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We report the observation of W-annihilation decay DY — wz' and evidence for D — @K™ in a data
sample corresponding to an integrated luminosity of 3.19 fb~! collected with the BESIII detector
at a center-of-mass energy /s =4.178 GeV. We obtain the branching fractions B(Dy — wz™) =
(1.77 £ 0.324, + 0.13) x 107 with a significance of 6.7¢ and B(D] — oK ") = (0.87 + 0.24, +
0.08,y,) x x 1073 with a significance of 4.4¢. This measurement provides critical information to determine
the nonperturbative W-annihilation amplitudes and shows the potential of searching for CP asymmetry in
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Within the Standard Model of particle physics, direct CP
violation (CPV) in hadronic decays can only be induced in
decays that proceed via at least two distinct decay ampli-
tudes with nontrivial strong and weak phase differences
[1-3]. In the charm sector, examples for such decays are
singly Cabibbo suppressed (SCS) decays including
W-annihilation, tree and penguin amplitudes [1-4], for
example D — oK™ and other VP final state (V and P refer
to vector and pseudoscalar mesons, respectively). However,
in D decays, the W-annihilation amplitude is shadowed by
tree amplitudes and dominated by nonfactorizable long-
distance effects induced by final-state interaction. The
theoretical calculation of W-annihilation amplitude is unre-
liable, which results in some ambiguity in predictions of
branching fractions (BFs) and CP asymmetry of related
decays. Instead, experimental BF measurements of decays
that proceed through W-annihilation are used as input in
theoretical calculations [2-5]. Therefore, the BF of the
Cabibbo favored (CF) decay D] — wn, which proceeds
only via the W-annihilation process [6], provides direct
knowledge of the W-annihilation amplitude.

Compared with the SCS decays, the BF of the CF decay
is expected to be larger and may be measured with a higher
precision, and is thus more useful experimental input in
the W-annihilation amplitude determination. Evidence for
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D — wrt was first reported by CLEO II experiment in

1997, and a ratio M*Ol6i004j:003 was
(D —nat)

measured based on 4.7 fb~! data taken at the Y (4S) peak
[6]. Later in 2009, using a data sample corresponding to an
integrated luminosity of 0.586 fb~! taken at a center-of-
mass energy /s =4.170 GeV, the CLEO-c experiment
observed 6.0 4 2.4 signal events and measured the absolute
BF of D{ - wz™ to be (2.1 £0.9 £0.1) x 1073 [7].

With the experimental measurements for D — VP
decays given in Particle Data Group (PDG) [8], theorists
predicted the BF and CP asymmetry for D} — oK™ [3],
which implies the potential of searching for CPV in this
decay. When the p — @ mixing is considered, the BF
and CP asymmetry are predicted to be 0.07 x 10~ and
—2.3x107% [3], respectively, where the asymmetry is
among the largest CP asymmetries in D decays.
However, when p — @ mixing is neglected in this decay,
the corresponding values are predicted to be 0.6 x 1073 and
—0.6 x 1073 [3], respectively. The search for D} — wK*
will test whether Dj — wK™ is a good decay to search for
CPV in charm decays.

In this paper, we report measurements of the absolute
BFs of the hadronic decays D — wz™ and D} — wK™
(charge conjugation is implied throughout this paper). At
the center-of-mass energy of /s =4.178 GeV, the Dy
meson is predominantly produced through the process
eTe™ = DitD;, where the D" decays to either yD] or
2°D¥. As a consequence, any event that contains a D}
meson also contains a Dy meson. This condition enables
the usage of a powerful “double tag (DT)" technique [9] to
measure absolute BFs. Events with at least one Dy tag
candidate reconstructed, which are referred to as “single tag
(ST)" events, provide a sample with a known number of
Dy Dy pairs. The ST events are selected by reconstructing a
Dy meson in the two golden decays Dy — K%K~ and
KTK~n~. The absolute BF of the signal mode (Bgig) 1s
determined by forming D signal candidates with wz™t or
@K™ from the tracks and clusters which are not used in the
tag reconstruction in the events, where w is reconstructed in
the decay @ — n"n~z’. The value of the BF is then
obtained by

tag {dg slg ( 1)

51g Ymg/Z

sig 18 DT yield, €lag sig
efag are ST yield and ST efficiency of the ith tag mode,
respectively.

