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1 Introduction

Theoretical studies of hadronic decays in charm mesons are challenging due to the fact that the
charm quark mass is neither heavy enough to support a reliable heavy quark mass expansion,
nor light enough to allow for the application of chiral perturbation theory [1]. To address
these challenges, non-perturbative methods are employed, which rely on precise experimental
inputs to constrain model parameters, test theoretical predictions and guide the refinement
of theoretical frameworks. This close interplay between theory and experiment drives the
progress in understanding D-meson decays, particularly in studies of CP violation [2].
The lightest charmed mesons, known as the DY and D+ mesons, decay exclusively through
weak interactions. Their decay amplitudes are primarily governed by two-body processes such
asD VP, D— PP, D— SP,and D — VV, where V, S, and P represent vector, scalar,
and pseudoscalar mesons, respectively. In particular, the D — V P decays provide clearer
opportunities compared to other two-body processes for elucidating the non-perturbative
mechanism of charmed-meson decays [1-3]. In the decay D° — K37%7% a major contribution
is expected to come from the Cabibbo-favored (CF) process D — K*(892)°70, which is a
typical D — V' P decay. Within the topological-diagram approach (TDA) [3], CF decays
provide critical inputs for determining topological amplitudes, which are subsequently used to
predict singly Cabibbo-suppressed and doubly Cabibbo-suppressed modes and quantify SU(3)
symmetry breaking. The corresponding topological diagrams of the D? — K*(892)%70 process,
which are illustrated in figure 1, can proceed via a color-suppressed internal W-emission
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Figure 1. Topological diagrams contributing to the decay D° — K*(892)°7° with (a) color-suppressed
internal W-emission tree diagram and (b) W-exchange diagram.

Model B(D° — K*(892)°7%) (%)
Pole [4] 2.9+1.0
FAT-mix [5] 3.25

TDA [6] 3.614+0.18

CLEO [from D° — K~n*7%] [7] 2.74 +0.47

CLEO [from D® — K2n%7%] [8] 4.16 +0.49

Table 1. The predicted and measured values of B(D? — K*(892)°7°). The uncertainties of the
CLEO measurements include both statistical and systematic contributions.

tree diagram and a W-exchange diagram. Although the majority of theoretically predicted
branching fractions (BFs) for the D — VP decays are in agreement with experimental
measurements, there is an inconsistency observed in the BF for D° — K*(892)%z°. The
predicted and measured values of the branching fractions are listed in table 1, where the
predictions come from the pole model [4], the factorization-assisted topological-amplitude
(FAT-mix) approach with p — w mixing [5], and the updated analysis of the two-body
D — VP decays within the framework of the TDA [6].

Experimentally, the information on D — V P decays can be extracted through a three-
body amplitude analysis. The CLEO collaboration has measured the BF of D? — K*(892)°7°
to be (2.74+0.234at. £0.41gyst.) % and (4.16£0.37gat. £0.334ys¢.) % in the amplitude analysis of
DY - K—ntn% [7] and D° — K277 [8], respectively. These two experimental results show
significant differences with each other and with the theoretical predictions. Hence, a more
accurate measurement of D — K*(892)7° is essential to offer a more rigorous test of the
theoretical models and enhance the understanding of the dynamics in charmed-meson decays.

The amplitude analysis and BF measurement of the decay D° — ngﬂ’oﬂ’o are presented
in this paper, utilizing e™e™ collision data collected by the BESIII detector at BEPCII [9, 10]
corresponding to an integrated luminosity of 20.3fb~!. Charged-conjugate modes are always
implied throughout this paper.



2 Detector and data

The BESIII detector [11] records symmetric ee™ collisions provided by the BEPCII storage
ring [12] in the center-of-mass energy range from 1.84 to 4.95 GeV, with a peak luminosity of
1.1 x 1033 cm™2s~! achieved at /s = 3.773 GeV. BESIII has collected large data samples
in this energy region [13—15]. The cylindrical core of the BESIII detector covers 93% of the
full solid angle and consists of a helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(T1) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic field.
The solenoid is supported by an octagonal flux-return yoke with resistive plate counter muon
identification modules interleaved with steel. The charged-particle momentum resolution at
1GeV/c is 0.5%, and the ionization energy loss (dF/dz) resolution in the MDC is 6% for
electrons from Bhabha scattering. The EMC measures photon energies with a resolution of
2.5% (5%) at 1 GeV in the barrel (end-cap) region. The time resolution in the TOF barrel
region is 68 ps, while that in the end-cap region was 110 ps. The end-cap TOF system
was upgraded in 2015 using multigap resistive plate chamber technology, providing a time
resolution of 60 ps, which benefits 86% of the data used in this analysis [16-18].

The data sample with a total integrated luminosity of 20.3fb~!, collected at the center-of-
mass energy of /s = 3.773 GeV, is used in this analysis. The ¢ (3770) predominantly decays
to DY D~ or DYDY pairs without additional hadronic activity, providing an ideal environment
for studying D meson decays with the double-tag (DT) technique [19]. In this method, a
single-tag (ST) candidate requires the reconstruction of a single D° meson through one of
the three hadronic decay modes: D° — K+7—, D® - K+t77 70 and D° - K*tn—n~nt. In
a DT candidate, both the D° and D mesons are reconstructed, with the D° meson decaying
to the signal mode D° — Kgﬁoﬂo and the D° meson decaying to one of the ST modes,
which is referred to as the tag mode.

Monte Carlo (MC) simulated data samples, produced with a GEANT4-based [20] software
package, are used to determine detection efficiencies and estimate backgrounds. The simulation
includes the geometric description of the BESIII detector, the detector response, and models
the beam-energy spread and initial-state radiation (ISR) in the e™e™ annihilations with the
generator KKMC [21, 22]. The inclusive MC sample includes the production of DD pairs
(with quantum-coherence effects for the neutral D°D° channels), the non-DD decays of the
¥ (3770), the ISR production of the J/v¢ and 1(3686) states, and the continuum processes
incorporated in KKkMC [21, 22]. All particle decays are modeled with EVTGEN [23, 24] using
BFs either taken from the Particle Data Group (PDG) [25], when available, or otherwise
estimated with LUNDCHARM [26, 27]. Final-state radiation from charged final-state particles
is incorporated using PHOTOS [28]. A phase-space (PHSP) MC sample is generated with a
uniform distribution for the decay D° — ngowo, which is used to determine the detection
efficiency function mentioned in section 4.2 and calculate the normalization integral used in
the determination of the amplitude-model parameters in the fit to data. A signal MC sample,
generated according to the results of the amplitude analysis for the decay D" — Kgﬂowo,
is used to check the fit performance, calculate the goodness of fit and estimate the average
DT efficiency in the BF measurement.



