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We perform for the first time an amplitude analysis of the decayDþ → K0
Sπ

þη and report the observation
of the decayDþ → K0

Sa0ð980Þþ using 2.93 fb−1 of eþe− collision data taken at a center-of-mass energy of
3.773 GeV with the BESIII detector. As the only W-annihilation-free decay among D to a0ð980Þ
pseudoscalar, Dþ → K0

Sa0ð980Þþ is the ideal decay in extracting the contributions of the W-emission
amplitudes involving a0ð980Þ and to study the final-state interactions. The absolute branching fraction of
Dþ → K0

Sπ
þη is measured to be ð1.27� 0.04stat � 0.03systÞ%. The branching fractions of intermediate

processesDþ → K0
Sa0ð980Þþ with a0ð980Þþ → πþη andDþ → πþK̄�

0ð1430Þ0 with K̄�
0ð1430Þ0 → K0

Sη are
measured to be ð1.33� 0.05stat � 0.04systÞ% and ð0.14� 0.03stat � 0.01systÞ%, respectively.
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Perturbative quantum chromodynamics (QCD)
approaches, such as QCD factorization and soft-collinear
effective theory, have well explained physics of nonleptonic
b-hadron decays [1–4]. However, the charm quark mass is
located between the perturbative and nonperturbative QCD
regions, making neither of those approaches applicable. As
a result, an accurate theoretical description of the under-
lying mechanism for exclusive hadronic decays of charmed
mesons is still not available. A model-independent analysis
was then proposed in the so-called diagrammatic approach
to phenomenologically describe charmed meson decays
[5]. The diagrammatic approach represents theW-emission
and weak-annihilation (W-exchange or W-annihilation)
amplitudes as topological quark-graph diagrams based
on SU(3) flavor symmetry. With necessary experimental
inputs, it enables us to extract the contribution and study the
relative importance of each amplitude.
On the other hand, great progress has been achieved by a

series of amplitude analyses on the hadronic charmed
meson decays [6–16]. According to these studies,Dmeson
decays are dominated by quasi-two-body processes, such
as D → PP, VP, SP, AP, and TP, where P, V, S, A, and T
denote pseudoscalar, vector, scalar, axial-vector, and tensor
mesons, respectively. These enriching experimental results
allow the diagrammatic approach to be applied quite suc-
cessfully in D → PP and D → VP decays [17,18].
However, in the sector ofD → SP, it appears that the current
experimental measurements are still insufficient [19–30],

and the decay Dþ → K0
Sa0ð980Þþ is the most urgently

needed and ideal decay to test the validity of the diagram-
matic approach.
A large discrepancy between experimental results and

theoretical predictions of branching fractions (BFs) for
many Dþ;0 → a0ð980ÞP decays have been found [19–21].
The main reason could be ascribed to the contribution of the
weak-annihilation amplitudes in D decays, which are hard
to estimate accurately. Among Dþ;0 → a0ð980ÞP, Dþ →
K0

Sa0ð980Þþ is the only decay free of weak-annihilation
contributions, as depicted in Fig. 1, and mainly involves the
internal W-emission in Fig. 2(a), while its BF is not
theoretically predicted. Without the interference from weak
annihilation, the study ofDþ → K0

Sa0ð980Þþ will serve as a
key experimental input and provide the most sensitive
constraint to the contributions and phases of the internal
W-emission amplitudes involving a0ð980Þ in the diagram-
matic approach method [19–21]. It is worth noting that the
external W-emission amplitude for this decay is naively
expected to be rather suppressed compared to the internal
one, due to G-parity violation [31,32]. In addition, the light
scalar particle a0ð980Þ is commonly considered as a candi-
date for exotic states, which are states other than typical
quark-antiquark mesons, such as states for tetraquarks, KK̄
bound states, and other possible states. The production of

(a) (b)

FIG. 1. (a) The W-exchange and (b) the W-annihilation dia-
grams for D decays. For the Dþ meson, the W-exchange
mechanism is simply absent. The W-annihilation mechanism
cannot generate the hadronic mode with a K̄0 in the final state.

*Full author list given at the end of article.

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 SCOAP3.

