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We report the first measurement of the charm-mixing parameter ycp in D° decays to the CP-odd final

state K. The study uses the full Belle e™ e~ annihilation data sample of 976 fb~! taken at or near the
Y (4S) centre-of-mass energy. We find ycp = (0.96 £ 0.91 & 0.627(3]) %, where the first uncertainty is
statistical, the second is systematic due to event selection and background, and the last is due to possible

presence of CP-even decays in the data sample.

DOI: 10.1103/PhysRevD.102.071102

In systems of neutral mesons and antimesons, flavor-
changing weak interactions induce mixing. The mixing
phenomenon originates due to the difference between
mass and flavor eigenstates and has been observed in
the KY — K, B?d.S) — B(()d,s)’ and D° — DY systems [1]. In
the latter case, the mass eigenstates |D; ,) with masses m ,
and widths I'; ; can be expressed as linear combinations of
the flavor eigenstates,

D1) = p|D%) + q|D°), (1)

with |p|*> 4+ |¢|> = 1. The mixing rate is characterized by
two parameters: x = Am/I" and y = AI'/2I". Here Am =
m, —my and AT =T, — I''; are the differences in mass and
decay width, respectively, and ' = (I’ +T'})/2 is the
average decay width of the two mass eigenstates. If CP
is conserved, p = ¢ = 1//2, and the mass eigenstates
|D; 5) coincide with CP-odd (D_) and -even (D, ) states,
respectively. Here the phase convention is chosen such that
CP|D®) = —|D") and CP|D°) = —|D").

For small values of the mixing parameters, |x|, |y| < 1,
the decay-time dependence of initially produced D° and D°
mesons decaying to a CP eigenstate is approximately
exponential. The effective lifetime here differs from that
in decays to flavor eigenstates such as D° — K~z" [2].
Summing D° and D decays, the time-dependent decay rate
to a CP eigenstate can be written as

d(D° = fi) +d0(D° - f.)
dt

1S e_r(1+’7fyCP)t’ (2)

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

where 5, = +1(—1) for CP-even (-odd) final states.
Neglecting possible CP violation in decays, ycp is related
to x and y as

_Lila, |p LAl el
ycp2<’p‘+‘q‘>ycos¢ 2(’19} ’61stm¢’ ®)

where ¢ = arg(q/p). In the limit of CP conservation
(lg/pl=1,¢ =0), yep = y. Note that ycp also depends
on CP violation in decay, making the difference in ycp
between CP-even and -odd final states sensitive to CP
violation in decay [3].

The most precise measurement of y-p has been per-
formed with decays to CP-even final states K™K~ and
ata~ [4-6]. A mixing search in CP-odd decays was also
performed by Belle using 673 fb~! datain D — K3K* K~
[7] by comparing the effective lifetimes in CP-even
and -odd components of this final state and assuming
lg/p| = 1. The current world average value of ycp is
(0.715 £0.111)% [8].

In this paper, we search for D-mixing in the CP-odd decay
D° - K$o with  — 7"z~ 2°. This decay is favorable as it
has a relatively large branching fraction of (0.99 £ 0.05)%
[1], nearly 5 times that of D — K¢, and the two charged
tracks from the D° decay vertex allow for an accurate
measurement of the D° decay time. The narrowness of the @
peak leads to small contamination by other resonant or
nonresonant decays to the D — K$z* 7~ z° final state. We
extract yo-p by comparing the lifetimes of Kga) and K~ 7.
Since dT'(D° - K=n")/dt < e7'", Eq. (2) implies

IKyw) . (K z")
yep = 1= D(K-zt) - 7(Kiw) “)

Our study is based on the full data sample of 976 fb~!
recorded with the Belle [9] detector at the KEKB asym-
metric-energy e™ e~ collider [10] at a center-of-mass energy
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near the Y(4S) resonance. The detector components
relevant for this work are a silicon vertex detector
(SVD), a 50-layer central drift chamber (CDC), and an
electromagnetic calorimeter (ECL) composed of CsI(TI)
crystals, all located inside a superconducting solenoid coil
that provides a 1.5 T magnetic field. Two inner detector
configurations were used. A 2.0 cm radius beam pipe with a
three-layer SVD was used for the initial 16% of the sample
and a 1.5 cm radius beam pipe with a four-layer SVD for
the rest. Charged particle identification is accomplished by
combining specific ionization measurements in the CDC
with the information from an array of aerogel threshold
Cherenkov counters and a barrellike arrangement of time-
of-flight scintillation counters. The analysis procedure is
established using Monte Carlo (MC) simulated samples.
Particle decays are modeled by the EvtGen package [11],
with the simulation of detector response performed with
GEANT3 [12].