3 Event selection

The D° candidates are constructed from individual 7%, 7%, K+ and Kg candidates with
the following selection criteria, which are the common requirements for both the amplitude
analysis and BF measurement. Additional requirements used in the amplitude analysis are
discussed in section 4.1.

Charged tracks detected in the MDC are required to be within a polar angle (#) range of
|cosf| < 0.93, where 6 is defined with respect to the z-axis, which is the symmetry axis of the
MDC. For charged tracks, the distance of closest approach to the interaction point (IP) must
be less than 10 cm along the z-axis, and less than 1cm in the transverse plane.

Particle identification (PID) for charged tracks combines measurements of the ionization
energy loss dE/dz and the flight time in the TOF to form likelihoods £L(h) (h = K, ) for each
hadron h hypothesis. Charged kaons and pions are identified by comparing the likelihoods,
L(K) > L(m) and L(7) > L(K), respectively.

The Kg candidates are selected from all possible pairs of tracks with opposite charges
and the distances of the charged tracks to the interaction point along the beam direction are
required to be within 20 cm. The selected charged tracks are assigned as pions and no further
PID requirements are applied. A primary vertex and a secondary vertex are reconstructed,
and the decay length between two vertices is required to be greater than twice its uncertainty.
The x? of the vertex fit must be less than 100 and the invariant mass of the 777~ pair (M .+, )
is required to be in the range [0.487,0.511] GeV/c? to form the candidate K2 particles.

Photon candidates are identified using isolated showers in the EMC. The deposited
energy of each shower must be more than 25MeV in the barrel region (|cosf| < 0.80) and
more than 50 MeV in the end-cap region (0.86 < |cosf| < 0.92). To exclude showers that
originate from charged tracks, the angle between the EMC shower and the position of the
closest charged track at the EMC must be greater than 10 degrees as measured from the IP.
To suppress electronic noise and showers unrelated to the event, the difference between the
EMC time and the event start time is required to be within [0, 700] ns.

The 70 candidates are formed from the photon pairs with invariant masses in a range of
[0.115,0.150] GeV /2, which is about three times the mass resolution. Moreover, in order to
achieve an adequate resolution, at least one of the two photons is required to be detected
in the barrel EMC. A kinematic fit that constrains the 77 invariant mass to the known
70 mass [25] is performed to improve the mass resolution. The x? of the kinematic fit is
required to be less than 50.

To distinguish the D°D° mesons from the backgrounds, the beam-constrained mass (Mpc)
and the energy difference (AFE) are employed. They are defined as

MBC = \/Egeam/c4 - |ﬁD|2/C2’
AE = ED - Ebearm

(3.1)

where pp and Ep represent the total reconstructed momentum and energy of the D candidate,
and Fpeam is the beam energy. The D signal manifests itself as a peak around the known D
mass [25] in the Mpc distribution and as a peak around zero in the AE distribution. For each
tag mode, if there are multiple combinations, the one giving the minimum |AFEy,g| is retained



Decay mode AE (GeV)
DY — K27r970 (—0.070, 0.030
DY — Ktn~ (—0.027, 0.027
<_
(f

DY - Ktnp—xn0 0.062, 0.049
DY —» Ktn—n—nt 0.026, 0.024

—_ — ~— | —

Table 2. Requirements of AE for the signal and the different D° tag modes.

for further analysis. The signal DY candidates are reconstructed from the particles that have
not been used for the tagged DY reconstruction, with Kg and 7Y reconstructed through 7t~
and vy, respectively. They are identified using the energy difference and the beam-constrained
mass of the signal side, |AFEg,| and Mgi(gj. If there are multiple combinations, the one giving
the minimum |AFEj;,| is retained for further analysis.

In order to enhance the selection efficiencies of D mesons and effectively suppress back-
ground candidates, mode-dependent requirements on the energy difference AFE are applied
to both the signal and tag modes. The corresponding AF regions for the signal and each
tag mode are provided in table 2.

4 Amplitude analysis

4.1 Additional selection criteria in the amplitude analysis

To enhance the signal purity for the amplitude analysis, candidate events are selected with
1.858 < Mpc < 1.872 GeV/c? for the signal side and 1.859 < Mpc < 1.872 GeV/c? for the
tag modes. The sources of background for the D — Kgﬁoﬂo candidates are investigated
by analyzing the inclusive MC sample. The backgrounds are identified and categorized into
two sources: the peaking backgrounds and the misidentified backgrounds. The peaking
backgrounds, originating from D° — KgKg (where one Kg meson decays via Kg — m079)
and D° — 77~ 7070, are modeled using the inclusive MC sample in the two-dimensional
(2D) fit to the Mf)jé Versus M]gag distribution (see appendix A for details). The first type
of misidentified background arises from the reconstruction of ¢ (3770) — DT D~ events as
DODP pairs. This occurs when a 7+ meson from the decay D* — K277" is swapped with
a 7 meson from the decay D~ — KTn~ 77", As a result, the DT is falsely identified as
a DY — K27970, while the D~ is misidentified as a D° — K*n~ 7~ 7+, To suppress this
a0 < 1.899 GeV/c?
and 1.839 < Myt -0 < 1.899 GeV/c? are rejected, where the momentum of 79 is higher
than that of 9. The second type of misidentified background arises from the reconstruction of
¥(3770) — DODO events as other decay modes of DD pairs. This occurs when a 777~ pair
from the decay D° — ng+7r_7r is swapped with a 7° meson from the decay DY — K+tn— 70,
As a result, the DU is falsely identified as a D° — K27%7% while the DY is misidentified
as a DY — K*tn~7n~nt. To suppress this background, events simultaneously satisfying
the conditions 1.835 < Myo 10 < 1.895 GeV/c? and 1.835 < M+, 0 < 1.895GeV /c?

are rejected.

background, events simultaneously satisfying the conditions 1.839 < M K9
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Figure 2. Projections on M5& (a) and M5g (b) of the 2D fit. The points with error bars are data.
The solid blue line is the total fit result, the dotted red line is the signal, the dotted green line is the
background and the red arrows represent the signal region.