Simulations of the BESIII detector can be found in
Ref. [10]. Two endcap time-of-flight systems were later
upgraded with multigap resistive plate chambers [11].
Simulations of BESIII detector are based on GEANT4
[12]. A Monte Carlo (MC) sample, called “generic MC,”

etag

where Y is DT efficiency, and Y{,, and

includes all known open-charm processes, ete™ — yJ /y
and yw(3686) due to the initial state radiation, and the
processes without charm quark involved (continuum). The
open-charm processes [8] are generated with CONEXC [13],
considering the effects from initial state radiation and final
state radiation. Decay modes with known BFs are simu-
lated with EVTGEN [14]. The generators KKMC [15] and
BABAYAGA [16] are used to simulate the continuum. The
generic MC, corresponding to an effective luminosity of
110.6 fb~!, is used to determine the ST efficiency and
estimate the background. An MC sample of D} — wzt or
D} — wK™, along with Dy decaying to any known final
states is generated to estimate the DT efficiency, which is
called “signal MC.”

The tag and signal candidates are constructed from
individual 7", K*, K% and z° candidates in an event,
where K9 and 7° are reconstructed from the decays K§ —
atn~ and 7° — yy, respectively. All charged tracks, except
Kg daughters, are required to originate from within 10 cm
(1 cm) along (perpendicular to) beam axis with respect to
interaction point (IP) of the e*e™ beams. The track polar
angle (@) is required to be within |cosf| < 0.93. The
combination of information about energy loss in multilayer
drift chamber and time-of-flight is used to identify the
species of charged particles by calculating a confidence
level CLg or CL, that the track satisfies the hypothesis of
being a K or z. The charged K and z candidates are
required to satisfy CLx > CL, and CL, > CL, respec-
tively. The momenta of all pions are required to be greater
than 0.1 GeV/c, in order to reject low momentum pions
produced in D* decay.

For Kg candidates, the related combinations of two
oppositely charged tracks with mass hypotheses being
set to m, [8] are required to have an invariant mass in
the interval [0.487,0.511] GeV/c?. Here, the particle
identification (PID) is not applied and the distances of
closest approach to the IP are required to be less than 20 cm
along the beam axis.

The energy of each photon from the z° decay is required
to be larger than 25 (50) MeV in the barrel (endcap) region
of the electromagnetic calorimeter [10]. The opening
angles between the photon and all the charged tracks
should be larger than 10°. The invariant mass of the yy
pair is required to be within the asymmetric intervals
[0.115,0.150] GeV/c?. Furthermore, the z° candidates
are constrained to their nominal mass [8] via a kinematic
fit to improve their energy and momentum resolution.

For D, candidate, the recoil mass M, is evaluated,

205 >
Mrec - \/(Etot - pZDl‘ + mZD\) - |ptot —Pbp, |2’ where Etot’

Pp,» Mp, P and pp, are the total energy of e*e”, the
momentum of the D, candidate, the nominal mass of D
[8], the three-momentum vector of the colliding e*e™
system, and the three-momentum vector of the
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FIG. 1. Fits to the M, spectra of (a) D] — K}K* and
(b) DY - K~K'x*. The dots with error bars are data, the solid
lines are the total fits, the dashed lines and the dotted lines are the
shapes of signal and fitted background, respectively. The (green)
filled histograms are the MC-simulated backgrounds. The D
signal regions are between the arrows.

reconstructed D, candidate, respectively. To select the
DD, sample, the invariant mass and M. of all candidates
are required to fall into the ranges [1.90,2.03] GeV/c? and
[2.05,2.18] GeV/c?, respectively. If there are multiple tag
candidates for each mode in an event, the one with M,
closest to mp: [8] is chosen.

The ST yield in each decay is extracted from a fit to the
invariant mass spectrum (M ,,) of the ST Dy candidates. The
fitresults are shown in Fig. 1. The signal shape is modeled as
a double Gaussian function (the sum of two Gaussian
functions whose area ratio is left free), while the background
is parametrized as a second-order Chebychev polynomial.
Signal regions are defined as [1.948,1.991] GeV/c? for
Dy — K9K~ and [1.950,1.986] GeV/c* for Dy —
Kt K~n, respectively. The ST yields in the signal regions
determined by the fit for Dy — K%K~ and Dy - K*K~zn~
are 32751 £ 310 and 131862 + 770, respectively. For the
tagmode Dy — KgK ~, asmall peak of background events is
observed in the signal region; this is due to D™ — ngr—
events with the 7~ misidentified as a K~. From the generic
MC, the D~ - K gn‘ background is estimated to be around
250 events, corresponding to about 0.2% of the total ST
yields, which is considered in the systematic uncertainty. For
the tag mode Dy — KTK~z~, a much smaller bump can
also be found and the effect is negligible. For ST events with
D signal candidates, we require that at least one of two
candidates have M., greater than 2.10 GeV/c>. If there is
more than one signal candidate for each mode, the one with
an average invariant mass of the two D mesons closest to
mp, is chosen.