We select charged tracks originating from the collision
region with |dr| < 0.5 cm and |dz| < 2.0 cm, where dr
and dz are the impact parameters with respect to the
nominal interaction point in the plane transverse and
parallel to the e™ beam, respectively. We require these
charged tracks to have at least two associated hits in the
SVD, in both the z and azimuthal projections. Charged
hadrons are identified with a likelihood ratio L(K/x) =
Lyx/(Lg + L,), where L, and L are the individual like-
lihood values for the 7+ and K* hypothesis based on all the
available particle identification information. We require
L(K/z) > 0.6 and L(K/z) < 0.4 for K* and z* candi-
dates, respectively. The K(S) candidates are reconstructed
from pairs of oppositely charged tracks (assumed to be
pions) that form a common vertex and are identified with an
artificial neural network [13] that combines seven kin-
ematic variables of the K% including the finite flight length
for K¢ vertex from the e e~ interaction point. More details
on Kg identification can be found in Ref. [14]. The
invariant mass of the selected candidates is required to
satisfy 487 MeV/c?> <M ko < 508 MeV/ ¢’ that corre-

sponds to approximately 3 standard deviations (¢) in mass
resolution. The K purity is 96% after all the K selections
are applied. 7° meson candidates are reconstructed from
photon pairs. Photons are contiguous regions of energy
deposit in the ECL without any associated charged tracks.
The ratio of the energy deposited in the central 3 x 3 array
of crystals relative to that in the central 5 x 5 array of
crystals is required to be greater than 0.75. The energy of
each photon must be greater than 50, 100, and 150 MeV in
the barrel region, forward, and backward end cap, respec-
tively. The 7z° momentum is required to be greater than
300 MeV/c, and its invariant mass is required to be in
the range 120 MeV/c? < M, < 148 MeV/c?, which cor-
responds to approximately 43¢ around the nominal 7z°
mass [1].

As the o lifetime is negligible, we determine the D°
decay vertex from a kinematic fit constraining the K 0 7z,
7, and z° candidates to come from a common vertex. We
constrain the z° mass in this fit by introducing a large
uncertainty of 1.0 cm on its vertex position. We select
D° - K4ztn~2° candidates in the @ mass region by
requiring 750 MeV/c? < M0 < 810 MeV/c? that cor-
responds to approximately £3o in resolution around the
nominal @ mass [1]. The purity of the @ sample after all
selection criteria is 91.4%. We retain a D° — K4z "z~ n°
candidate if its invariant mass is in the range
1.80 GeV/c* < Mp <192 GeV/c? and a D° — K=zt
candidate if its invariant mass is in the range
1.83 GeV/c? < M}, < 1.90 GeV/c?. The tighter require-
ment in the latter case is due to better mass resolution. The
D** candidates are reconstructed from the selected D° and
7., candidates requiring the mass difference between D**
and D° to lie in the range m, < AM < 150 MeV/c>.
Here, ), is the charged pion whose momentum tends to
be low compared to the final-state particles originating
from the D° decay, and m, is the charged pion nominal
mass [1]. In order to suppress combinatorial background
further and veto D° mesons coming from B decays, the D**
momentum in the center-of-mass frame is required to be
greater than 2.55 GeV/c.

