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We report the first observation of the radiative charm decay D° — p% and the first search for CP
violation in decays D° — py, ¢y, and K*°(892)y, using a data sample of 943 fb~! collected with the Belle
detector at the KEKB asymmetric-energy ete~ collider. The branching fraction is measured to be
B(D® - p%) = (1.77 £0.30 + 0.07) x 107>, where the first uncertainty is statistical and the second is
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systematic. The obtained CP asymmetries A¢p(D? — py) = +0.056 +0.152+0.006, Acp(D° — ¢y) =
—0.094 +0.066 + 0.001, and Acp(D° - K*%) = —0.003 + 0.020 + 0.000 are consistent with no
CP violation. We also present an improved measurement of the branching fractions B(D? — ¢y) =
(2.76 +0.19 £0.10) x 107> and B(D® — K*%) = (4.66 + 0.21 +0.21) x 107,

DOI: 10.1103/PhysRevLett.118.051801

Within the standard model (SM), charge-parity (CP)
violation in weak decays of hadrons arises due to a single
irreducible phase in the Cabibbo-Kobayashi-Maskawa
matrix [1] and is expected to be very small for charmed
hadrons: up to a few 1073 [2—4]. Observation of CP
violation above the SM expectation would be an indication
of new physics. This phenomenon in the charm sector has
been extensively probed in the past decade in many
different decays [5], reaching a sensitivity below 0.1%
in some cases [6]. The search for CP violation in radiative
charm decays is complementary to the searches that have
been exclusively performed in hadronic or leptonic decays.
Theoretical calculations [7,8] show that, in SM extensions
with chromomagnetic dipole operators, sizable CP asym-
metries can be expected in D — ¢y and p"y decays. No
experimental results exist to date regarding CP violation in
any of the radiative D decays.

Radiative charm decays are dominated by long-range
nonperturbative processes that can enhance the branching
fractions up to 10™*, whereas short-range interactions are
predicted to yield rates at the level of 10~% [9,10].
Measurements of branching fractions of these decays
can therefore be used to test the QCD-based calculations
of long-distance dynamics. The radiative decay D° — ¢y
was first observed by Belle [11] and later measured with
increased precision by BABAR [12]. In the same study,
BABAR made the observation of D — K*0(892)y. As for
D° — p%, CLEO II has set an upper limit on its branching
fraction at 2 x 10~* [13].

In this Letter, we present the first observation of
D" — pV, improved branching fraction measurements
of D° — ¢y and K*%, as well as the first search for CP
violation in all three decays. Inclusion of charge-
conjugate modes is implied unless noted otherwise.
The measurements are based on 943 fb~! of data col-
lected at or near the Y'(nS) resonances (n =2, 3, 4, 5)
with the Belle detector [14,15], operating at the KEKB
asymmetric-energy ete” collider [16,17]. The detector
components relevant for our study are a tracking system
comprising a silicon vertex detector and a 50-layer central
drift chamber, a particle identification (PID) system that
consists of a barrel-like arrangement of time-of-flight
scintillation counters and an array of aerogel threshold
Cherenkov counters, and a CsI(TI) crystal-based electro-
magnetic calorimeter (ECL). All are located inside a
superconducting solenoid coil that provides a 1.5 T
magnetic field.

We use Monte Carlo (MC) events, generated using
EVTGEN [18], JETSET [19], and pHOTOS [20], followed
with a GEANT3 [21] based detector simulation, represent-
ing 6 times the data luminosity, to devise selection
criteria and investigate possible sources of background.
The selection optimization is performed by maximizing
S/v/S 4+ B, where S (B) is the number of signal (back-
ground) events in a signal window of the reconstructed
D® invariant mass 1.8 < M(D°) < 1.9 GeV/c>. The
branching fraction of D% — p is set to 3 x 107> in
simulations in accordance with Ref. [7], while the
branching fractions of the other two decay modes are
set to their world-average values [22].

