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We propose a new algorithm for the identification of the production flavor of neutral D mesons in the
Belle II experiment. The algorithm exploits the correlation between the flavor of a reconstructed neutral D
meson (signal D meson) and the electric charges of particles reconstructed in the rest of the ete™ — cc
event. These include those originating from the decay of the other charm hadron produced in the event, as
well as those possibly produced in association with the signal D meson. We develop the algorithm using
simulation and calibrate it in data using decay modes that identify the flavor of the decaying neutral D
meson. We use a data sample of e*e™ collisions, corresponding to 362 tb~! of integrated luminosity,
collected by Belle II at center-of-mass energies near the Y (4S) mass. The effective tagging efficiency in
data is (47.91 = 0.07(stat) £ 0.51(syst))%, independent of the neutral-D-meson decay mode. This charm
flavor tagger will approximately double the effective sample size of many CP-violation and charm-mixing
measurements that so far have exclusively relied on neutral D mesons originating from D** decays. While
developed for Belle II, the basic principles underlying the charm flavor tagger can be used in other

PHYS. REV. D 107, 112010 (2023)

experiments, including those at hadron colliders.

DOI: 10.1103/PhysRevD.107.112010

I. INTRODUCTION

The violation of charge-conjugation and parity (CP)
symmetry in the up-type quark sector is strongly sup-
pressed in the standard model. Hence, weak decays of
charmed hadrons offer an excellent opportunity for model-
independent searches for non-standard-model physics that
are complementary to searches performed in down-type
quark transitions using kaons or bottom hadrons [1]. The
recent observation of CP violation in neutral D-meson
decays [2] has stimulated a debate on whether the observed
value is consistent with the standard model or not [3—13].
Further precise measurements of CP asymmetries in other
charmed-hadron decay modes are needed to clarify the
picture, as are searches for yet-to-be-observed signs of CP
violation in D°-D° mixing. Measuring mixing and CP
asymmetries in decays of neutral D mesons typically
requires the identification of the charm flavor at production,
i.e., whether the neutral D meson is produced as a D° or a
D°. This task, known as flavor tagging, is accomplished by
selecting D mesons that either originate from the strong-
interaction decay D** — Dz or from the semileptonic
decay of a b hadron H,, — D°/~vX, where X indicates any
other final-state particles that may or may not be recon-
structed and Z is an electron or muon. (Charge-conjugate
processes are implied throughout, unless specified other-
wise.) Hence, the sample of neutral D mesons available for
measurements that require tagging is much smaller than the

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’.

inclusive sample of neutral D mesons produced in e*e™ or
hadron collisions. For example, a typical analysis in eTe™
collisions at /s ~ 10 GeV reconstructs approximately 5
times fewer D** — D%(— K~z")z" decays than untagged
D° — K~z" decays [14]. The ratio between D**-tagged
and untagged D° decays typically reconstructed in hadron
collisions is even smaller [15,16].

In this paper we describe a novel approach to charm-
flavor tagging developed for the Belle II experiment [17].
The approach exploits information from the other charmed
hadron produced in the eTe™ — c¢C event (opposite-side
tagging). This information adds to that provided by the
previously used same-side tagging, which is provided by
the charge of the low-momentum (soft) pion originating
from the decay of a parent D** meson. Such opposite-side
tagging has long been used for b-flavor tagging at both
e"e™ and hadron colliders [18], but has never been applied
to charm-flavor tagging. It relies on the pair production of ¢
and ¢ quarks and infers the flavor of a given neutral D
meson (signal D meson) from the identification of the
flavor of the other charmed hadron. The flavor of the other
charmed hadron is inferred using the charge of its decay
products, which are either charged hadrons (7, K and p) or
leptons (e and p). One example process is schematically
shown in Fig. 1. The signal D° meson arises from the
hadronization of a charm quark. The anticharm quark
hadronizes into an anticharmed meson (or baryon), which
subsequently decays via the Cabibbo-favored ¢ — 5 tran-
sition. As a result, a positively charged kaon is produced.
The positive charge of this kaon implies that the signal
meson is produced as a D° rather than as a D°.