The production vertex of the DY, ie., the D*t vertex is
obtained by constraining the D° momentum to the inter-
action region (IR). The 7|, candidate is refitted to the D**
vertex to improve resolution of AM. As the IR position
varies with changing accelerator conditions, we update the
mean position every 10,000 hadronic events. The IR
position resolution is determined by comparing the mean
IR position with the true production vertex position using
MC. The mean width of the IR is 3.34 mm along the 7 axis
and 82 ym in the horizontal and 4.3 ym in the vertical
directions. To further improve vertex resolutions, we
require confidence levels to exceed 1073 for both fits.
After applying all selection criteria, there are on average
1.40 (1.01) candidates per event in the D° — Ko (Kr)
decay. We retain the one having the minimum y? value
determined from the zg,, vertex fit.

The proper decay time of D° candidates is calculated by
projecting the flight length vector connecting the D** and
D decay vertices along the direction of the momentum
vector p and then dividing by the magnitude of p and
multiplying by the D° mass. The error on the proper decay
time, o,, is calculated from the error matrix of the
production vertex position, the decay vertex position,
and the momentum p. The diagonal elements correspond
to the variances in these quantities, whereas the off-
diagonal elements give the correlations among their uncer-
tainties. The resolution on the decay time is 310 fs for
D° - KYw decays and 162 fs for D* — Kz decays. For
both samples, a loose requirement ¢; < 900 fs is imposed.
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The worsening in resolution in the D° - Kl case is due
to the presence of 7° and Kg in the final state.

According to MC simulation, the selected events can be
grouped into the following four categories: signal, random
Tgow background composed of correctly reconstructed D°
mesons combined with a misreconstructed 7zg,,,, combi-
natorial background, and background due to partially
reconstructed multibody charm decays. We first perform
a two-dimensional (2D) unbinned maximum-likelihood fit
to the variables (Mp, AM) in order to extract signal and
background fractions. These are then used in the lifetime
fits to normalize different lifetime components.

The probability density functions (PDFs) of different
event categories are parametrized as follows. For the D —
K@ decay mode, the signal distribution in M, is modeled
with the sum of a Crystal Ball (CB) function [15] and three
Gaussian functions all constrained to a common mean,
while the distribution in AM is parametrized with the sum
of two Gaussian functions constrained to a common mean
(double Gaussian function) to describe the core, and the
sum of an asymmetric Gaussian function and a CB function
to model the tails. To account for a correlation between the
core widths of AM and Mp, we parametrize the former
with a second-order polynomial of |M, — m |, where m o
is the nominal mass [1] of the D° meson.

The signal distribution of the D° — K~z " decay mode is
parametrized in M p with a sum of a CB function, a double
Gaussian function, and an asymmetric Gaussian function,
while in AM it is modeled with a double Gaussian function
to describe the core, and with a sum of a CB function and
two asymmetric Gaussian functions to describe the tails.
The correlation between the core widths of AM and M, is
parametrized as for the D° - K% mode.

The distribution of random 7z, background is peaking
in M, and smooth in AM. The former is parametrized with
the signal PDF and the latter with a threshold function,

Ful(Q) = Q%2 0>0, (5)
where Q =AM —m, +, and a and f are two shape
parameters.

The distribution of combinatorial background is smooth
in both variables. We parametrize it in M with either a
first-order polynomial (K~z") or a second-order polyno-
mial (Kga)); and in AM with the threshold function as
in Eq. (5).

The background due to partially reconstructed multibody
charm decays is smooth in M, but exhibits a broad peak in
AM. In the case of K, this background is small (about
3% of the total background) and its shape in M, is very
similar to that of the combinatorial background. We decide
to combine this background with the combinatorial back-
ground by adding an additional Gaussian term to the
parametrization in AM. The parameters of this additional
function and its fraction are fixed from the fit to MC

TABLE 1.
GeV/c>.

Definitions of signal region and sidebands. Units are

Signal region
Ko K-z*
1.84 < M < 1.885 1.85 < Mp < 1.88
0.144 < AM < 0.147

Sidebands
ng K n"

1.76 < My < 1.79 1.76 < Mp < 1.80
1.92 < Mp < 1.95 191 < Mp <195
myr < AM < 0.142
0.149 < AM < 0.150

simulation. In the case of K=z, we treat this background
separately. The distribution is parametrized with an expo-
nential function in M and with a double Gaussian function
in AM whose parameters are fixed to values obtained from
MC simulation.