We reconstruct D° mesons by combining a p°, ¢, or K*°
with a photon. The vector resonances are formed from
ata™ (p), K*K~ (), and K~z* (K*°) combinations.
Charged particles are reconstructed in the tracking system.
A likelihood ratio for a given track to be a kaon or pion is
obtained by utilizing specific ionization in the central drift
chamber, light yield from the aerogel threshold Cherenkov
counters, and information from the time-of-flight scintilla-
tion counters. Photons are detected with the ECL and
required to have energies of at least 540 MeV. To suppress
events with two daughter photons from a z° decay forming
a merged cluster, we restrict the ratio of the energy
deposited in a 3 x 3 array of ECL crystals (Ey) and that
in the enclosing 5 x 5 array (E,5) to be above 0.94. About
63% of merged clusters are rejected by this requirement.
We retain candidate p°, ¢, or K** resonances if their
invariant masses are within 150, 11, or 60 MeV/c2 of
their nominal masses [22], respectively. The D° mesons are
required to originate from D** — D%z in order to identify
the D° flavor and to suppress the combinatorial back-
ground. The associated track must satisfy the aforemen-
tioned pion-hypothesis requirement. The D° daughters are
refitted to a common vertex, and the resulting D° and the
slow pion candidate from D*' decay are constrained to
originate from a common point within the interaction point
region. Confidence levels exceeding 103 are required for
both fits. To suppress combinatorial background, we
restrict the energy released in the decay, ¢ = M(D*")—
M(D®) — m(z"), where m is the nominal mass, to lie in a
+0.6 MeV/c? window around the nominal value [22]. To
further reduce the combinatorial background contribution,
we require the momentum of the D** in the center-of-mass
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system [pems (D*1)] to exceed 2.72,2.42, and 2.17 GeV/¢

in the p, ¢y, and K*% modes, respectively.

We measure the branching fractions and CP asymme-
tries of the aforementioned radiative decays relative to
well-measured hadronic D° decays to z7z~, K*K~, and
K~z for the p°, ¢, and K*° mode, respectively. The signal
branching fraction is

N

’

sig « Enorm (1)

Bsig = Bhom X

Nnorm Esig

where N is the extracted yield, & is the reconstruction
efficiency, and B is the branching fraction for the corre-
sponding mode. The raw asymmetry in decays of D°
mesons to a specific final state f,

N(D° = f) = N(D° > f)
N(D® = f) +N(D° = f)’

Araw =

)

depends not only on the CP asymmetry, Acp =
[B(D® — f) - B(D® — 1)}/ [B(D° — f) + B(D® — )],
but also on the contributions from the forward-backward
production asymmetry (Agg) [23-25] and the asymmetry
due to different reconstruction efficiencies for positively
and negatively charged particles (AF): A, = Acp+
Apg + AF. Here, we have used a linear approximation
assuming all terms to be small. The last two terms can be
eliminated using the same normalization mode as used in
the branching fraction measurements:

sig __ 4sig norm orm
ACP = Anaw — Araw + -AI& > (3)

where AFpE™ is the nominal value of CP asymmetry of the
normalization mode [5].

The dominant background arises from D° — f+f~z°
decays, with the 7° subsequently decaying to a pair of
photons, e.g., D° = ¢n°(— yy). If one of the daughter
photons is missed in the reconstruction, the final state
mimics the signal decay. Such events are suppressed with a
dedicated 7° veto in the form of a neural network [26]
constructed from two mass-veto variables, described below.
The signal photon is paired for the first (second) time with
all other photons in the event having an energy greater than
30 (75) MeV. The pair in each set whose diphoton invariant
mass lies closest to m(z") is fed to the network. The final
criterion on the veto variable rejects about 60% of back-
ground while retaining 85% of signal. With this method, we
reject 13% more background at the same signal efficiency
as compared to the veto used in previous Belle analyses
[27]. A similar veto is considered for background from
n — yy, but is found to be ineffective due to the larger 5
mass, which shifts the background further away from the
signal peak.

We extract the signal yield and CP asymmetry via a
simultaneous unbinned extended maximum likelihood fit
of D° and D° samples to the invariant mass of the D°
candidates and the cosine of the helicity angle 0. The
latter is the angle between the momenta of the D° and the
at, K*, or K~ in the rest frame of the p°, ¢, or K*°,
respectively. By angular momentum conservation, the
signal cos @ distribution depicts a 1 —cos® @ depend-
ence; no background contribution is expected to exhibit a
similar shape. For the p° and K** modes, we restrict the
helicity angle range to —0.8 < cosfy < 0.4 to suppress
backgrounds that peak at the edges of the distribution. For
the ¢ mode, where the background levels are lower overall,
the entire cos @ range is used. The D° candidate mass is
restricted to 1.67 < M(D°) < 2.06 GeV/c? for all three
signal channels.