PHYSICAL REVIEW LETTERS 132, 131903 (2024)

0031-9007=24=132(13)=131903(9) 131903-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.132.131903&domain=pdf&date_stamp=2024-03-29
https://doi.org/10.1103/PhysRevLett.132.131903
https://doi.org/10.1103/PhysRevLett.132.131903
https://doi.org/10.1103/PhysRevLett.132.131903
https://doi.org/10.1103/PhysRevLett.132.131903
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


these exotic states essentially involves final-state inter-
actions, such as quark exchange, resonance formation, etc.
[31–36]. For example, the production of the tetraquark
a0ð980Þþ state in Dþ decays can occur as a result of the
fact that the seed tetraquark fluctuations ud̄ → πþη, πþη0,
KþK̄0 are dressed by strong resonance interactions in the
final state [36]. Figure 2(d) also illustrates an example of the
production of the tetraquark a0ð980Þþ state due to rescatter-
ing in the final state. Studying Dþ → K0

Sa0ð980Þþ can
experimentally constrain the contribution from these effects,
which helps to pin down the nature of a0ð980Þ.
Moreover, precision measurements of absolute hadronic

D meson BFs are essential for both charm and beauty phy-
sics. The Dþ→K0

Sπ
þη decay, dominated by the Cabibbo-

favored process, has a large BF of the order of 10−2. This
decay contains other possible intermediate amplitudes,
such as K̄�

0ð1430Þ0πþ, as depicted in Figs. 2(b) and 2(c).
Studying the relative contribution of the intermediate
resonances can not only benefit the understanding of the
strong interaction at low energies, but also determine these
missing Dþ decay modes.
The BESIII detector collected 2.93 fb−1 of eþe− colli-

sion data in 2010 and 2011 at
ffiffiffi
s

p ¼ 3.773 GeV [37],
which corresponds to the mass of the ψð3770Þ resonance.
The ψð3770Þ decays predominantly to D0D̄0 or DþD−

without any additional hadrons. The excellent tracking,
precision calorimetry, and the large DD̄ threshold data
sample provide an unprecedented opportunity to study the
charmed meson decays. Based on this dataset, we present
the first amplitude analysis of the decay Dþ → K0

Sπ
þη [38]

and report the observation of the decay Dþ → K0
Sa0ð980Þ.

Charge-conjugate states are implied throughout this Letter.
The BESIII detector [39] records the final-state particles

of symmetric eþe− collisions provided by the BEPCII
storage ring [40] in the center-of-mass energy range
from 2.00 to 4.95 GeV, with a peak luminosity of 1 ×
1033 cm−2 s−1 achieved at

ffiffiffi
s

p ¼ 3.77 GeV. The cylindrical
core of the BESIII detector covers 93% of the full solid

angle and consists of a helium-based multilayer drift
chamber, a plastic scintillator time-of-flight system, and
a CsI(Tl) electromagnetic calorimeter, which are all
enclosed in a superconducting solenoidal magnet providing
a 1.0 T magnetic field.
Simulated data samples produced with a GEANT4-based

[41] Monte Carlo (MC) toolkit, which includes the geo-
metric description [42] of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The simulation models
the beam energy spread and initial-state radiation (ISR) in
the eþe− annihilations with the generator KKMC [43]. The
inclusive MC sample includes the production of DD̄ pairs
(including quantum coherence for the neutral D channels),
the non-DD̄ decays of the ψð3770Þ, the ISR production of
the J=ψ and ψð3686Þ states, and the continuum processes
incorporated in KKMC. All particle decays are modeled with
EVTGEN [44] using BFs either taken from the Particle Data
Group (PDG) [6], when available, or otherwise estimated
with LUNDCHARM [45]. Final-state radiation from charged
final-state particles is incorporated using PHOTOS [46].
By fully reconstructing theDþD− meson pairs, a double-

tag (DT) method provides samples with high purity to
perform amplitude analyses and measurements of absolute
BFs of the hadronic Dþ meson decays. The DT candidates
are required to be the Dþ meson decaying to the signal
mode Dþ → K0

Sπ
þη and the D− meson decaying to six tag

modes: Kþπ−π−, K0
Sπ

−, Kþπ−π−π0, K0
Sπ

−π0, K0
Sπ

−π−πþ,
or KþK−π−. The selection criteria for the final-state
particles are the same as in Ref. [38].
The D� mesons are selected using two variables, the

energy difference ΔE ¼ ED − Eb and the beam-con-
strained mass MBC ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
b − jp⃗Dj2

p
, where Eb is the beam

energy and p⃗D and ED are the momentum and the energy of
the D� candidate in the eþe− rest frame, respectively. The
D− meson is reconstructed first through the six tag modes.
In case of multiple candidates, the one with the minimum
jΔEj is chosen. Once a tag is identified, the signal decay
Dþ → K0