The charm flavor tagger (CFT) presented here infers the
flavor of a given signal D candidate at production by using
information from charged particles not associated with the
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FIG. 1. Simplified representation of an eTe™ — ¢¢ process in the center-of-mass frame. The charged kaon from the Cabibbo-favored
¢ — 5 transition on the opposite side tags the production flavor of the signal neutral D meson.

signal decay. These are part of the rest of the event (ROE)
and include both opposite-side and same-side particles. As
aresult, the CFT incorporates the conventional D** tagging
method. We use charged particles in the ROE that are likely
to be correlated with the signal flavor to build a set of
discriminating variables, which are then input into a binary
classifier that provides the tagging decision. The classifier
is trained using simulation. The probability of the tagging
decision being incorrect, for example due to the possibility
of a flavor oscillation or a suppressed decay of the opposite-
side charmed hadron, is predicted by the algorithm along
with the tagging decision.

The paper is organized as follows. Section II describes
the Belle II detector and simulation. Section III discusses
the details of the tagging algorithm, which is trained using
simulation. In Sec. IV we evaluate its performance using
several decay modes of charmed hadrons reconstructed in
data. For this purpose we use decay modes that identify the
flavor of the decaying hadron from their final state particles
(self-tagging decays). The potential impact of the CFT on
physics analyses is estimated in Sec. V, followed by the
conclusions.

II. DETECTOR AND SIMULATION

The Belle II detector [17] surrounds the collision point of
the SuperKEKB asymmetric-energy e* e~ collider [19] and
consists of subsystems arranged in a cylindrical geometry
around the beam pipe. The innermost is a tracking sub-
system consisting of a two-layer silicon-pixel detector
surrounded by a four-layer double-sided silicon-strip detec-
tor and a 56-layer central drift chamber. Only 15% of the
azimuthal angle is covered by the second pixel detector
layer for the data used in this paper. A time-of-propagation
counter in the barrel and an aerogel ring-imaging
Cherenkov detector in the forward end cap provide infor-
mation used for the identification of charged particles. An
electromagnetic calorimeter consisting of CsI(Tl) crystals
fills the remaining volume inside a 1.5 T superconducting
solenoid and provides energy and timing measurements
for photons and electrons. A K? and muon detection
subsystem is installed in the iron flux return of the solenoid.
The z axis of the laboratory frame is defined as the central
axis of the solenoid, with its positive direction defined as
the direction opposite the positron beam.

Simulation is used to train the binary classifier that
provides the tagging prediction. The simulation uses
KKMC [20] to generate quark-antiquark pairs from e*e™
collisions, PYTHIAS [21] to simulate the quark hadroniza-
tion, EvtGen [22] to decay the hadrons, and GEANT4 [23] to
simulate the detector response. Events are reconstructed
using the Belle II software [24,25].

III. THE TAGGING ALGORITHM

We introduce the standard metrics used for the evaluation
of the tagging performance: the tagging efficiency &, and
the mistag fraction @. They are defined from the numbers
of correctly tagged (R, right), wrongly tagged (W), and
untagged (U) candidates in a sample as

R+W

S 1
Etag R+-W+U ( )
and
W .
1 - MLW otherwise.

Equation (2) implies that @ cannot exceed 50% because,
whenever W > R, the tagging decision is reversed. The
tagging performance is quantified by the effective tagging
efficiency, or tagging power,

8&{; = 8tag(1 - 26‘))2 = 8tag<r>2’ (3)

where
(ry=1-2w (4)

is an average dilution factor that accounts for candidates
that are mistagged (see, e.g., Sec. 8 of Ref. [26]). This
nomenclature, which is the standard for flavor tagging
algorithms, has the counterintuitive consequence that a
small dilution factor has a larger impact on the performance
than a large dilution factor. Indeed, a dilution factor r = 0
indicates that it is not possible to identify the flavor (i.e., the
tagging decision is equivalent to random guessing), while a
dilution factor r = 1 indicates that the flavor is perfectly
known. The tagging power represents the effective sample
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size when a tagging decision is required. Typical values of
ett for b-flavor-tagging algorithms are 20%-30% at ¢ e~
colliders [27-32] and 2%-10% at hadron colliders [33-40].
The output of the CFT algorithm presented here is a
prediction of the product gr of the tagging decision ¢ and
the per-candidate dilution factor ». We define the tagging
decision to be ¢ = +1 for signal D° decays and ¢ = —1 for
signal DY decays. The algorithm consists of two steps:
(1) ROE charged particles likely to be correlated with the
signal flavor are reconstructed and ranked; and (2) a binary
classifier predicts the product gr from a set of discrimi-
nating variables related to the selected ROE particles. The
details of the two steps are discussed in the following.