The robustness of our fitting model is tested with MC
samples that correspond to the Belle data set in integrated
luminosity. The obtained signal and background fractions

Q, Q
o w

-
o
T

Events / ( 1.2 MeV/c?)
Events / (0.1 MeV/c?)

oot o g NP N,
2 T o‘”,..' AL

—4 .
1.8 182 184 186 1.88 1.9 1.92 0.14 0.142 0.144 0.146 0.148 0.15
M, [GeV/c?] A M [GeV/c?]

Pull
ARon s

%
0.14 0.142 0.144 0.146 0.148 0.15
A M [GeV/c?]

—10 -1
1.83 1.84 1.85 1.86 1.87 1.88 1.89 1.9
Mp [GeV/c?]

FIG. 1. Projections of the 2D fit on M, (left) and AM (right) for
D’ - ng (top) and D° — K~z" (bottom). Points with error
bars represent the data. The curves show projections of fitted
PDF: total PDF projection in solid black, signal contribution in
double dot-dashed red, combinatorial background in dashed
black, random 7, background in dotted magenta, and multi-
body background as dash-dotted green. (The total PDF is hard to
see as it closely follows the data points.)
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TABLE 1I. Yields from the 2D fit to data.

K% components Full region Signal region

Signal 107978 + 455 90930
Random 7, background 3238 £+ 346 918
Combinatorial background 27793 + 447 3554

K~z components Full region Signal region

Signal 1507830 £ 1310 1375245
Random 7, background 42899 £ 459 13380
Combinatorial background 33828 4+ 384 4620
Multibody background 6769 + 415 1686

in the signal region, defined in Table I, are consistent with
the ones determined with MC “truth matching”; the differ-
ence between the two is, in all cases, within 1 standard
deviation.

After validating the fitting model, we proceed to fit the
data sample. The results are shown in Fig. 1 and are listed
in Table II. We measure the signal fractions of 96.3% (K%w)
and 99.6% (K~n") by integrating events in the signal
region.

Finally, we perform unbinned maximum-likelihood fits
for lifetime using the events in the signal region. We
parametrize the proper decay-time distribution as

Flie) =228 [ R (=ar + (1= 180, ©

where the first term represents signal and the second term
background, f g, is the fraction of signal events determined
with the 2D fit described earlier, 7 is the effective signal
lifetime, and R(z—1¢) is the resolution function. The
resolution function is parametrized with the sum of three
(K(S)a)) or four (K~z™") Gaussian functions constrained to
the common mean. Besides the effective lifetime 7, the free
parameters of the fit are the resolution function mean, the
widths, and the fraction of each Gaussian function.

The background term B(t) is parametrized with two
lifetime components: a zero-lifetime component corre-
sponding to combinatorial background and a component
with an effective lifetime 7, corresponding to multibody
charm background,

B(l‘):/[foé(t')-l—%e—"/% Ry(t=1)dr, (7)

b

where f, is the fraction of zero-lifetime component and
R, (t—1') is the resolution function for background, para-
metrized with a sum of three Gaussian functions con-
strained to the common mean. The parameters of B(t) are
obtained by fitting the proper-time distribution of events in
the sidebands as defined in Table I. The sidebands are
chosen such that they contain negligible amounts of signal.

The lifetime fitting model is tested with four statistically
independent MC samples, each corresponding to the
integrated luminosity in data. The resulting fitted lifetimes
are found to be consistent with the generated value, and y-p
determined from the fitted lifetimes of D° — K%w and
D° — K~zn" is compatible with zero within 1 standard
deviation.

Lifetime fits on the data are shown in Fig. 2. The y° per
number of degrees of freedom of the D° — K and

~
&
e

10°

10?

Events/(0.16)

10¢%

Pull

10°

10*

10°

Events/(0.16)

T H\Tq“)

Pull

FIG. 2. Results of the fit to the measured proper decay time
distributions. Top: D° - K$w. Bottom: D° — Kz. Points with
error bars represent the data, the solid black curves are the fitted
function, the dashed red curves are the signal contribution, and
the shaded surfaces beneath are the background estimated from
sidebands.
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D° — K~z lifetime fits are 0.90 and 1.10, respectively.
We measure 70, = (41047 £3.73) fs and 7k, =

(406.53 £0.57) fs, and ycp = (0.96 +0.91)%, where
the uncertainties are statistical.