Sπ
þη is searched for at the recoiling side, and the

best signal candidate with the minimum jΔEj is selected.
All D� candidates are required to satisfy 1.865 < MBC <
1.875 GeV, and −0.055 < ΔE < 0.040 GeV for the tag
modes containing π0 in the final state, −0.025 < ΔE <
0.025 GeV for the others, and −0.020 < ΔE < 0.020 GeV
for the signal side. In addition, the energy of the largest
unused photons is required to be less than 0.23 GeV. There
are 1113 DT events obtained for the amplitude analysis
with a signal purity of ð98.2� 0.4Þ%, which is determined
from a two-dimensional unbinned maximum-likelihood fit
to the distribution of MBC of the tag D− versus that of the
signal Dþ. (Details of the fit are introduced in Ref. [38].)
The amplitude analysis requires a sample with good

resolution and all candidates falling within the phase-space
boundary. Therefore, a four-constraint kinematic fit is
performed, assuming D− candidates decaying to one of

(a) (b)

(c) (d)

FIG. 2. (a) The internal W-emission diagram for the decay
Dþ → K̄0a0ð980Þþ by assuming a0ð980Þþ is a two-quark state.
(b) The internal and (c) the external W-emission diagrams for
the decay Dþ → K̄�

0ð1430Þ0πþ. (d) An example diagram
of Dþ → K̄0a0ð980Þþ via rescattering in the final state of
Dþ → K̄�

0ð1430Þ0πþ under the assumption that a0ð980Þþ is a
tetraquark state.
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the tag modes and Dþ decaying to the signal mode. The
invariant masses of ðγγÞη, ðπþπ−ÞK0

S
, and D� candidates

are constrained to their individual known masses [6]. The
Dalitz plot of the Dþ → K0

Sπ
þη candidates for the data

sample is shown in Fig. 3(a).
The intermediate-resonance composition is determined

by an unbinned maximum-likelihood fit. The likelihood
function L is constructed with a signal probability density
function (PDF), which depends on the momenta p of the
three final-state particles: L ¼ QND

k fðpk
jÞ, where j runs

over the three final-state particles, k runs over each data
event, ND is the number of candidate events in data, and f
is the signal PDF. To take the background into account, its
contribution is subtracted from the data by modifying the
negative-likelihood function as follows [47]:

− lnL ¼ −ND þ wNB

ND þ w2NB

"XND

k

ln fðpk
jÞ −

XNB

l

w ln fðpl
jÞ
#
;

ð1Þ
where l runs over each background event obtained from the
inclusive MC sample, NB is the number of these back-
ground events, and the weight w ¼ ð1 − purityÞND=NB is
normalized to data based on the signal purity.
The signal PDF is written as

fSðpjÞ ¼
ϵðpjÞjMðpjÞj2R3R
ϵðpjÞjMðpjÞj2R3dpj

; ð2Þ

where ϵðpjÞ is the detection efficiency and R3 is the
standard element of three-body phase space (see Sec. 49,

“Kinematics,” in Ref. [6]). The total amplitude MðpjÞ is
the coherent sum of individual amplitudes of intermediate
processes,

P
ρneiϕnAn, where ρn and ϕn are the magnitude

and phase for the amplitude An of the nth intermediate
resonance, respectively. The amplitude An is the product
of the spin factor [48], the Blatt-Weisskopf barriers of the
intermediate state and the Dþ meson [49], and the pro-
pagator for the intermediate resonance. The propagator of
a0ð980Þþ is parametrized with a Flatté formula, and the
parameters are fixed to the values given in Ref. [50]. The
propagator of K̄�

0ð1430Þ0 is parametrized as a relativis-
tic Breit-Wigner (RBW) function [51] using parameters
obtained in Ref. [52]. The normalization integral term in the
denominator is handled by MC integration [12].
In the fit, the magnitude and phase of the amplitude

Dþ → K0
Sa0ð980Þþ are fixed to 1.0 and 0.0, respectively,

while those of other amplitudes are left floating. Various
combinations of amplitudes for intermediate resonances are
tested. The statistical significance of each amplitude is
calculated based on the change of the log-likelihood with
and without this amplitude after taking the change of
the degrees of freedom into account. Two dominant ampli-
tudes with significance greater than 5σ,Dþ → K0

