds.
Since all are Cabibbo-favored decays, A_ CP is expected to be zero, while other
asymmetries contributing to A__raw are expected to be the same for decays with
the same final-state particles.
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The fit results are shown in Figures 1, 2 and 3 for the , K and modes,
respectively. The signal component is denoted with the dashed red line. The
extracted signal yields are 524 + 35 ( mode), 9104 + 396 (K mode) and 500
+ 85 ( mode). The extracted raw asymmetries are -0.091 £+ 0.066 ( mode),
-0.002 + 0.020 (K* mode) and 0.056 &+ 0.151 ( mode). Here, the uncertainties
are statistical only.

Normalization Mode Analysis

The analysis of the normalization modes is based on the previous analysis of the
same modes by Belle [?]. The same selection criteria as for signal modes for par-
ticle identification, vertex fit, q and p_ CMS(D* ) are applied. The signal yield
is extracted via background subtraction in a signal window (SW) of m(D ), with
the background being estimated from a symmetrical upper and lower sideband
(USB and LSB). Based on MC, the fraction of background events in the signal
window compared to all events in sidebands f = (N_bkg"SW)_ MC/(N_LSB
+ N_USB)_MC is calculated and then used to calculate the number of back-
ground events in data in the signal window (N__bkg"SW) DATA =f x (N_LSB
+ N_USB)_DATA.

The reliance on the fraction f determined from simulation is validated by com-
paring background distributions in a q sideband for simulation and data, which
are proven to be in good agreement. We verify that the fraction is uniform for
both D and D samples. The signal window for the K K mode is +14 MeV /c?
around the nominal value [?], with the sidebands being +(31-45) MeV /c? around
the nominal value. For the K mode, the signal window is £16.2 MeV /c? and
sidebands are +(28.8-45) MeV/c2, and for the = mode, the signal window is
+15 MeV/c? and sidebands are £(20-35) MeV /c2.

The efficiencies, determined from simulation, are 22.7% for K K , 27.0% for K

and 21.4% for . We extract a signal yield of 362,274 events for K K , 4.02 x
10 events for K and 127,683 events for . The extracted raw asymmetries
are (2.2 £ 1.7) x 103 (KK ), (1.3 £ 0.5) x 103 (K ) and (8.1 £ 3.0) x 103

()

Systematic Uncertainties

All systematic uncertainties are summarized in Table I. There are two main
sources: those due to the selection criteria and those that arise from the signal
extraction method, both for signal and normalization modes. Some of the un-
certainties from the first group cancel if they are common to both the signal and
respective normalization mode: all uncertainties related to particle identification
of charged particles, vertex fit, and the imposed requirement on p_ CMS(D* ).
A 2% uncertainty is ascribed to photon reconstruction efficiency [?]. Due to the
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presence of the photon in the signal modes, the resolution of the q distribution is
worse than in the normalization modes and the related systematic uncertainties
cannot be assumed to completely cancel out.

We separately estimate the systematic uncertainty due to the q cut using the
control channel D — K* . For both MC and data, the efficiency of the q cut
is estimated by calculating the ratio R of the signal yield, extracted with the
cut imposed, and the signal yield extracted from the sample without the cut.
Then, the double ratio R_ MC/R_DATA(q) is calculated to assess the possible
difference between MC and data. The obtained value is R,_ MC/R_DATA =
1.0100 + 0.0016. We do not correct the efficiency by the central value; instead,
we assign a systematic uncertainty of 1.16%.

The described double ratio is used to estimate also the uncertainties due to the
cut on the veto variable and the E9/E25 ratio. For the veto, the control
channel for which the efficiency of the veto is assessed is D — K_S . The veto
is calculated by pairing the first daughter photon of the with all others except
the second daughter. The ratio R of so-discarded events is calculated for
MC and data. The obtained double ratio is R MC/R_DATA( veto) = 1.002
+ 0.005. For E9/E25, the control channel is the previously used D — K_S
sample. The obtained double ratio is R_MC/R_DATA(E9/E25) = 1.0003 +
0.0096. While estimating the efficiency of the variable in question, all other
selection criteria are applied. For both the veto and E9/E25, the double ratio
is consistent with 1 within the margin of error. The error on the double ratio
directly translates to the systematic uncertainty of the efficiency.