A. Reconstruction and ranking of tagging particles

For a given signal D candidate, ROE charged particles
are selected by requiring their distances of closest approach
to the interaction point to be smaller than 1 cm in the
transverse plane and smaller than 3 cm in the longitudinal
direction. Simulation shows that such requirements select
on average six ROE charged particles per event in ete™ —
cc events at Belle II. The ROE particles are classified into
two groups depending on their electric charge and ranked
according to their opening angle with respect to the
momentum of the signal D° meson in the e*e™ center-
of-mass frame. Momenta of particles emerging from the
decay of the other charmed hadron or from the decay of a
parent D** meson are expected to be nearly collinear with
the momentum of the signal charmed meson and are
highest ranked. We retain only the three top-ranked
positively charged particles and the three top-ranked
negatively charged particles for subsequent analysis.
Keeping more particles does not improve the performance,
while keeping fewer reduces it. We label themas 11,21, 3
and 17,27, 37, respectively. If an event contains fewer than
three positively or negatively charged ROE particles, the
associated input variables for the missing particles are
represented as missing values. Events that do not contain
any ROE particle are not tagged by the CFT, i.e., they
reduce the tagging efficiency.

B. Tagging prediction

The CFT uses a binary classification algorithm to predict
the product gr. Its input variables are a set of reconstructed
quantities from the selected set of six top-ranked ROE
particles. In the training of the algorithm, we use generator-
level information to label the input ROE particles according
to the relations between their electric charges and the signal
flavor. The labeling process starts by categorizing the
ROE particles according to their species, to whether they
originated from decays of charmed hadrons or not, and
from which charmed hadron they arose. We consider the
categories shown in Table I and use the signal D meson to
train the algorithm if at least one of the six top-ranked ROE

TABLE 1. Tagging categories used for labeling the ROE
particles used in the training of the CFT. In each category the
ROE particle is requested to match the given species and to
originate from the decay of the given parent or grandparent
particle. The symbol 7, is used to indicate the soft pion from
D*t — D% decays. The relative occurrence at which the ith
(i =1, 2, 3) top-ranked ROE particle falls in a category is given
in the last three columns (each column sums to 100% with the
inclusion of the remaining cases in which the ith top-ranked ROE
particle does not fall into any category).

Ranking
Particle type Parent or grandparent 1 2 3
K~ D', D*, D, A 82% 82%  3.6%
W, e D%, DF, D, A 4.1% 3.0% 1.4%
p AF, EF, 50, Q0 07% 05% 0.2%
" D** (only parent) 154% 35% 0.9%
zt DO, D*, D¥, Af 228% 21.0% 11.9%

particles falls in one of the categories. This requirement
typically removes 10% of the available e*e™ — c¢ events.
The categories are used only to determine which events are
used for training. The algorithm does not need to associate
the ROE particles to a category to estimate gr. For this
reason, charged particles produced in the fragmentation of
the c¢ pair, although not used in the training, contribute to
the tagging decision.

Using basic physics principles relating the ROE particles
to the decay of charmed hadrons, the true tagging label g,
(either +1 or —1 for D® and D°, respectively) is assigned
using the flavor-charge relations of Table II. For soft pions,
the relations depend on whether the ROE particle is on the
same or opposite side as the signal. A soft pion in the ROE
is considered to be on the same side as the signal if its
parent D** meson is also the parent of the signal D° meson.

As a classification algorithm, we use a histogram-
based gradient-boosting decision tree (HBDT) from the
SCIKIT-LEARN library [41], which is particularly suited for
large samples as every input variable is binned before
training. In addition, this algorithm supports missing input
values making it straightforward to include events with
fewer than six ROE particles. We configure the HBDT
by setting the maximum depth of each tree to 10, the
maximum number of leaves for each tree to 31, the
minimum number of samples per leaf to 20, the maximum
number of bins to use for nonmissing values to 255 and the

TABLE II. Relations between the true tagging label g, the
signal flavor, and the charge of the ROE particle.