Besides D° — K% decay, the reconstructed final state
ngﬁﬂ‘zzo might include contributions from other inter-
mediate resonances, or no resonance at all. Depending on
orbital angular momenta, some of these decay modes might
be CP-even. The presence of CP-even component in the
signal reduces the measured y.p by a factor of 1 —2f¢p.,
where fcp, is the fraction of CP-even decays in the signal
component. Since this fraction is not well known in the
selected mass region of @, we assign a systematic uncer-
tainty to the measured y-p by conservatively assuming that
all non-w decays are CP-even. The fraction of non-w
decays is determined from a fit to the M, o distribution in
which the M, o requirement is loosened, but events are
still required to be in the signal region. The fraction of
events under the @ peak obtained from the fit and corrected
for a small amount of random combinations of @ and K
(2.5%) is 88.0%, while the signal fraction from the 2D fit is
96.3%. From the ratio of the two (91.4%), we find the upper
limit fcp, = 8.6%. The systematic uncertainty in ycp due
to the possible presence of CP-even decays in the sample is
therefore at most 2fcp, - ycp = +0.17%.

Other sources of systematic uncertainties are listed in
Table III. We vary the requirement on the K2 flight length
in steps of 0.1 mm up to 1.0 mm; we find no significant bias
in the D° lifetime and assign the maximum variation
observed of 0.01% as the systematic uncertainty in ycp.
To assign systematics due to different energy thresholds
used for different barrel regions, we divide the whole barrel
region into three equal bins and assign a maximum energy
threshold of each photon of 70 MeV to each bin. We
observe an average bias of 0.1% which we assign as the
systematic due to z° reconstruction. We vary our selection
criteria on o, by =50 fs and find a 0.21% variation in ycp.
Variation of D mass window position and size by
+2.5 MeV/c? leads to a 0.13% change in ycp. We vary
the signal fraction by its statistical and systematic

TABLE III. Summary of absolute systematic uncertainties.
Source Ycp uncertainty [%]
Kg selection 40.01

7Y reconstruction +0.10

o, selection +0.21
M, signal window +0.13
Signal fraction +0.17
Sideband selection +0.32
Signal/sideband background differences +0.03
Sideband parametrization +0.43
Quadrature Sum +0.62
CP-even decays +0.17

—0.00

uncertainties; we find a 0.14% variation due to statistics
and, from MC simulation, 0.10% due to the fixed shape
parameters in the (Mp, AM) fit. These two contributions
are combined in quadrature, and the result is assigned as the
systematic uncertainty due to the signal fraction. Note that
difference between the data and fit visible in Fig. 1 for the
D" — Kz mode has a negligible effect on the extracted
lifetime.

By choosing different sidebands to obtain the decay-time
dependence of background B(t), we find a variation of
0.32% in ycp. We also vary the background lifetime by the
lifetime difference obtained in simulation between back-
ground events in the signal region and those in the side-
bands; we find a variation of 0.03% in ycp. We vary each
fixed background shape parameter by its uncertainty; by
taking into account correlations among the parameters, we
obtain a variation of 0.43% in y.p. By summing the above
contributions in quadrature, we obtain a total systematic
uncertainty of 0.62%; the systematic uncertainty due to the
possible presence of CP-even decays in the data sample
(discussed earlier) is treated separately.

In summary, we have measured for the first time the
mixing parameter ycp in the CP-odd decay D° — K§w. We
obtain

Yep = (0.96 £ 0.91 + 0.627317)%, (8)

where the first uncertainty is statistical, the second is
systematic due to event selection and background, and
the last is due to the possible presence of CP-even decays in
the final state. The result is consistent with our previous
measurement in the CP-odd decay DY — K% [7], as well
as with measurements in the CP-even decays D° — KK~
and D° - ztz~ [4-6]. The result also agrees with the
world average of ycp [8]. In the future, comparing more
precise measurements of y-p with that of y may reveal new
physics effects in the charm system.
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