To achieve optimal resolution and ensure that all events are within the PHSP boundary,
a kinematic fit is performed, in which the four-momenta of the final-state particles are
constrained to the initial four-momenta of the eTe™ system and the reconstructed masses of
the DY, K and 7° mesons are constrained to their known values [25]. The four-momenta of
the final-state particles are updated by the kinematic fit for the amplitude analysis.

After applying all of the aforementioned criteria, there are 20349 events retained in
the signal region for the amplitude analysis. The signal purity (wsig), determined from an
unbinned 2D maximum likelihood fit to the M]SB% versus M]gacg distribution (see appendix A for
details), is measured to be (93.5 £ 0.2)%. The purity uncertainty is obtained by propagating
uncertainties of fitted parameters according to the correlation matrix. The fit results are
shown in figure 2.

4.2 Fit method

An unbinned maximum-likelihood fit is used in the amplitude analysis of the D — Kg«ﬂ’OTFO
decay. The likelihood function £ is constructed by incoherently adding the background
probability density function (PDF) to the signal PDF. After taking the logarithm, the
combined PDF can be written as

Naata

t= kzzzl ln[wsigfs(pk) +(1 - wﬂg)fB(pk)] ) (4.1)

where k indicates the k™ event in the data sample, Ngata is the number of retained events,
p denotes the four-momenta of the final state particles, fs(fp) is the signal (background)
PDF and wgjg is the signal purity discussed in section 4.1.

The signal PDF fg is given by

e(p) |M(p)[” Rs(p)

I = ) M) Ry

(4.2)



where €(p) is the detection efficiency parameterized in terms of the four-momenta p, and
Rs3(p) is the PHSP factor for three-body decays. This is defined as

Rs(p) (pDO - ZPJ) H é(p (Ej), (4.3)

where j runs over the three daughter particles, E; is the energy of particle j and §(E}) is the
step function. The total amplitude M is modeled with the isobar model, which is a coherent
sum of the individual amplitudes of intermediate processes and is given by M = 3 p,,e!®" A,,.
The magnitude p,, and phase ¢,, are the free parameters to be determined by the fit. The
amplitude of the n'! intermediate process (A, (p)) is given by

An(pj) = PaSn X X)) (4.4)

n*n

where X" and X2 are the Blatt-Weisskopf barrier for the intermediate resonances and the
D° meson, respectively (section 4.2.1), P, is the propagator of the intermediate resonance
(section 4.2.2), and S, is the spin factor constructed with the covariant tensor formalism [29]
(section 4.2.3).

The background PDF is given by

_B)Rs(p)
[ B(p)R3(p)dp’

where B(p) represents the background function. In the numerator of eq. (4.2), the €(p)

fB(p) = (4.5)

and Rs3(p) terms, which are independent of the fitted variables, are treated as constants
and can be neglected. To extract the shared component e(p)R3(p), the background PDF
can be expressed as

e(p) Be(p) R3(p)
[ €(p)Bc(p)R3(p)dp’

where B¢(p) = B(p)/e(p) is the efficiency-corrected background function. The background

fe(p) =

(4.6)

function in the data is modeled by the background events in the signal region derived from
the inclusive MC sample. The invariant-mass distributions of events outside the signal region
show good agreement between the data and MC simulation, thus validating the description
from the inclusive MC sample. The distributions of background events from the inclusive
MC sample have been examined both inside and outside the signal region. Generally, they
are compatible with each other within statistical uncertainties.

The invariant-mass squared distributions (M 2 970" M? 005 M 20 0) of background events
in inclusive MC sample are modeled using the XGBoost packQage [11%0 31]. The candidates in
the signal region are used as a training sample, and two different models are trained. The
first XGBoost model is utilized to predict the background probability B(p)Rs3(p), where the
training samples are the background events from the inclusive MC sample. Subsequently, a
separate XGBoost model is employed to predict the efficiency probability e(p)Rs3(p), with
the training dataset derived from PHSP MC samples that have undergone reconstruction
and event selection procedures. Dividing the two probabilities results in the value of B.(p),
which is equal to B(p)/e(p).



Through combining eq. (4.2) with eq. (4.6) and neglecting the term e(p)R3(p), the
log-likelihood becomes

Naata

e 7 M(p)]? L B.(p)
e=2 1 [“gfe<p>w<p>|233<p>dp“1 ) B (p) Ba)dp)”

(4.7)

The normalization integrals of signal and background are evaluated with signal MC

samples,
Nmc k 2
1 M MC
[ DM@ R dp~ ‘&Ag%m))"? , (1)
kmc
1 Nmc B€(pkMC)
/ «P)Bp)Ra(p) dp = 1 3 o (4.9)

kmc

where kyic is the index of the k™" event of the signal MC sample, and Nyc is the number of
the selected signal MC events. The symbol M9(p) denotes the PDF used to generate the
signal MC sample in the MC integration. Here, the signal is the D — Kgnrowo decay that
have passed reconstruction and event selection procedures. The computational efficiency
of the MC integration is significantly improved by evaluating the normalization integral
with signal MC samples. These samples intrinsically take into account the event selection
acceptance and the detection resolution.