ROE particle charge

Girue Signal flavor Same side Opposite side
+1 D° g Kty e a5, p,a”
-1 D ny K- ,ut, et nt p,at
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learning rate to 0.2. These values optimize performance
while avoiding overtraining.
For every ROE particle, the HBDT receives two input

variables: the angle AR = \/(A¢)* + (An)?, where A¢p
denotes the difference in azimuthal angles and Ap the
difference in pseudorapidities between the momentum of
the ROE particle and that of the signal D° meson, and the
difference between the pion and kaon identification dis-
criminators, P, — Px. The particle identification relies
on information from all subdetector systems to construct
likelihoods L(x) for a given particle hypothesis
x =-e,u,n,K, p,d. The particle identification discrimina-
tor is defined as the ratio between the likelihood in a given
hypothesis and the sum of the likelihoods in all hypotheses,
P, = L(x)/ >, L(y). For the highest-ranked positively
and negatively charged ROE particles we use in addition
the invariant mass of the system recoiling against the ROE

particle, Moy = \/ (Pete = PROE particte)* With p indicat-

ing the four-momentum (computed using the pion mass
hypothesis), to make up a total of 14 input variables.

The HBDT is trained using simulated D° — v as the
signal, so that every reconstructed particle belongs to the
ROE and cannot be associated to the signal meson, thus
minimizing possible correlations of the CFT response
with the signal decay mode. We train the algorithm with
1.35 x 10° decays. Figure 2 shows the distributions of the
input variables, separately for true D° and D° mesons. The
trained HBDT is tested on an independent sample of 450
thousand signal D° — v decays to assess overtraining.
During testing we consider only signal D° mesons that have
at least one ROE particle fulfilling one of the categories of
Table I to have a consistent set of labels as used for training.
The output of the HBDT on the test sample is shown in
Fig. 3 separately for true D° and D° mesons. Comparison
of the signal flavor predicted by the CFT and the true label
shows that the algorithm predicts the correct flavor in
approximately 83% of decays.

Figure 4 shows the CFT output for candidates selected
using different criteria based on the known flavor tagging
categories of Tables I and II. The distributions clearly show
that the CFT performs the best, with an average dilution
(r) ~0.90, when a same-side soft-pion tag is present. The
next best average dilution ({r) ~ 0.75) is obtained when a
kaon tag is present. However, the performance decreases
substantially ({r) ~ 0.68) when the presence of a kaon tag
is not accompanied by the presence of a same-side soft-
pion tag. The poorest performance ({r) ~ 0.52) is observed
when a proton tag is present and there are no kaon or same-
side soft-pion tags.

IV. PERFORMANCE

To evaluate the performance of the CFT and calibrate
its prediction of the per-candidate dilution, we use data

corresponding to an integrated luminosity of 362 fb~! and
collected by Belle II from 2019 to 2022 at collision energies
near the mass of the Y(4S) resonance. The tagging
performance is studied for neutral D mesons and for D™
and Al decays. Studying all three hadrons provides insight
into the contributions from various tagging categories and
enables validation of the results observed in simulation
during testing and training.

We reconstruct the following signal decays of charmed
hadrons: D° - K~ zt, D > K~ ntztz~, D - K-nt#°,
Dt - K$z*, DY - K=n*z*, and Af — pK=n". The
neutral D decays considered here proceed mainly through
the Cabibbo-favored ¢ — s transition. Hence, up to an
O(1073) contribution from wrong-sign decays, the charge
of the kaon identifies unambiguously the flavor of the
neutral D meson at the time of production. The kaon charge
can be used as an approximation of the true tag and
compared with the CFT decision to compute the mistag
fraction in data. The wrong-sign decays, which are a
combination of doubly Cabibbo-suppressed D° —
K-nt(z*n~,7°) decays and Cabibbo-favored D° —
K-zt (ntn=, %) decays preceded by a D° — DV oscilla-
tion, have an opposite correlation between the charge
of the kaon and the production flavor of the D meson.
To account for such contributions we assume negligible
CP violation and correct the mistag fractions measured
in data by subtracting the ratio of time-integrated wrong-
sign to right-sign rates, which are (3.798 4 0.014) x 1073
for D° — K*zT [42], (3.334+0.27) x 1073 for D° —
K*x¥ata~ [43], and (2.1240.13) x 1073 for D° —
K*a*t7° decays [18].