The invariant mass distribution of signal events is mod-
eled with a Crystal-Ball probability density function [28]
(PDF) for the p° and ¢ modes, and with the sum of a Crystal-
Ball function and two Gaussians for the K** mode. To take
into account possible differences between MC calculations
and data, a free offset and scale factor are implemented for
the mean and width of the K** PDF, respectively. The
obtained values are applied to the other two modes.

The #°- and #-type background M (D°) distributions are
described with a pure Crystal-Ball function or the sum of
either a Crystal-Ball function or logarithmic Gaussian [29]
and up to two additional Gaussians. For the p° mode, the
n%-type backgrounds are p°z°, pT2F, and K=p* with the
kaon being misidentified as a pion. For the ¢ mode,
the only z°’-type background is the decay D° — ¢n°.
For the K* mode, the z°- and #-type backgrounds are
the decays D° — K*'z°, K=p*, K;(1430)~z", K*~x*,
nonresonant K~z 7%, K*;, and nonresonant K~z . In all
three signal modes, the “other-D°” background comprises
all other decays wherein the D° is reconstructed from the
majority of daughter particles. In the p° (K*) mode, there
are two additional small backgrounds: z*z~ (K~z") with
the photon being emitted as final state radiation (FSR), and
K~p™ with the photon arising from the radiative decay of
the charged p meson. As there are no missing particles,
these decays exhibit the same M (D) distribution as the
signal decays. We jointly denote them as irreducible
background. Their yields are fixed to MC expectations
and the known branching fractions [22]. The remaining
combinatorial background is parametrized in M(D°) with
an exponential function in the ¢ mode and a second-order
Chebyshev polynomial in the p° and K*° modes. All
parameters describing the combinatorial background are
allowed to vary in the fit. Possible correlations among the
fit variables are negligible, except for the K*°z° and K—p*
backgrounds in the K** mode that are accommodated with
an additional Gaussian in the mass PDF whose relative
contribution is a function of cos 8.
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The M(D°) PDF shape for the z°(1)-type background,
obtained from MC samples, is calibrated using the for-
bidden decay D° — K(S)y, which yields mostly background
from D° — K$z° and D° — K%. The same PID criteria as
for signal decays are applied, along with the ¢ and
pPems (D) requirements as determined for the ¢ mode.
The K9 — n"z~ candidates in a £9 MeV/c?> window
around the nominal mass are accepted. To calibrate the
distribution, the simulated shape is smeared with a
Gaussian function of width 7+ 1 MeV/c? and an off-
set (—1.33 +0.25) MeV/c%.

The cosfy signal distribution is parametrized as
1 — cos’@y for all three modes. For the Vz° and Vy
(V = p° ¢, K*) categories, the shape is close to cos? 0y
and described with a second- (p° and ¢ mode) or third-
order (K*® mode) Chebyshev polynomial. In the ¢ mode, a
linear term in cos @y is added with a free coefficient to take
into account possible interference between resonant and
nonresonant amplitudes. For other background categories,
the distributions are modeled using suitable PDFs based on
MC predictions.

Apart from normalizations, the asymmetries A, of
signal and background modes are left free in the fit. All
PDF shapes are fixed to MC values, unless previously
stated otherwise.

In the K** mode, the yields (and A,,) of certain
backgrounds that contain a small number of events (1 or
2 orders of magnitude less than signal) are fixed:
K;(1430)"z",K*~n", and the other-D° background.
The same is done for backgrounds with a photon from
FSR or radiative p decay in the p° and K*° modes. All fixed
yields are scaled by the ratio between reconstructed signal
events in data and simulation of the normalization modes.
We impose an additional constraint in the K* mode by
assigning two common A,,, variables to z°- and #-type
backgrounds, respectively. Since all are Cabibbo-favored
decays, Acp is expected to be zero, while other asymme-
tries contributing to A, are the same for decays with the
same final-state particles.

Figure 1 shows the signal-enhanced M (D°) projections
of the combined sample in the region —0.3 < cos 0y < 0.3
for all three signal modes, as well as the signal-enhanced
cos @y projection in the 1.85 < M(D°) < 1.88 GeV/c?
region for the ¢y mode [30]. The obtained signal yields
and raw asymmetries are listed in Table I, along with
reconstruction efficiencies. The background raw asymme-
tries are consistent with zero.