To account for the bias caused by differences in Kg and 7 reconstruction between data
and MC simulation, each signal MC event is weighted with a ratio, v(p), which is calculated as

. EKg ,data (p) €70 data (p) €70 data (p)

Ve(p) = :
‘ €Kg,MC (P)exo me(P)erno e (p)

(4.10)

where €50 qa4 (p) and €0 \ic(p) are the K3 and 7° efficiencies as a function of the momenta
of the daughter particles for data and MC simulation, respectively. Then the MC integration
is determined by

LS MR P (phe)

e(p)|M(p)|*Rs dp =~ : (4.11)
/ Nuc = |Mo(phue)?
Nnc k k
1 B (p™© )y (p™©)
B.(p)R3dp ~ . 4.12
/E(p) (p) 3 ap NMC Z ’Mg(pko)‘? ( )

kmc
4.2.1 Blatt-Weisskopf barrier factors

The Blatt-Weisskopf barrier factors X, (q) [32] are the barrier functions for a two-body decay
process a — bc. These functions depend on the angular momentum L and the momenta g of
the final-state particle b or ¢ in the rest system of a. They are taken as

XL:O(Q) = 1a

2
_ Jatl
Xr=1(q) = 21 (4.13)
4 2
|zt 325 +9
Nl =Sy



where z = qR,, 29 = qoR, and the effective radius, R, of the barrier is fixed to 3.0 (GeV/c) ™1
for the intermediate resonances and 5.0 (GeV/c)~! for the D° meson. The momentum ¢
is given by

(8 + Sp — S¢)?
= — 4.14
q \/ 45a Sb ( )

where sq, sp, and s, are the invariant-mass squared of particles a, b, and ¢, respectively. The
2

2, where m, is the mass of particle a.

value of ¢q is that of ¢ when s, = m

4.2.2 Propagator
The intermediate resonances K*(892)°, K*(1410)°, K3(1430)°, K*(1680)° and f5(1270) are

parameterized with a relativistic Breit-Wigner function,
1 g\ 2L+ ( mo) )
P = , I =Dy — — | X , 4.15
(m) m2 —m?2 —imol'(m)/c? (m) 0 < > £(9) (4.15)

q0 m

where m is the invariant mass of the decay products, mgy and I'y are the mass and width of the
intermediate resonance that are fixed to their known values [25]. The energy-dependent width
is denoted by I'(m). The X1 (q) is the Blatt-Weisskopf barrier factor, defined in section 4.2.1.

The (K gﬂo) S—wave 18 modeled using the K-matrix parameterization with the same formula
as in ref. [33]. The amplitude has two isospin parts Ao and Ajs/;. The form for I =1/2 is

Ay = ag-Ti + aKn/T12, (4.16)
where
T=I-iKp) 'K (4.17)
_ 1 (KH ) Ko > (4.18)
1 — p1paD —i(p1 K11 + paKa2) Ko Koy —ip1D

and D = det(K) = K11 Ko — K?,. K represents a 2 x 2 matrix [34], which includes two
channels of K7 and K7'. The elements of K are

5—Sy1 .
Kn = < 2 ) <gl Iy Cro+Cind+ 0112§2> ; (4.19)
Snorm 51— S8
5 —5)1 . 3 _
Koo = < 2 ) <92 92 + Ca20 + C2215 + 022252> ) (4.20)
Snorm 51— S
5—5)1 .
Ko = < 2 ) <g1 P2 1 Chag+ Choé + 0122§2> ) (4.21)
Snorm §1— 8

where s = m%{g -0 and the factor of sporm = m%( + m?r is introduced to make the expression

dimensionless. g1 and g, are the coupling constants and § = ($/Sporm)—1. The rest parameters
are listed in table 3. ax, and ag, are free parameters. The form for I = 3 /2 is

1

| , 4.22
1= i aprcn (4.22)

Azjo = Fy)p =



Pole(GeVQ) Coupling(GeV) Ciy; C1o; Ca2;
S1 = 1.7919

g1 = 0.31072
g2 = —0.02323
Ciio = 0.79299  Chao = 0.15040  Cago = 0.17054
Ci11 = —0.15099 Cho1 = —0.038266 Caz1 = —0.0219
Cii2 = 0.00811  Chog = 0.0022596 Cage = 0.00085655

Table 3. Values of constant parameters for the I = 1/2 K-matrix [34].

where

K B S — SO% (D D ~ I
3/2 = 110 + D118 + D128 ) (4.23)

pice(s) = \/<1 _ (mK"i'm”)Q) (1 _ (mK_m”)Q) (4.24)

S

As a result, (K97mY)g_wave can be expressed as A; 2+ g A3/, The complex coefficients
aKr, Oy and asp are the free parameters in the fit.

The 7% S-wave is modeled by K-matrix parametrization. Detailed descriptions of the K-
matrix formalism can be found in various references [35-38]. The term “K-matrix amplitude”
refers to the product of the production vector P and the matrix propagator (I —iKp) '

Ai = (I —iKp);;' P;, (4.25)

where I is identity matrix, K is the K-matrix describing the scattering process and p is
the PHSP matrix. The indices ¢ and j represent the coupled channels (1 = 77, 2 = K K,
3 =dm, 4=, 5 =n7).

The K-matrix is expressed as

scatt

K(S) — Z ﬁ_*_fsgatt
AT —s Y 55— 8§
a 0

1 GeV?2/ct — sfeatt\ 11 GeV?2/ct — sy,
me,

(s—sAmfr/zﬂ , (4.26)

5— 54,

where s = mfroﬂo and g* denote the real coupling constants of the pole m, to meson channel

scatt
ij
The P vector is given by

t. The parameters and s§" describe a smooth part for the K-matrix elements.

1 GeVv?/ct — shrod B*g;
d 2 :
})J(S) = ffjo prod ‘ + -

, (4.27)

where ffjmd and S, describe the production of the slowly varying part of the K-matrix. In
this analysis, the K-matrix can be completely fixed using the values of all these parameters
from the amplitude analysis of D° — K277~ in the BABAR and Belle experiments [39],

except for 1 and fﬂmd.

,10,



4.2.3 Spin factors

Due to the limited size of the PHSP, the analysis is restricted to intermediate resonances
with spin J = 0,1, and 2. In the decay process a — bc, exclusive consideration is given to
systems with orbital angular momentum L = 0,1, and 2, as these configurations dominate
the observed decay modes. The momenta of the particles a, b, and ¢ in the a — bc process
are denoted by p,, pp, and p., respectively.