A. Reconstruction of signal decays

The reconstruction of the signal candidates starts by
selecting events that are inconsistent with Bhabha scatter-
ing and have at least three tracks with transverse momen-
tum larger than 0.2 GeV/c, transverse impact parameter
smaller than 2 cm and longitudinal impact parameter
smaller than 4 cm.

Charged kaon, pion, and proton candidates are required
to be in the acceptance of the drift chamber, originate from
the ete™ collision and be identified as kaons, pions, and
protons, respectively, by requiring the particle identification
probability for the given hypothesis to be larger than 0.9.
Such requirements have typical efficiencies in the 60%—80%
range and misidentification rates of a few percent, depending
on the particle species. Candidate K — 7z~ decays are
formed by combining two oppositely charged particles under
the pion mass hypothesis. A vertex fit is performed on the
K candidates and the refitted mass is required to be in the
range [0.45,0.55] GeV/c? [44]. Furthermore, the candi-
dates’ flight-length significance, defined as the ratio of flight
length and its uncertainty Lgigni/ Ggiight> is computed from the
results of the vertex fit and is required to be larger than 10.
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We reconstruct photon candidates from localized energy
deposits (clusters) in the electromagnetic calorimeter that
are consistent with an electromagnetic shower based on
pulse-shape discrimination [45]. The cluster should have a
polar angle within the acceptance of the drift chamber to
ensure that it is not matched to tracks. It must include
energy from at least two crystals and an energy deposit
greater than 0.08 GeV if located in the forward region
(12.4 < 0 < 31.4°), greater than 0.03 GeV if in the barrel
region (32.2 < 6 < 128.7°), and greater than 0.06 GeV if in
the backward region (130.7 < 6 < 155.7°). Two photon
candidates are then combined to form a neutral pion
candidate if the absolute difference in the azimuthal angles

of the respective clusters is smaller than 86°, the corre-

sponding opening angle is smaller than 80°, the invariant
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FIG. 4. Normalized distributions of the predicted gr for simulated D° and D° true mesons, and separately for subsets of the testing
sample in which (top left) one of the input ROE particle is a kaon tag, (top center) one ROE particle is a lepton tag, (top right) one ROE
particle is a proton tag, (middle left) one ROE particle is a kaon tag and there is no same-side (ss) soft-pion tag, (middle center) one ROE
particle is a lepton tag and there are no kaon or same-side soft-pion tags, (middle right) one ROE particle is a proton tag and there are no
kaon or same-side soft-pion tags, (bottom left) one ROE particle is a same-side soft-pion tag, (bottom center) one ROE particle is an
opposite-side (0s) soft-pion tag, and (bottom right) one ROE particle is a pion tag. The average dilutions for the flavor-averaged and

flavor-separated samples are reported.

112010-7



I. ADACHI et al.

PHYS. REV. D 107, 112010 (2023)

mass is in the range 0.120 < M(yy) < 0.145 GeV/c?, and
the momentum is larger than 0.4 GeV/c.

Combinations of charged kaon and pion candidates are
used to form D° - Kz, D° - K-ztz~zt, and Dt -
K~z z" candidates. Charged kaon, pion, and neutral pion
candidates are combined to form D’ — K=z 7" candi-
dates. Candidate K(S) mesons are combined with charged
pions to form D' — Kg;ﬁ candidates. Proton, kaon,
and pion candidates are combined to form A — pK~z"
candidates. The D°, D* and A} candidates are required to
have invariant masses in the ranges [1.814, 1.914] GeV/c?
([1.72,1.98] GeV/c* for D° — K=z'z%, [1.819,
1.919] GeV/c? and [2.248,2.323] GeV/c?, respectively.
A vertex fit to the candidates is required to return y>
probabilities in excess of 0.01. Charmed hadrons produced
in B-meson decays are rejected by requiring the center-of-
mass momentum of the charmed hadron to be larger
than 2.5 GeV/c.

Given the large yield of these Cabibbo-favored decays,
we expect the measurement of the tagging performance to
be dominated by the systematic uncertainties. To facilitate
further analysis, we therefore randomly discard 90% of
events when reconstructing a D°-meson decay, 20% of the
events when reconstructing a D* — K%z" decay, and 30%
of the events when reconstructing a D* — K-zt 2" decay.
Events are not randomly discarded when reconstructing
Al decays.