For the fit procedure, a systematic uncertainty must be ascribed to every item
that is determined and fixed from MC but might differ in data. In these cases,
the fit procedure is repeated with each parameter varied by its uncertainty. The
biggest difference between the so obtained branching fraction or A_ CP and the
base values is taken as the systematic error. An uncertainty is assigned to
the calibration offset of the -type backgrounds and, for the nominal width of
the smearing, by varying the width by +1 MeV/c2. For the and modes, the
uncertainty is calculated for the width scale factor and offset of the signal M(D )
PDF.

The values of the fixed yields of some backgrounds in the K and mode are
varied according to the uncertainties of the respective branching fractions [?].
For the category with the FSR photon, a 20% wvariation is taken [?]. As the
branching fractions contributing to the catch-all background in the K mode
are not known, we conservatively apply the largest variation from among other
categories.

For the normalization modes, the procedure is repeated with sidebands taken
at a different position, starting from +£25 MeV/c? from m(D ). The statistical
error on the fraction f is taken into account, as is the error on the nominal
value of A_ CP of the normalization modes. Since possible differences in the
signal shape between MC and data could also affect f, a similar procedure as
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for the calibration of the background is performed. A systematic uncertainty
is assigned for the case when f is obtained from MC smeared by a Gaussian of
width 1.6 MeV/c2.

Summary

In summary, we have conducted a measurement of the branching fraction and
A__CP asymmetry in decays D — V , where V. {, K, }, relative to the decay
modes D — KK ( mode), D - K (K mode)and D —  ( mode). We
report branching fractions of the D — and D — K* modes and the first
observation of the D —  mode. The significance of the observation is greater
than 5 , including systematic uncertainties. The significance is calculated as /(-
2 In(L /L_max)), where L is the likelihood value when the signal yield is fixed
to zero and L_max is the likelihood value of the nominal fit. The systematic
uncertainties are included by convolving the likelihood function with a Gaussian
whose width corresponds to the systematic uncertainty that affects the signal
yield.

The preliminary branching fractions are: - B(D — ) = (2.76 + 0.20 £ 0.08) x
10 -B(D — K* ) = (4.66 £ 021 £ 0.18) x 10 -B(D — )= (177 £ 0.30
+0.08) x 10

where the first uncertainty is statistical and the second systematic. The result
of the mode is improved compared to the previous Belle result and is consistent
with the world average value [?]. Our branching fraction of the K* mode is 3.3
away from the result of the BABAR analysis. For the mode, the obtained
value is close to that of the mode, which is in accordance with theoretical
predictions.

We also report the first-ever measurement of A_ CP in the decays D — V . The
preliminary values are: - A_ CP(D — ) =-(0.094 £+ 0.066 + 0.001) - A_ CP(D
— K* ) =-(0.003 £ 0.020 £ 0.000) - A_CP(D — ) =0.056 £+ 0.151 + 0.006

We report no observation of CP asymmetry in any of the D — V decay modes.
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Table I. The systematic uncertainties.

Source mode K* mode mode
B [%] A_CP [x103] B [%] A_CP [x10° B [%] A_CP [x107]
rec. eff. 2.00 0.00 2.00 0.00 2.00 0.00
veto 0.50 0.05 0.50 0.05 0.50 0.05
E9/E25 0.96 0.01 0.96 0.01 0.96 0.01
signal parametrisation 0.95 0.05 0.50 0.02 0.95 0.05
bkg. parametrisation 0.50 0.10 0.50 0.10 0.50 0.10
fixed bkg. yields 0.50 0.05 0.50 0.05 0.50 0.05
norm. modes systematics 0.50 0.05 0.50 0.05 0.50 0.05
total 2.89 0.13 2.89 0.13 2.89 0.13

Figure Captions

[Figure 1: see original paper| Distributions in M(D ) (top row) and cos( __H)
(bottom row) of the mode for D (left) and D (right), with fit results superim-
posed.

[Figure 2: see original paper| Distributions in M(D ) (top row) and cos( _H)
(bottom row) of the K* mode for D (left) and D (right), with fit results
superimposed.

[Figure 3: see original paper| Distributions in M(D ) (top row) and cos( _H)
(bottom row) of the mode for D (left) and D (right), with fit results super-
imposed.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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