The spin-projection operators [29] are defined as

PO(a) =1, (S wave)
1 DPa,uPa,p’
P}E#), (a) = —guu + # , (P wave) (4.28)
2 1 1 1 1 1 1
Pl (@) = S (PLI@PL)(@) + B (@) P)() = P (@Py)(a). (D wave)
The pure orbital angular-momentum covariant tensors are given by
0 B
D(a) =1, (S wave)
~ 1 /7
/(Ll)(a) = —Péu),(a)rg , (P wave) (4.29)
f!(fy (a) = PﬁzL,y,(a)rZ‘/er , (D wave)
where 7, = pp — pe. The spin factors for the S, P, and D wave decays are
Sp =1, (S wave)
Sp =TWHD)P(a), (P wave) (4.30)
Sp =T (D)2 (a), (D wave)

where TW# has the same definition as {O# in ref. [29]. The tensor describing the D meson
decay is denoted by T and that of the a meson decay is denoted by ¢ in this paper.

4.3 Fit results

The Dalitz plot of M?(g o Versus Mzoﬂo from the selected data samples is shown in the left panel

of figure 3, symmetrized for the indistinguishable 7° candidates (two entries per candidate).

There is a clear structure caused by the K*(892)°7Y component, and its magnitude and
phase are fixed to 1.0 and 0.0 in the amplitude analysis, respectively.

Other possible processes are subsequently tested, including K*(1410)°, K3(1430)°,
K*(1680)°, K*(1950)°, f2(1270), (K97°)s—wave and (7°7%)s_wave- The final choice in the
nominal fit is the amplitudes of D? — K*(892)°7% DO — K*(1410)°7°, D° — K3(1430)%7°,
DY — (K37%)s_wavem’, D° — K*(1680)°7%, D — K%(7%7%)g_wave and D° — K3 f>(1270),
which have statistical significances greater than three standard deviations. The statistical
significances are determined from the changes in log-likelihood and the numbers of degrees of
freedom when the fits are performed with and without the amplitude included, compared
with the nominal fit.

The fit fraction (FF) for each amplitude is defined as the ratio between the integral
of its absolute square over the PHSP and the integral of the absolute square of the total
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amplitude. For the n'* amplitude, the FF is expressed as

S/ ’pnei‘b"flnf d®s
T [IMPae,

FF, (4.31)

In practice, the FF is computed numerically using generator-level PHSP MC events. The
discrete form of eq. (4.31) becomes

. 2
FF ZNgcn pnel(bn An ’
TSN P

, (4.32)

where Ngen is the number of PHSP MC events at generator level. The sum of these FFs
may not be unity if there is net constructive or destructive interference. Interference (IN)
between the n'™ and n’*" amplitudes is defined as the ratio between the cross-term over the
PHSP and the integral of the absolute square of the total amplitude:

N _ L 2Relpue® Ay (pret® Au)]ds

(4.33)

Numerical evaluation of the interference terms is performed using the discrete representation:

S Neen 9Re[pn € Ay, (ppr €90 Ay )]

N, = ST

(4.34)

The interferences between the amplitudes are listed in table 11 of appendix B.

It is impractical to analytically propagate the uncertainties of the magnitudes and phases
to the FF. Instead, the variables are randomly varied 500 times based on their covariance
matrix obtained from the fit, and in each iteration, the FFs are calculated to determine the
statistical uncertainties. A Gaussian function is subsequently used to fit the distribution of
each FF. The width of this function is assigned as the uncertainty of the corresponding FF.
The magnitudes, phases and FFs for different amplitudes are listed in table 4. The Dalitz plot
of the signal MC sample generated based on the result of the amplitude analysis is shown in
the right panel of figure 3. The mass projections of the nominal fit are shown in figure 4.

4.4 Systematic uncertainties in the amplitude analysis

The systematic uncertainties in the amplitude analysis are described below and summarized
in table 5.

I Amplitude model
The masses and widths of resonances are varied to their 10 boundaries as tabulated
in [25], with two dedicated refits performed to evaluate the corresponding systematic
uncertainties. The 7%7° S-wave K-matrix formalism is modified according to the
parameters ffjmd
formalism, two independent fits are performed by setting the parameters to their upper

, Ba at their +10 ranges as given in [39]. For 7970 S-wave K-matrix
and lower 1o limits. The systematic uncertainty for every parameter is determined by

its maximum deviation between these boundary fits and the central result. The total
amplitude model uncertainty combines all individual contributions in quadrature.
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Figure 3. The Dalitz plots of Mégwo versus M2, , from the selected data sample (a) and the
selected signal MC sample (b) generated based on the amplitude analysis results. These plots show
two entries per candidate, one for each possible ngo combination. The red curve indicates the
kinematic boundary.

Amplitude Magnitude Phase (rad) FF(%)

DO — K*(892)07Y 1 (fixed) 0 (fixed) 40.0+0.94+0.6
DO — K*(1410)°7° 0.33 +0.09 3.74+0.22+0.31 05403404
DO — K3(1430)°7° 0.84 +0.07 5574+0.114+0.06 1.64+0.34+0.2
DO — K*(1680)°7° 1.56 +0.29 1.734+0.18 4021 3.7+£1542.5
DY — K9 £5(1270) 2.0440.22 1.02+0.13£0.05 2.54+0.6+0.5
DY — (K27°)s_waver — — 30.4+5.442.2
QK 2.8640.2440.12 8.57+0.164-0.31

Ky 21.15+2.27+243 —10.77+£0.144+0.23

32 4.1040.5340.90 3.9340.09 4 0.06

DY — K(771%) 5 _wave 0.774+0.04 0.49+0.06£0.06 14.6+1.7+0.6
B 8.7140.42 4 0.59 1.17+0.04 £0.02

prod 8.07+0.2340.25  —2.134+0.0340.03

Total 93.3

Table 4. Magnitudes, phases and FFs for different amplitudes in D° — ngowo. The uncertainties
in magnitudes are statistical only. The first and second uncertainties for the phases and FFs are
statistical and systematic, respectively.
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Figure 4. The projections of the nominal fit on (a) M?(K2x?), (b) M?(K3r9) and (c¢) M?(x{n?).
The data are represented by the points with error bars, the fit results by the dark blue line, and the
background by the gray dashed line. Other colored lines show the main components of the fit model.
The two 7% are distinguished by momentum, where the momentum of 7{ is higher than 3.

II Effective radius

11

The systematic uncertainty on the R parameters in the Blatt-Weisskopf factors is
obtained by repeating the fit, with the effective radii of the intermediate states and the
DY meson varied independently by £0.5(GeV/c)~! about their corresponding central
values.