Sa0ð980Þþ
and Dþ → K̄�

0ð1430Þ0πþ, remain as the nominal set.
Other amplitudes for possible intermediate resonances,
includingDþ → K̄1ð1270Þ0πþ,Dþ → K�ð1410Þþη,Dþ →
K�

2ð1430Þþη, Dþ → K̄�
2ð1580Þ0πþ, Dþ → K0

Sπ1ð1400Þþ,
Dþ → K0

Sa0ð1450Þþ, Dþ → K0
Sa2ð1320Þþ, Dþ →

K�ð892Þþη, and Dþ → ðK0
Sπ

þÞS-waveη (using the LASS
parametrization [53]), have no significant contribution. The
contribution of the nth intermediate process relative to the
total BF is quantified by a fit fraction (FF) defined as

FFn ¼
P

Ngen jρneiϕnAnj2P
Ngen jMj2 ; ð3Þ

where Ngen is the number of the generated phase-space MC
events. The statistical uncertainties of FFs are determined
by sampling randomly according to the Gaussian distribu-
tions of FFa0ð980Þþ and FFK̄�

0
ð1430Þ0 and to their correlation

through the covariance matrix.
The phases, FFs, and statistical significances for the

amplitudes are listed in Table I. The Dalitz plot for
the signal MC sample generated based on the amplitude
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FIG. 3. The Dalitz plots of M2
πþη versus M2

K0
Sη

of the Dþ →
K0

Sπ
þη candidates for (a) the data sample and (b) the signal MC

sample generated according to the amplitude analysis results.

TABLE I. Phases, FFs, and statistical significances for different amplitudes. The first uncertainty is statistical,
while the second and third uncertainties are model and experimental systematic uncertainties, respectively. The total
of the FFs is not necessarily equal to 100% due to interference effects.

Amplitude Phase ϕ (rad) FF (%) Significance

Dþ → K0
Sa0ð980Þþ 0.0 (fixed) 105.00� 0.94� 1.04� 0.07 >10σ

Dþ → K̄�
0ð1430Þ0πþ 2.58� 0.06� 0.09� 0.01 10.83� 1.50� 1.27� 0.08 >10σ
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analysis model is shown in Fig. 3(b). The Dalitz plot
projections are shown in Fig. 4. The correlation matrix
is provided in Table II. The systematic uncertainties of
the amplitude analysis, as summarized in Table III, are
estimated as described below.
The systematic uncertainty due to the a0ð980Þþ line

shape is estimated by varying the mass and coupling
constant of the Flatté propagator by �1σ and a three-
channel-coupled Flatté formula which adds the πη0 accord-
ing to Ref. [50]. The systematic uncertainty caused by the
K̄�

0ð1430Þ0 line shape is estimated by varying the mass
and width of the RBW by �1σ according to Ref. [52]. The
quadratic sum of these two uncertainties is taken to be
the amplitude model systematic uncertainty. The syste-
matic uncertainty due to the effective radius of the
Blatt-Weisskopf barrier [49] is determined by varying
the effective radius within the range [2.0, 4.0] GeV
for intermediate resonances and [4.0, 6.0] GeV for Dþ
mesons. The maximum variations are taken as the system-
atic uncertainties. The uncertainties caused by possible
but insignificant intermediate resonances K̄1ð1270Þ0πþ,
K̄�ð1410Þþη, K̄�

2ð1580Þ0πþ,K0
Sa0ð1450Þþ, andK0

Sa2ð1320Þþ,
are taken to be the differences of the phases and FFs with and
without the intermediate resonances.
To determine the systematic uncertainty related to the

background estimation, the sPlot technique [54] is instead
employed on the MBC variable to eliminate the combina-
torial background. An amplitude analysis, after applying

sWeights, is performed, and deviations from the nominal
results are assigned as the systematic uncertainties. The
uncertainty associated with the detector acceptance differ-
ence between MC samples and data is determined by
reweighting ϵðpjÞ in Eq. (2) with different reconstruction
efficiencies ofK0

S, π
þ, and η according to their uncertainties.

The changes of the fit results are taken as the systematic
uncertainties. In addition, with the amplitude analysis results
obtained in this Letter, 300 signal MC samples are generated
with the same size as data. The pull value is calculated by
Vpull ¼ ðVfit − V inputÞ=σfit, where V input is the input value in
the generator and Vfit and σfit are the output value and
corresponding statistical uncertainty, respectively. The
resulting pull distributions are consistent with the standard-
ized normal distributions, showing no significant fit bias.
The BF of Dþ → K0

Sπ
þη was previously measured in

Ref. [38]. We update this BF to be ð1.27� 0.04stat �
0.03systÞ% with a signal MC sample generated based on
the amplitude analysis model, which provides a more
precise estimation of the detection efficiency. The uncer-
tainty associated with the amplitude analysis model, 0.7%,
is estimated by varying the model parameters based on their
error matrix.