To determine the tagging performance on signal-only
decays, we fit to the mass distributions of the selected
candidates (Fig. 5) and use the sPlot method [46] to
subtract the background. In the fits, each signal peak is
described by the sum of a Gaussian distribution and a
Crystal Ball function [47,48]; the background components
by second-order polynomials. The fits estimate 300500 +
750 D° - K—zt, 102300+ 1400 D° - K~ ntztzn,
190500 =730 D° — K=z x°% 75420 +£910 D* — K9z ™,
438700 + 930 Dt —» K~z"x™", and 330500 + 810 A} —
pK~n" signal decays.

B. Efficiency and mistag rate

When estimating the performance we account for the
possibility that the tagging efficiency, &, and the mistag
rate, w, can be different for charm and anticharm flavors
due to charge asymmetries in detection and reconstruction.
We therefore define the differences

Aetag = tE'tag(CItrue = +1) - gtag(‘hrue = _1) (5)
and
Aw = w(Qtrue = +1) - CU(Qtrue = _1)’ (6)

where ¢, indicates the true flavor. As an example, in a
sample of signal neutral D mesons (g = +1) is the

fraction of D° mesons that are incorrectly classified as D°
and @(que = —1) is the fraction of D° mesons that are
incorrectly classified as D°. The tagging efficiency and
mistag rates of Egs. (1) and (2) correspond to the arithmetic
averages [etag(Qtrue =+1)+ Etag(%rue =-1)[/2 and
[w(Qtrue =+1) + 0(Girue = _1)]/2’ respectively.

The background-subtracted distributions of the CFT
output for the six signal decays considered are shown
in Fig. 6. Table III shows the corresponding tagging
performance. Since the CFT needs only one loosely
selected charged particle in the ROE as input, the tagging
efficiency is almost 100% and it is independent of the
charmed hadron signal and of its decay mode. The mistag
rate is independent of the signal decay mode, but it depends
on the charmed hadron, given that different tagging
categories contribute with different proportions depending
on the charmed hadron signal (see, e.g., Fig. 4). The mistag
rate being about 8% larger in DT than D° decays can be
attributed to the absence of the same-side soft-pion tagging
category for DT decays. Similarly the increase in mistag
rate for Al decays can be attributed to more important
contributions from the proton tagging category for signal
baryons compared to signal mesons. The mistag-rate
difference between charm and anticharm signals is con-
sistent with zero for neutral D mesons. For charged hadrons
the ROE must also be charged, and Aw shows significant
deviations from zero due to the presence of detection
asymmetries in the reconstruction of the ROE particles.

The results obtained with the D° — K~z " channel are

Eug = (99.974 + 0.004(stat) + 0.011(syst))%, (7)
Aeyg = (—0.002 + 0.007(stat) + 0.004(syst))%, (8)
® = (19.09 £ 0.08(stat) + 0.17(syst))%, 9)
Aw = (0.36 £ 0.17(stat) = 0.01(syst))%.,  (10)
el — (3822 4 0.20(stat) + 0.44(syst))%. (1)

The systematic uncertainties are due to the background
subtraction based on the sPlor method [46]. They are
computed using simulation by comparing the results
obtained from the sPlot method with those derived using
generator-level information. Other sources of systematic
uncertainties, such as contributions to the mistag rate due to
the subtraction of the wrong-sign contribution, are negli-
gible. As a consistency check, we evaluate the performance
of the CFT by splitting the D® — K~z" signal sample in
disjoint data-taking periods. No dependence on the data
taking conditions is observed. The maximum number of
input ROE tracks is varied from six to four and eight and
the algorithm is retrained. We see a small degradation in
performance when the number of ROE tracks is reduced
and no substantial gain when it is increased.
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C. Calibration of the predicted dilution