Background

In analyzing the impact of background on the amplitude model, there are two primary
sources of influence: background size and background shape. The background size is
associated with the signal purity (wsig) in eq. (4.1). The systematic uncertainty from the
Wsig parameter is evaluated by performing two additional fits with the parameter fixed
at its £10 boundaries. The corresponding systematic uncertainty for each observable is
then taken as the maximum deviation between these boundary fits and the nominal
result. The background shape is related to the background function (B(p;)) in eq. (4.5).
An alternative background sample is used to determine the background shape, where
the relative fractions of background processes from direct qq are varied by the statistical
uncertainties of the known cross sections [40]. The square root of the quadratic sum of
these two uncertainties is taken as the background uncertainty.
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IV Experimental effects
To estimate the uncertainties associated with -, as defined in eq. (4.10), the amplitude
model is refitted by varying reconstruction efficiencies of Kg and 7° according to their
uncertainties. The maximum deviations between the nominal and refitted parameters
are then taken as the systematic uncertainties.

V Fit bias

To study the possible bias from the fit procedure, an ensemble of 600 signal MC samples
are generated according to the results of the amplitude analysis. The fit procedure is
repeated for each signal MC sample, and the pull distributions of the amplitude results
are fitted by a Gaussian. Finally, the FFs and phases of all resonances, as well as their
statistical uncertainties, are corrected by the fitted mean values of the pull distribution,
and the uncertainty of the fitted mean values is assigned as the corresponding systematic
uncertainties.

VI Insignificant amplitudes
With all possible resonances accounted for, the related systematic uncertainty is ne-
glected.

5 Branching fraction measurement

The BF of the DY — K gwowo decay is measured with the DT technique applying the same
tag modes as those utilized in the amplitude analysis. The selection criteria follow those
discussed in section 3, which are identical to the criteria used in the amplitude analysis,
except for the specific requirements listed in section 4.1.

For each ST mode, the following relations are established [41]:

Ntsag =2Npopo - Brag - €§ajé (14 yZD) (14 rgag — 27tag RtagyD COSOtag ) (5.1)
Ntlgrgr,sig :2ND0D0 + Boub - Btag ’ BSig ’ egg,sig
(L4 yD) - [1+ ey — 2rtag Riag co8Otag (2F55 — 1]
where NS is the ST yield for a specific tag mode, Npopo is the total number of D°D°

(5.2)

tag
pairs produced from ete™ collisions, Biag is the BF of the tag mode, and etsag is the ST
efficiency for the tag mode. The observable Ngg’sig is the DT yield, Biig is the BF of the signal

mode, and eagsig is the efficiency for simultaneously reconstructing the signal and specific
tag mode. To account for the reconstruction of the signal through subsequent decays, the
factor Bey, = B(KY — 7777)B(7° — ~7) is introduced. Additionally, yp is the DY — D°
mixing parameter, and F is the CP-even fraction of the signal decay. For the D — K gwowo
decay, which is a pure CP-even decay, F is equal to unity. The parameters r, R, and §
are introduced to account for quantum-correlation effects, and their values for the three
tag modes are listed in table 6. Combining the two equations above and ignoring the term
27tag RiagyD COSOtag, the absolute BF of DY — ngowo is determined by

DT
B, = Ntag,sig (5 3)
sig — . .
ST , DT ST 2rtag Rtag COSOta sig
Bsub : Ntag ‘ etag,sig/etag : ]. - W(ZFJ’_ - ]_)
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Source
Amplitude 1 I 111 I\Y V  Total
DO — K*(892)07Y FF 060 034 022 000 004 0.72
DO s (1410000 FF 1.26 0.31 0.10 0.10 0.04 1.31
¢ 138 0.07 0.18 0.05 0.04 1.39
DO s R3(1430)070 FF 043 049 020 0.03 0.04 0.68
¢ 041 0.33 0.10 0.04 004 0.54
DY = (K27%) s waver® FF 030 023 0.15 0.01 0.04 0.41
DO s R(1680)00 FF 1.66 0.20 0.11 0.10 0.04 1.68
¢ 1.06 0.40 0.06 0.03 004 1.14
DY s KOs e FF 018 0.25 0.0 0.02 0.04 0.33
¢ 094 0.04 0.10 0.16 0.04 0.96
DO KOj5(1270) FF 0.62 044 0.13 0.07 005 0.78
¢ 037 0.06 0.13 0.06 0.04 0.40
p 037 033 008 013 005 0.52
e ¢ 1.03 0.05 0.10 027 005 1.07
p 182 004 014 001 0.04 1.83
o ¢ 195 013 0.19 011 006 1.97
p 167 0.13 0.09 005 006 1.68
52 ¢ 043 018 010 037 0.04 0.60
p 138 0.19 0.11 0.13 0.04 1.40
& ¢ 041 031 010 021 0.04 057
brod p 106 027 013 0.15 0.04 1.11
1 ¢ 094 0.16 0.09 0.06 0.04 0.96

Table 5. Systematic uncertainties on the magnitudes (p), phases (¢) and FFs for the different
components in the amplitude model, expressed as ratios to their statistical uncertainties. (I) Amplitude
model, (IT) Effective radius, (III) Background, (IV) Experimental effects, and (V) Fit bias.

Tag mode r (%) R 5 (%)

DY — Kt~ 5.85570-000 [42] 1 191.4 + 2.4 [42]
DY — K+tr—n0 4.41 + 0.11 [43]  0.79 + 0.04 [43] 196 + 11 [43]
DY — Ktr—r—7t 550 +0.07 [43]  0.447099 [43] 161728 [43]

Table 6. The input values of 7, R, § for the three tag modes.
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Figure 5. Fits to the Mpc distributions of the ST candidates for D° — K7~ (a), D° — K*7~ 7% (b)
and D° — K*n~n~ 7" (c). The points with error bars are data. The blue curves are the fit
projections. The dotted red curves are the signal. The dotted green curves are the fitted combinatorial
background shapes.