Since the signal events are expected to peak at the @ mass
in 7t z~2° invariant mass (M ,-,0) spectrum, M : -0 is
required to be within the interval [0.60,0.95] GeV/c>. For
D} — wrn*, two 27z~ 2" combinations are formed in each
event. In the data sample, there are 5 events with both
#T7~7° combinations retained, which correspond to about
1% of all selected events. According to studies of generic
MC, these events do not form any peak, thus they are

TABLE L. The ST efficiencies ¢, and DT efficiencies €,g gq-
Tag mode €lag (%) €lag.wrt (%) €lag.wk " (%)
Dy —»KY(zta)K~ 51384025 12.534+0.13 10.74 £0.11
D; > K"K n~ 3844 4+£0.08 979 +£0.06 8.81=£0.06

neglected. For D — wK™, background from the decay
Dy — KK " z° has the same final-state particles as signal
and forms a peak around the K*(892) mass in the M+ - 0
spectrum. We further perform a Kg veto to suppress this
background. If the invariant mass of the ztz~ (M,,)
combination in a D] — wK™ signal candidate satisfies
M, — ng| < 0.03 GeV/c? and the distance between

the decay point and the IP has a significance of more than
two standard deviations, the candidate is vetoed. This veto
eliminates about 78% of D" — KYK* 7" background, while
retaining about 97% of signal events. After the K g veto, this
background is found to be negligible according to the
generic MC.

The ST and DT efficiencies are determined from the
generic MC and signal MC samples, respectively. All
efficiencies are summarized in Table 1.

The scatter plots of signal invariant mass spectrum (M )
vs M ,+,-o for the two signal decays are shown in Fig. 2.
The correlation between M, and M+ ,- 0 for events away
from the signal peak between M, and M+ -0 is found to
be —0.12 (0.39) for D} — wx ' (K™). The signal events are
expected to peak at the D mass in the M, distribution and
at the @ mass in the M + .- o distribution. Thus we employ a
two-dimensional (2D) fit to Mg, vs M+ ,-,0 distribution.
Here, we neglect the correlation effect and consider it
as a systematic uncertainty due to the fit procedure and
correlations. The fit function is the sum of signal and
background contributions, which are the products of
corresponding one-dimensional (1D) functions described
in the next paragraph. The signal function is the product of
D, signal function and w signal function. The background
is the sum of three contributions: background neither
peaking in the M+ .- 0 distribution nor the M, distribution
(BKGI), background peaking around the @ mass in the
M -0 distribution (BKGII), and background peaking

around the D mass in the Mg, distribution (BKGIII).

T T T T
(a) e (b) .
g 2f ' T ]
> >
Q Q
<) <)
) )
= =
1.9 ) IR RN 1.9 ' i
0.6 0.8 0.6 0.8

M., (GeVic?) M., (GeVic?)

FIG. 2. The scatter plots of M, vs M . -0 for (a) D} — wn™
and (b) D —» wK™.
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FIG. 3. The projections of [(a) and (b)] M ,-,-,0, and for [(c)
and (d)] Mg, for the results of (ac) DJ — wz™ and (b,

d) D} — wK™". The dots with error bars are data, the (blue)
solid lines describe the total fits, the (red) dashed lines describe
the signal and the (dark green) dotted, (violet) dash-dotted, and
(black) long dashed lines describe the BKGI, BKGII, and
BKGIII, respectively. The BKGII comes from the non-Dj
processes involving . The BKGIII comes from the contributions
of other D decays to 77z~ 7%z and z*z~z°K™ final states for

D} - wrx" and D} — wK™, respectively.

The BKGI is modeled as the product of D, background
function and @ background function. The BKGII (BKGIII)
is modeled as the product of the D, background (signal)
function and w signal (background) function.

The D, signal function is constructed as the MC-
simulated shape convolved with a Gaussian function.
This Gaussian function describes the resolution difference
between data and MC simulation. The D, background
function is a second-order Chebychev polynomial. The
parameters in D, signal function and D, background
function are determined in the fit to M, spectrum of data.
The o signal function is constructed as a Breit-Wigner
function convolved with a Gaussian function. This con-
volved Gaussian function describes the detector resolution
and its width is fixed to the value determined from a sample
of ete™ - K™K~ w, whose observed yield is greater than
the signal by two orders of magnitude. The @ background
function is described with a second-order Chebychev
polynomial. All parameters in @ signal function and @
background function are determined by the fit to M+, -0
spectrum of data, except for the width of Gaussian function
in w signal function.