To fully exploit the tagging information in measurements
of mixing and CP asymmetries, the per-candidate dilution r
predicted by the CFT should be used in place of the average

dilution resulting from the mistag fraction of Sec. IV B.
To avoid biases, the per-candidate dilution is calibrated

in data using the true dilution r,,., computed starting from
the true mistag fraction measured in the self-tagged D° —
K~z decays. To maximally exploit the sample size, during

the calibration, we consider all available D° — K~ 7+
decays and do not discard 90% of them as in Sec. IV B.
Figure 7 shows that the true dilution has a dependence on
the predicted dilution that deviates from the expected linear
rwue = © behavior. The deviation occurs mostly for pre-
dicted dilution values dominated by opposite-side tagging
categories (see Fig. 4), indicating that the algorithm is
overconfidently assigning the flavor for this class of events.
We fit a third-degree polynomial to the observed depend-
ence. The polynomial is parametrized as
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FIG. 6. Distributions of the predicted ¢r for background-subtracted (top left) D® — K=z, (top right) D° — K~z 7"z, (center left)
D® — K=" 2 (center right) D™ — K-z "x", (bottom left) D™ — K9z, and (bottom right) A — pK~z* decays in data.

Ap, Ap, 1 with the parameters p; accounting for the flavor-averaged

Fewe(7]q) = +q—— |+ +q9—— -
wie\"1g) =\ P1 T4 P24 2 calibration and the parameters Ap; for the differences
A N2 observed between D° and D signal decays. To avoid
+ {2 - 4(]71 + q%)] ( - 5) exceeding the physical boundaries, Eq. (12) implies that
F'ewe = I at the boundary values of r =0 and r = 1. The

4 Ap, 1\3 12 results of the fit (Table IV) are used to correct the CFT
Tamalpta "= 2/ (12) response and obtain a calibrated predicted per-candidate
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TABLE III.  Performance of the CFT as determined on data in terms of tagging efficiency (e,), difference in tagging efficiency

between charm and anticharm decays (Aey,), mistag rate (w), difference in mistag rate between charm and anticharm decays (Aw), and
eff

average tagging power (&

tag

), for different signal decays. The uncertainties are statistical only.

Signal decay Erag (%) Aty (%) o (%) Aw (%) gfzfg (%)
DY - K=zt 99.974 £ 0.004 —0.002 £+ 0.007 19.09 +0.08 0.36 £0.17 38.22+£0.20
DY - K~ ntnn* 99.794 + 0.020 0.042 +0.039 19.13 £0.16 0.40 £0.32 38.05 +£0.38
DY > K ntz0 99.967 £ 0.006 —0.006 £ 0.012 19.34 +£0.13 -0.22£0.26 37.58 £0.32
Dt - K ntm* 99.843 £ 0.007 —0.026 £0.014 27.86 +£0.08 0.80 £0.16 19.57 £0.14
Dt - Kz* 99.846 + 0.019 0.037 £ 0.038 27.92+0.23 1.83 £0.46 19.47 +0.41
A — pK~nt 99.832 + 0.008 —0.022 £ 0.016 32.44 +£0.09 0.52 £0.18 12.31 £0.13
1.0 the true dilution for all three decay modes indicating that
---- Fit (D°) F the calibration obtained using D — K~z can be used for
—= Fit(D%) R other signal decays.
sl Data (D°) 4 With the calibrated per-candidate dilution, the tagging
A Data (D) ,X/ power is calculated, also for non-flavor-specific decays, as
,fzx"'/
A 2
R Z'Wirci
0.6 4 el = g, (r2) = 52—, (13)
v X D DAY
2 s
= v where i runs over the sample and w; is the sPlot weight
used to subtract the background. Including the systematic
uncertainty due to the background subtraction with the
Bellell sPlot method, the tagging power for D° — K~z decays is
0 e (_e measured to be
D%-K~m*
ehe = (47.91 £ 0.07(stat) = 0.51(syst))%.  (14)
0.6 08 1.0

r

FIG. 7. True dilution as a function of the predicted dilution for
D% — K=zt and D° — K*z~ decays in data with fit projections
overlaid. The bisector of the plane (red dotted line) represents the
expected relation for perfectly calibrated predicted dilution.

dilution r... Systematic uncertainties due to the background-
subtraction procedure are included.

Figure 8 shows the impact of the calibration on
D’ - K=2",D° - K-n*ntz~,and D° — K~n" 2" signal
decays. The calibrated dilution shows good agreement with

Since it fully exploits the information provided by the CFT,
the tagging power based on the per-candidate dilution of
Eq. (14) exceeds the tagging power based on the average
dilution of Eq. (11).