The value of Ngg is obtained from a one-dimensional (1D) binned fit to the Mpc
distribution and the peaking backgrounds have been subtracted, as shown in figure 5. The
signal shape is modeled by an MC-simulated shape convolved with a double-Gaussian function

describing the resolution difference between data and MC simulation, and the background

ST

tag 18 estimated with the

shape is described by an ARGUS function [44]. The corresponding e
inclusive MC sample, where the peaking backgrounds have been removed from the samples.

The total DT yield from all three tag modes is determined to be Nggsig = 20865 + 166
via a 2D fit to the distribution of M]gacg versus Mgié. The fit includes dedicated PDFs to

model the peaking backgrounds arising from the ST side. The PDFs of the 2D fit are the

DT

same as those in section 4.1. €tag,sig
I

is determined with the signal MC sample in which the
DY — ngTFOTFO events are generated according to the result of the amplitude analysis. The
values of these efficiencies are summarized in table 7.

The systematic uncertainties for the BF measurement are described below and summarized

in table 8.

e ST DY candidates
The uncertainty in the yield of ST DY mesons is assigned to be 0.3% by varying the
signal shape, background shape, and varying the parameters of the Gaussian in the fit.
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Tag mode NEE(x10%) €on (%) €tng sig(70)
DY — Ktn~ 3820.8 £2.0 66.67+0.01 13.1124 0.007

DY — Ktr— 70 7926.5+ 3.3 37.92+0.01 6.512 4 0.003
DY - Ktr—n— 7t 5140.1+2.6 42.20+0.01 7.256 + 0.004

Table 7. The ST yields (N3T), ST efficiency (

tag
do not include the branching fractions (BFs) for 7° — vy and K% — 777 ~. The uncertainties are

statistical only.

6?;2) and DT efficiency (eggsig). The efficiencies

e Tracking

The tracking efficiency of 7 is investigated with the DT hadronic DD events of the de-
cays DO - K—nt, K—nt70, K—ntntn™ versus DY - Ktn— Ktn 7, Ktn—n nt,
and DT — K~ 7ntnT versus D~ — KTn~7~. The data-MC efficiency ratio for pion
tracking is found to be 0.996 4 0.001. After applying this correction factor to the MC
efficiency for each pion, the statistical uncertainty of the correction factor is propagated
as the systematic uncertainty of each pion. This results in a systematic uncertainty of
0.2% on the overall pion tracking efficiency.

° Kg reconstruction
The data-MC efficiency ratio for Kg reconstruction is 0.995 + 0.002, which is mea-
sured with the samples of D° or DT decaying into Kort7— K2ntn— 70 K2x0,
KgTF_,Kgﬂ'_ﬂ'O or ng+7r_7r_ hadronic decays. After correcting the efficiency of
Kg reconstruction by this factor, the associated systematic uncertainty is assigned
as 0.2%.

e 7 reconstruction
The data-MC efficiency ratio for each 7° reconstruction is 0.974 4 0.002, which is mea-
sured with the samples of D° — K~ 779 versus D° - K*7~ and D° - Ktr 7 nt
hadronic decays. After applying this factor to correct the efficiency of each 7¥ re-
construction, the statistical uncertainty of the correction factor is propagated to the

0

systematic uncertainty. Since the analysis involves two 7° mesons, this results in a total

systematic uncertainty of 0.4% on the overall reconstruction efficiency.

e MC sample size
The uncertainty of limited MC sample size is obtained by /> ( fi%)2, where f; is the
tag yield fraction, ¢; is the signal efficiency and &, is the uncertainty of signal efficiency
of tag mode i. The corresponding uncertainty is determined to be 0.1%.

e Amplitude model
The uncertainty from the amplitude model is determined by varying the amplitude
model parameters based on their error matrix 600 times. A Gaussian function is used
to fit the distribution of 600 DT efficiencies and the fitted width divided by the mean
value is taken as an uncertainty, which is 0.1%.
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Source Uncertainty (%)
ST D° candidates 0.3
Tracking 0.2
Kg reconstruction 0.2
79 reconstruction 0.4
MC sample size 0.1
Amplitude model 0.2
BFs of subsequent decays 0.1
2D fit 0.5
AFE, requirement 0.1
Quantum correlation correction 0.5
Total 0.9

Table 8. Relative systematic uncertainties in the BF measurement.

e BFs of subsequent decays
In this measurement, the BFs of the daughter particles are quoted from the PDG [25],
which are B(K2 — nt77) = (69.20 £ 0.05)% and B(7® — v7) = (98.823 + 0.034)%.
Based on these values, the By, in eq. (5.3) is calculated to be (67.58 £ 0.06)%. The
associated uncertainty is assigned to be 0.1% of the total BF.

e 2D fit

The signal and background shapes, as well as the estimation of the size of the peaking
background, are potential sources of uncertainty from the 2D fit. The mean and width
of the convolved Gaussian function are varied by £1o for the signal shape and the
qq component in the inclusive MC sample are varied by the statistical uncertainty of
the known cross section [40] for the background shape. For the peaking backgrounds
D% — KgKg and D — 777799, the quoted BFs of their decays are varied by +1o.
The quadratic sum of the relative BF changes, 0.5%, is assigned as the systematic
uncertainty for the 2D fit.

o AL, requirement
The possible difference between data and MC simulation is accounted for by examining
the AE, cut efficiency after applying a single-Gaussian smearing to the signal MC
sample. The observed efficiency variation, 0.1% is taken as the systematic uncertainty.

e Quantum correlation correction
The uncertainties associated with the quantum-correlation parameters r», R and § are
propagated according to the results of refs. [42, 43], resulting in a relative uncertainty
of 0.5%.