FIG. 4. Projections on the invariant masses of (a) K0
Sπ

þ, (b) K0
Sη, and (c) πþη systems of the nominal fit. The data are represented by

black dots with the error bars, the fit results by the solid red curves with the K0
Sa0ð980Þþ yields by the dashed blue curves, and the

K̄�
0ð1430Þ0πþ yields by the dashed magenta curves. The fit results take into account the relative phases and interferences between

the two signal amplitudes, making a simple visual addition of the lines of the two signal amplitudes insufficient. The impact of the
destructive interference is clearly visible in (b). Background is not shown, as it is almost negligible graphically.

TABLE II. Correlation matrix for the phases and FFs.

FFa0ð980Þþ FFK̄�
0
ð1430Þ0 ϕK̄�

0
ð1430Þ0

FFa0ð980Þþ 1.00 −0.28 0.88
FFK̄�

0
ð1430Þ0 1.00 0.20

ϕK̄�
0
ð1430Þ0 1.00

TABLE III. Systematic uncertainties on the phases and FFs for
different amplitudes in units of statistical uncertainties. The
sources are categorized as: model—(I) amplitude model, (II)
effect radius, and (III) insignificant resonances; experimental
(Exp.)—(IV) background and (V) detector acceptance.

Model Exp.

Amplitude I II III IV V Total

Dþ → K0
Sa0ð980Þþ FF 0.32 0.01 1.06 0.10 0.04 1.11

Dþ → πþK̄�
0ð1430Þ0 ϕ 0.47 0.01 1.33 0.13 0.08 1.42

FF 0.12 0.01 0.84 0.04 0.05 0.85
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In summary, we perform an amplitude analysis of Dþ →
K0

Sπ
þη for the first time and report the observation of

Dþ → K0
Sa0ð980Þþ. The interferences between intermediate

resonances are fully considered and a (15.83� 1.53stat �
1.65systÞ% destructive interference is observed between the
Dþ → K0

Sa0ð980Þþ and Dþ → K̄�
0ð1430Þ0πþ amplitudes.

The amplitude analysis results are listed in Table I.
With a detection efficiency obtained with MC samples
according to the amplitude analysis model, we obtain
BðDþ → K0

Sπ
þηÞ ¼ ð1.27 � 0.04stat � 0.03systÞ%. This

Letter uses the same datasets as the previous measurement
of ð1.31� 0.05Þ% did [6,38], whereas the small difference
arises from the change of the signal model from a modified
data-driven generator BODY3 [55] to the amplitude analysis
model, which is used to estimate the detection efficiency.
Using the FFs listed in Table I, the BFs for the inter-

mediate processes are calculated as Bi ¼ FFi ×BðDþ →
K0

Sπ
þηÞ to be BðDþ→K0

Sa0ð980Þþ;a0ð980Þþ→πþηÞ¼
ð1.33�0.05stat�0.04systÞ% and BðDþ→ K̄�

0ð1430Þ0πþ;
K̄�

0ð1430Þ0→K0
SηÞ¼ð0.14�0.02stat�0.02systÞ%. Theore-

tical studies insistently require experimental measure-
ments ofDþ → K0

Sa0ð980Þþ, as its observation can provide
sensitive constraints in the extraction of contributions
from internal W-emission diagrams of D → SP [19–21].
If these measured BFs cannot be well described by the
diagrammatic approach, it would indicate that significant
final-state interactions must be involved [36], which will
provide critical information on the role of a0ð980Þ in
charmedmesondecays and the nature ofa0ð980Þ. In addition,
the BF of Dþ→ K̄�

0ð1430Þ0πþ obtained in this Letter,
ð3.26� 0.47stat � 0.47syst

þ1.02
−1.29K�

0
Þ%, [56] is consistent with

that derived from Dþ→K−πþπþ and Dþ→K0
Sπ

þπ0 by the
PDG, ð2.02�0.10stat�0.22systÞ% [6]. In the near future,
we plan to use 20 fb−1 data to conduct a more precise
investigation into the production of a0ð980Þ and f0ð980Þ in
D-meson decays [57–59].
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