V. IMPACT ON PHYSICS

We estimate the effective increase in sample size in a
typical mixing or CP-asymmetry measurement that would
otherwise rely exclusively on D*-tagged D° decays.
We reconstruct a sample of D° — K-zt decays using
Belle II data corresponding to an integrated luminosity
of 54.4 fb~!. The sample is selected with the criteria of

TABLE IV. Results of the fit to the true dilution as a function of the predicted dilution for D — K~z decays in
data. The first uncertainties are statistical, the second systematic.

Correlations (%)

Statistical Systematic
Coefficient Value D Ap, Ap, )22 Ap, Ap,
)2 0.437 £ 0.001 £ 0.007 —44.6 3.3 -0.7 -33.7 1.5 53
)23 0.949 4+ 0.002 £ 0.028 -0.7 24 24 3.0
Ap, —0.031 £ 0.004 £ 0.000 —44.6 -25.5
Ap, 0.044 £+ 0.008 + 0.001
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Sec. IV A and split into two disjoint subsets: events that are
D** tagged, by explicitly reconstructing a D** — DOz
decay and requesting the difference between D** and D°
masses to satisfy 0.143 < AM < 0.148 GeV/c?; and events
that are not D** tagged.

The signal yields in the D**-tagged and non-D**-tagged
samples are 125600 350 and 388490 + 620, respec-
tively. The performance of the CFT on D*"-tagged events
is close to ideal. The subpercent mistag fraction is con-
sistent with the level of non-D*t background candidates
made of D° signal decays associated with unrelated soft
pions. The tagging power on non-D*'-tagged events,
computed using the calibrated per-candidate dilution, is
(32.71 £ 0.05(stat))%. By multiplying the signal yield and
the tagging power in such a configuration, we estimate that
the CFT provides an additional 127080 £ 280 tagged
signal decays for mixing and CP-asymmetry measure-
ments, effectively doubling the sample size compared to
D*"-tagged events. However, such an increase in sample
size compared to D**-tagged decays is accompanied by an
increased background. Hence, doubling the sample size is
not expected to correspond to a factor /2 increase in the
precision of the measurement.

In addition, the CFT output distribution is expected to
provide some discrimination between signal and back-
ground. Such separation can be effectively used in a fit that
has the calibrated per-candidate dilution as an observable
or, as shown in Fig. 9, it can be used as part of the selection
requirements to improve the signal purity. Such a feature
may be particularly valuable for analyses that do not require
tagging but reconstruct charmed hadrons with small signal-
to-background ratios. An example is shown in Fig. 10 for
wrong-sign D** — D%(— K*z7z%)z" decays selected in
a sample of Belle II data corresponding to 54.4 fb~!. The
CFT is used in the sample selection to confirm the tag
provided by the D** decay with the requirement ¢, g > 0,
where g, is the soft-pion charge. With only a 24% loss of
signal yield, the signal-to-background ratio in the resulting
doubly tagged sample is roughly doubled compared to the
sample where the CFT is not used.

VI. SUMMARY

We developed a novel charm-flavor tagging algorithm
for Belle II that determines the production flavor of a signal
neutral D meson. The algorithm exploits the correlation
between the production flavor and the electric charges of
particles reconstructed in the rest of the event, i.e., those
originating from the decay of the other charmed hadron
produced in the eTe™ — cc process and those produced in
association with the signal D meson (e.g., in the decay of a
parent D** meson). The tagger uses boosted decision trees
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trained on simulated data. Its response is calibrated and
evaluated using several self-tagged decays of charmed
hadrons reconstructed in 362 fb~' of Belle II data. The
effective tagging efficiency is measured in data to be
(47.91 £ 0.07(stat) = 0.51(syst))%, independent of the
signal neutral-D decay mode. This new tagger will roughly
double the effective sample size for C P-violation and charm-
mixing measurements that so far have relied exclusively on
neutral D mesons originating from D** decays. Moreover,
the tagger can be effectively used to suppress backgrounds
for measurements in which tagging is not required, making
it a more general tool for analyses of charmed hadrons at
Belle II. While developed explicitly for Belle II, the basic
principles of this new tagger are adequate for other experi-
ments, including those at hadron colliders where charmed
hadrons are predominantly produced from cc pairs.
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