After correcting for the differences in 7+ tracking, K 2 reconstruction and 7 reconstruction
efficiencies between data and MC simulation, the BF of D? — ngowo is determined to be
B(D°® — K2m97%) = (1.026 + 0.008tat. £ 0.009syst.)%.
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6 Summary

An amplitude analysis of the decay D? — ngoﬁo has been performed using 20.3 fb~!
of ete™ collision data collected with the BESIII detector at the center-of-mass energy of
3.773 GeV. The BF of D? — K377 is determined to be (1.026 = 0.0084tat. & 0.009gyst.) %,
using the detection efficiency derived from the amplitude analysis results. The result is
consistent with the CLEO result (1.059 =+ 0.038at. = 0.0614yst.)% [8], but the precision is
improved by a factor of 5.8. Combining the FFs listed in table 4, the BFs for the intermediate
processes are calculated using B; = FF; x B(D? — K27m97%). The obtained results are listed
in table 9. Significant discrepancies are observed between the results of this work and those
reported by CLEO, mainly due to differences in both the amplitude model components and
the propagator formalism. In the M 2(ngo) spectrum, additional contribution from the
(Kgﬂ'o)g_wave component is accounted for in this analysis. For the S-wave description of
the M?(797%) spectrum, the isobar model was utilized by CLEO, whereas the K-matrix
formalism is adopted in this work.

According to the amplitude analysis, the dominant intermediate process is DY —
K*(892)%7% — K2797° with a BF of (4.10 £ 0.10s¢at. + 0.07syst.) x 1073, After applying the
isospin symmetry assumption to the decays of K*(892)° — K~ 7T and K*(892)° — K%x°,
the absolute BF of D? — K*(892)%7" is determined to be (2.46 4 0.06stat. £ 0.045yst.)%.
Compared with the results listed in table 1, the result is significantly lower than the predicted
results in refs. [4-6] and the CLEO measurement from the decay D° — K27%7° [8] by about
3o0. However, it aligns with the value (2.74 % 0.2344¢. & 0.414y5t.)% obtained from the decay

D° — K—7t7Y [7] but with a precision improved by a factor of 6.0.

B((””)S—Waveﬂﬂ+ﬂ_) —
B((””)S—wave‘)ﬂ'oﬂ'o) B
2.240.6 and lfg(&((lf;?o())):g:g)) =0.740.8. The S-wave ratio is in excellent agreement with the
predicted value of 2. The f5(1270) ratio, while central value differs, is consistent with the pre-
diction within 20. Our measurements of B(D? — K2(77)s-wave) and B(D? — K f2(1270)) are

thus validated by their agreement with the D —>Kg7r+7f results from ref. [39], supporting

Based on the isospin symmetry framework, we measure the ratios to be

the application of isospin symmetry in this analysis.
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BF(x1073)

Intermediate process

This work

CLEO [8]

DY — K*(892)07°, K*(892)° — K9r°

4.10 = 0.10 £ 0.07

6.94 £ 0.61 £ 0.55

DY — K*(1410)°7°, K*(1410)° — K 27"

0.05 £ 0.03 £ 0.04

DY — K3(1430)°7°, K3(1430)° — K 27"

0.16 £ 0.03 £ 0.02

0.05 £ 0.04 £+ 0.02

DY — (Kgﬂo)g_waveﬂ'o

3.12 £ 0.55 £ 0.23

DY — K*(1680)°7%, K*(1680)° — K%n°

0.38 £ 0.15 £ 0.26

1.18 £ 0.29 £ 0.28

D% — Kg(ﬂowo)g_wave

1.50 + 0.18 £+ 0.06

3.06 £ 0.67 = 0.39

DY — K9 £5(1270), f2(1270) — 7070

0.26 £ 0.06 = 0.05

0.26 £ 0.10 £ 0.08

Table 9. The comparison of the obtained BFs for intermediate processes with the final state
D% — K97m97% of this work and CLEO. The uncertainties are statistical and systematical, respectively.
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i t. . .
A MZE versus Mg two-dimensional fit

The signal yields of DT candidates are determined by a 2D maximum likelihood bin fit to the
distribution of Mgié versus M. Signal events with both tag and signal sides reconstructed
correctly concentrate around Mg = MEE = Mpo, where Mp is the known D° mass [25]. We
define four kinds of background contributions. Candidates with correctly reconstructed D°(or
D) and incorrectly reconstructed D°(or D) are BKGI, which appear around the bands ME%
or M]gacg = Mpo. Other candidates appeared around the diagonal are mainly from the DD
mispartition and the ete™ — g processes (BKGII). The rest flat background contributions
mainly come from candidates reconstructed incorrectly on both sides (BKGIII). The peaking
backgrounds come from these events which have the similar daughter particles with our signal

mode (BKGIV). The PDFs for the different components used in the fit are given below:
e Signal: s(z,y),

e BKGI: by(x,y),

BKGII: by(x,y),

BKGIII: Argus(z;mo,c,p) - Argus(y; mo, ¢, p).

BKGIV: p(z,y).
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The signal shape s(x,y) is described by the 2D MC-simulated shape convolved with a
2D Gaussian. The parameters of the Gaussian function are obtained by a 1D fit on Mp¢ in
signal and tag sides respectively, and are fixed in the 2D fit. For BKGI and BKGII, b;(z, y)
and by (z,y) are both described by an MC-simulated shape. For BKGIII, it is constructed
by an ARGUS function [44] in Mf%i(gJ multiplied by an ARGUS function in My&. In the fit,
the parameters mg and p for the ARGUS function [44] are fixed at 1.8865 GeV/c? and 0.5,
respectively. For BKGIV, the shape is taken from the inclusive MC sample and we add a
Gaussian constraint on its yield in the fit.

B The interference between processes

Table 10 shows the Roman numerals for different amplitudes in the nominal model. The
interference fit fractions between the amplitudes are listed in table 11. The interference
between amplitudes calculated by eq. (4.33).

Amplitude

I DO — K*(892)07Y
11 DY — K*(1410)%7°
1 | D° — K3(1430)°7°
IV | D — (K37%)s—wavem®
\Y% DO — K*(1680)%7°
VI | D — K2(7°7%) s _wave

VII DY — K9 f5(1270)

Table 10. Roman numerals for different amplitudes in the nominal model.

II III v A% VI VII
I |-1.5+06 04£02 40+07 11.1+£1.7 99+13 -29+04
II -0.2+0.1 -0.6+£0.2 -23£1.0 -1.1+0.5 -04+£0.2
11T -0.6 £0.1 0.4+0.1 -0.8+£0.3 04+£0.2
v -04£0.6 -134+£02 -3.3£0.7
\Y 79+£08 0.1+04
VI -0.0£0.0

Table 11. Interference of each amplitude, scaled by 1072 to total amplitude. The uncertainties are
statistical only.
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