From the 2D fits, shown in Fig. 3, we obtain 65.0 £ 11.6
D} — wn* signal events and 28.5+7.8 D/ — wK"
signal events with statistical significances of 6.7¢ and
4.40, respectively. With Eq. (1) and the world averaged
BFs of w —» ntn 2 and z° — yy [8], the BFs are
measured to be: B(D{ — wr') = (1.77 £0.32) x 1073
and B(D} — wK*) = (0.87 £0.24) x 1073, where the

TABLE II. Relative systematic uncertainties (%) in the BF
measurements.

Source D} - wrn™ D} - wK"
M .. requirement 0.1
Momentum requirement on pion 1.7

KY veto - 0.1
PID of K*,z* 1.5 1.5
Tracking of K+, 7% 3.0 3.0

7° reconstruction 1.8 1.9
MC statistics 0.6 0.6
Background description 4.1 4.6
Signal description 33 53

ST yield determination 1.3 1.3

Fit procedure and correlation 24

Blw — nta %) & B(z° - yy) 0.8

Total 7.4 8.7

uncertainties are statistical. The systematic uncertainties
are estimated and summarized in Table II, where the total
systematic uncertainty is obtained by adding the individual
terms in quadrature.

All the systematic uncertainties due to the selection
criteria come from the differences of the selection efficien-
cies between data and MC simulation. The uncertainties
due to the M. requirement and pion-momentum require-
ment are 0.1% and 1.7%, respectively. They are estimated
with a control sample of D} — z"z~x "y, n — yy, with
decays removed by requiring the invariant mass of #7775
to be greater than 1.0 GeV/c?, where the selection criteria
of n are the same as those used for z° expect that the yy
invariant mass window is [0.490,0.580] GeV/c?. The
uncertainty due to the K% veto is 0.1%, which is estimated
with a control sample of D° — ng. The uncertainties for
charged tracks selection are determined to be 0.5%/track
for PID and 1.0%/track for tracking using a control sample
of efe” - K*K n*n~. The uncertainty of the z°
reconstruction efficiency is estimated with a control sample
of ete™ - KTK nt7z~ 7%, and is determined to be 1.8%
(1.9%) for D} — wz™ (K™). The uncertainty due to the MC
statistics is 0.6%.

The uncertainties due to the background description
are 41% and 4.6% for D, —» wrt and D, - wK™,
respectively. They are estimated by narrowing the fit
ranges of M, and Mg, to [0.65,0.90] GeV/c* and
[1.91,2.02] GeV/c?, respectively, and replacing the sec-
ond-order Chebychev polynomial in pr(ily and 2% by a
first-order Chebychev polynomial. The uncertainties due to
the signal description are 3.3% and 5.3% for D, —» wz™
and D; > wK", respectively. They are estimated by
varying the masses and resolutions of the @ and D, within
their uncertainties [17]. The uncertainty related to ST
yield determination is 1.3%, including the effects from
signal shape, background shape and fit range in the fits
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to My,, spectra. The effect from signal shape is estimated by
replacing the MC-simulated shape with the Gaussian func-
tion, where the effect from the bump under the Dy — K gK -
signal region is also taken into account. The effects from
background shape and fit ranges, which are estimated with
the same method as the assignment for D background
shape, are found to be negligible. The uncertainty due to the
fit procedure and correlation is estimated by studying thirty
statistically independent samples of generic MC events with
the same size as data. With the same method as used in the
data analysis, the average measured BF is found to have a
relative difference of 0.8% with respect to the input value.
Conservatively, an uncertainty of 2.3% from MC statistic is
also included, thus the uncertainty in the fit procedure and
correlation is 2.4%. The uncertainty related to the assumed
BFs for o — ztz~ 7% and 7° — yy is 0.8%, which is taken
from the PDG [8].

In summary, we observe the W-annihilation decay D —
wx' with a significance of 6.7¢ and measure its BF to be
(1.77 £ 0.324, & 0.134) x 1073, This measurement pro-
vides critical information to determine the nonperturbative
W-annihilation amplitudes, benefits the investigations of the
underlying dynamics in charmed hadronic decays, and will
allow better predictions for the BFs and direct CPV of decays
involving W-annihilation [1,3-5]. Among these decays,
D} — wK™ is of interest for its possibly large CPV. We
find the first evidence for this decay with a significance of
4.40. Its BF is measured to be (0.87 £0.24,, £ 0.08,) x
1073. According to Ref. [3], our result implies that direct CP
asymmetry in this decay is expected to be —0.6 x 1073.
Considering the CP asymmetry in D decays is at most at the
level of 1073 [8], we conclude that DT — oK™ is a good
decay to search for CP violation.
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