The analysis of the normalization modes relies on the
previous analysis by Belle [31]. The same selection criteria
as for signal modes for PID, vertex fit, ¢, and pcys(D*)
are applied. The signal yield is extracted by subtracting the
background in a signal window of M(DP), where the
background is estimated from a symmetrical upper and
lower sideband. The signal window and sidebands for the
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7+ n0 bl;)g_. orial 70 bkg.
300 coml |noa orial —-7n bkg
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= s
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2 2
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FIG. 1. The top two panels are signal-enhanced projections of

the combined M (D) distribution for D° — p% (left) and K*y
(right). The bottom two panels are the signal-enhanced M(D°)
(left) and cos @}, (right) distributions for D® — ¢y. Fit results are
superimposed, with the fit components identified in the panel
legend.

atn~ mode are £15 and 4(20-35) MeV/c? around
the nominal value [22], respectively. For the K™K~ mode,
the signal window is 414 MeV/c?> and sidebands are
+(31-45) MeV/c?, whereas for the K~z mode, the
signal window is +£16.2 MeV/c? and sidebands are
+(28.8-45.0) MeV/c?. The obtained signal yields and
raw asymmetries are also listed in Table 1.

The systematic uncertainties are listed in Table II. All
uncertainties are simultaneously estimated for B and A¢p,
unless stated otherwise. There are two main sources: those
due to the selection criteria and those arising from the
signal extraction method, both for signal and normalization
modes. Some of the uncertainties from the first group
cancel if they are common to the signal and respective
normalization mode, such as those related to the PID,
vertex fit, and requirement on pcys(D*T). A 2.2% uncer-
tainty is ascribed to photon reconstruction efficiency [32].

TABLE I. Efficiencies, extracted yields, and A,,,, values for all
signal and normalization modes. The uncertainties are statistical.
Efficiency (%) Yield ALy
POy 6.77 £ 0.09 500 £ 85 +0.064 +0.152
by 9.77 £0.10 524 £35 —0.091 £ 0.066
K0y 7.81+0.03 9104 £ 396 —0.002 £ 0.020
atam 2144012 (1.28 £0.01) x 10> (8.1 £3.0) x 1073
KK~ 2274012 (3.624+0.01) x 10° (22+1.7) x 1073
K-zt  27.04+0.13  (4.02+0.02) x 10° (1.34+0.5) x 1073
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TABLE II. Systematic uncertainties for all three signal modes.
o(B)/B (%) Acp (x1073)
b KO 0 p KOO
Efficiency 28 33 28 - oo e
Fit parametrization 1.0 28 23 01 04 53
Background normalization --- 0.3 06 --- 02 05
Normalization mode 00 00 01 05 00 03
External B and Acp 20 1.0 1.8 12 00 15
Total 36 45 41 13 04 55

Because of the presence of the photon in the signal modes,
the resolution of the ¢ distribution is worse than in the
normalization modes. Thus, the related uncertainties cannot
be assumed to cancel completely. We separately estimate
the uncertainty due to the g requirement using the control
channel D° — K*97°. For both MC calculations and data,
the efficiency is estimated by calculating the ratio R of the
signal yield, extracted with and without the requirement on
q. Then, the double ratio Ryic/Rgqua 1S calculated to assess
the possible difference between simulation and data. We
obtain Ryc/Ryaa(gq) = 1.0100 £ 0.0016. We do not cor-
rect the efficiency by the central value; instead, we assign a
systematic uncertainty of 1.16%.

The double-ratio method is also used to estimate the
uncertainty due to the z°-veto requirement on the control
channel D° — K97°. The veto is calculated by pairing the
first daughter photon (the more energetic one) of the z°
with all others, but for the second daughter. The ratio R of
so-discarded events is calculated for MC calculations and
data, with all other selection criteria applied. The obtained
double ratio is Ryic/Ryaa(7’veto) = 1.002 4 0.005. The
error directly translates to the systematic uncertainty of the
efficiency.

The systematic uncertainties due to the Eqg/E,s and E,
requirements are estimated on the K** mode by repeating
the fit without any constraint on the variable in question.
The systematic error is the difference between the central
value of the ratio Ng,/eq, from this fit and that of the
nominal fit. The obtained uncertainties are 0.23% for
Ey/E,s and 1.15% for E,.

The systematic uncertainties due to the requirement
on the mass of the vector meson are estimated using the
mass distribution, modeled with a relativistic Breit-Wigner
function. In the signal window, we compare the integrals
of the nominal function and the same modified by the
uncertainties on the central value and width. The obtained
uncertainties are 0.2% for the p° mode, 0.1% for the ¢
mode, and 1.7% for the K*° mode. All uncertainties
described above are summed in quadrature and the final
value is listed as “Efficiency” in Table II. They affect only
the branching fraction, as they cancel in Eq. (2).

For the fit procedure, a systematic uncertainty must be
ascribed to every parameter that is determined and fixed to

MC values but might differ in data. The fit procedure is
repeated with each parameter varied by its uncertainty on
the positive and negative sides. The larger deviation from
the nominal branching fraction or Acp value is taken as the
double-sided systematic error and these are summed in
quadrature for all parameters. An uncertainty is assigned to
the calibration offset and width of the z°-type backgrounds.
For the ¢ and p° modes, the uncertainty is calculated for the
width scale factor (and offset) of the signal M (D) PDF and
#°-type background varied simultaneously. All these quad-
ratically summed uncertainties are listed as “Fit paramet-
rization" in Table II.

The values of the fixed yields of some backgrounds in
the p° and K*° mode are varied according to the uncer-
tainties of the respective branching fractions [22]. For the
category with the FSR photon, a 20% variation is used [33].
As the branching fractions contributing to the other-D°
background in the K** mode are unknown, we apply the
largest variation from among other categories. The quad-
ratically summed uncertainty is listed as “Background
normalization” in Table II.

For the normalization modes, the procedure is repeated
with shifted sidebands, starting from 25 MeV/c? from
the nominal m (D) value. The statistical error from side-
band subtraction is taken into account. Since possible
differences in the signal shape between simulation and
data could also affect the signal yield, a similar procedure
as for the calibration of the z° background is performed. A
systematic uncertainty is assigned for the case when the
MC shape is smeared by a Gaussian of width 1.6 MeV/c?.
All uncertainties arising from normalization modes are
summed in quadrature and listed as “Normalization mode”
in Table IL.

Finally, an uncertainty is assigned by varying the
nominal values of the branching fractions and Acp of
the normalization modes and vector meson subdecay
modes by their respective uncertainties.

We have conducted a measurement of the branching
fraction and Ap in three radiative charm decays D° — p%,
¢y, and K*% using the full data set recorded by the Belle
experiment. We report the first observation of D° — p%
with a significance of 5.5¢, including systematic uncertain-

ties. The significance is calculated as /—21n(Ly/Luma),
where L is the likelihood value with the signal yield fixed to

zero and L, is that of the nominal fit. The systematic
uncertainties are included by convolving the statistical
likelihood function with a Gaussian of width equal to the
systematic uncertainty that affects the signal yield. The
measured ratios of branching fractions to their normalization
modes are (1.2540.21 40.05) x 1072, (6.88 4 0.47 =+
0.21) x 1072, and (1.19 £ 0.05 £ 0.05) x 10~2 for D —
Py, ¢y, and K*%, respectively. The first uncertainty is
statistical and the second is systematic. Using world-average
values for the normalization modes [22], we obtain

051801-6



PRL 118, 051801 (2017)

PHYSICAL REVIEW LETTERS

week ending
3 FEBRUARY 2017

B(D® - p%) = (1.77 £ 0.30 £ 0.07) x 107>,
B(D® - ¢y) = (2.76 +0.19 £ 0.10) x 107,
B(D° — K*%) = (4.66 4+ 0.21 £0.21) x 107

For the p” mode, the obtained value is considerably larger
than theoretical expectations [34,35]. The result of the ¢
mode is improved compared to the previous determinations
by Belle and BABAR, and is consistent with the world-
average value [22]. Our branching fraction of the K** mode
is 3.30 above the BABAR measurement [ 12]. Both ¢ and K*°
results agree with the latest theoretical calculations [10].

We also report the first measurement of A.p in these
decays. The values, obtained from Eq. (3),

Acp(D? = p) = +0.056 + 0.152 + 0.006,
Acp(D° = ¢py) = —0.094 £ 0.066 £ 0.001,
Acp(D° = K*%) = —0.003 4 0.020 + 0.000,

are consistent with no CP violation. Since the uncertainty is
statistically dominated, the sensitivity can be greatly
enhanced at the upcoming Belle II experiment [36].
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