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We report the first amplitude analyses of the decaysD0 → πþπ−η andDþ → πþπ0η using a data sample
taken with the BESIII detector at the center-of-mass energy of 3773 MeV, corresponding to an integrated
luminosity of 7.9 fb−1. The contribution from the process D0ðþÞ → a0ð980Þþπ−ð0Þ is significantly larger
than the D0ðþÞ→a0ð980Þ−ð0Þπþ contribution. The ratios BðD0→a0ð980Þþπ−Þ=BðD0→a0ð980Þ−πþÞ and
BðDþ → a0ð980Þþπ0Þ=BðDþ → a0ð980Þ0πþÞ are measured to be 7.5þ2.5

−0.8stat � 1.7syst and 2.6� 0.6stat�
0.3syst, respectively. The measured D0 ratio disagrees with the theoretical predictions by orders of
magnitudes, thus implying a substantial contribution from final-state interactions.
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Theoretical predictions of the strong interaction in
the charm sector are challenging, since quantum-
chromodynamics calculations involve nonperturbative con-
tributions. In heavy-meson decays, the contributions from
W-exchange (WE) and W-annihilation (WA) diagrams
are generally expected to be much smaller than that from
the color-allowed external W-emission tree (T) diagram.
However, in charm-meson decays, these contributions can
be significantly enhanced by final-state interactions (FSI).
The FSI is nonperturbative and means that there are
significant uncertainties when making theoretical predic-
tions of these contributions, since they depend strongly on
the cutoff values and the unknown phases between different
processes [1,2]. Therefore, the study of decays with a
significant contribution from WA or WE processes con-
stitutes a promising method for investigating the dynamics
of charm decays.
In the D → SP sector (where S and P denote scalar

and pseudoscalar particles, respectively), the first indication
of the large enhancement of WA diagrams came from
the observation of the decays Dþ

s → a0ð980Þþ=0π0=þ and
the measurement of the amplitude symmetry AðDþ

s →
a0ð980Þþπ0Þ ¼ −AðDþ

s → a0ð980Þ0πþÞ [3]. It has also
been noted in Refs. [4,5] that further evidence for the
enhancement of WA diagrams through rescattering arises
from the observation that the branching fractions (BFs)
ofDþ

s → ρþηð0Þ andDþ
s → K̄�ð892Þ0KþðK�ð892ÞþK̄0Þ are

larger than that of Dþ
s → a0π. This behavior gives weight

to the interpretation of a0ð980Þ as a tetraquark or a
molecular state [5]. More recently, further measurements
involving Dþ

s decays have been performed, in particular
those that have led to the observation of the a0ð1817Þþð0Þ
resonance [6,7], which is expected to be an excited state of
the a0ð980Þþð0Þ [8], supporting the interpretation of these
two resonances as Kð�ÞK̄ð�Þ molecules [9,10]. InD0 decays,
both D0 → a0ð980Þþπ− and D0 → a0ð980Þ−πþ only
include T and WE processes, which are shown in Fig. 1.
The relative ratio rþ=− ¼ BðD0 → a0ð980Þþπ−Þ=BðD0 →
a0ð980Þ−πþÞ is expected to be less than 0.05 [11], when
ignoring the WE contribution. Until now, attempts to
measure this ratio have been inconclusive: the CLEO and
LHCb Collaborations have measured the a0ð980Þ�π∓ con-
tributions to the decays D0 → K0

SK
�π∓ [12,13], but with

large uncertainties; the Belle Collaboration has studied
D0 → πþπ−η decays [14] but has only observed the
a0ð980Þ peak in the MðπþηÞ projection.
In analogy to what is observed inDþ

s →a0ð980Þþð0Þπ0ðþÞ
decays [3], substantial contributions from FSI are expected
to enhance the WA process in the corresponding Dþ
decays. However, in this case the symmetry that is observed
in the Dþ

s decays is expected to be violated, since further

(a) (b)

FIG. 1. The diagrams for (a) T and (b) WE diagrams are shown.
Here the possible four-quark component for a0ð980Þ and the
gluons are not included.
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short-distance contributions need to be taken into account.
The measurement of the BFs for D0 (Dþ) decays to
a0ð980Þπ and of the corresponding relative ratios rþ=−
[rþ=0¼BðDþ→a0ð980Þþπ0Þ=BðDþ→a0ð980Þ0πþÞ] can
constrain the size and phase of the amplitude of the WE
(WA) process and improve the knowledge about the role
the a0ð980Þ plays in charm decays [15].
In this paper, we perform amplitude analyses ofD0ðþÞ →

πþπ−ð0Þη decays to study the contributions from the
intermediate processes D0ðþÞ → a0ð980Þþπ−ð0Þ, D0ðþÞ →
a0ð980Þ−ð0Þπþ, and D0ðþÞ → ρ0ðþÞη. The analyses are
based on eþe− collision data recorded with the BESIII
detector at a center-of-mass energy of 3773 MeV by
employing the process of eþe− → ψð3770Þ → DD̄, corre-
sponding to an integrated luminosity of 7.9 fb−1 [16].
Charge conjugation is implied unless explicitly stated,
as are the assumptions that a0ð980Þ�ð0Þ decays to π�ð0Þη
and Bða0ð980Þ� → π�ηÞ ¼ Bða0ð980Þ0 → π0ηÞ.
A detailed description of the BESIII detector design and

performance can be found in Refs. [17,18]. Simulated data
samples are produced with a GEANT4-based [19] package,
which includes the geometric description of the BESIII
detector and the detector response. These samples are used
to determine detection efficiencies and to estimate back-
grounds. The simulation models the beam-energy spread
and initial-state radiation in eþe− annihilations with the
generator KKMC [20].
The charged-track selection, particle identification

(PID), K0
S, π

0 and η reconstruction use the same criteria
described in Ref. [3], except for the invariant-mass window
around the η, which is set to 450<MðγγÞη<550MeV=c2.
The D mesons are identified using the beam-constrained

mass MBC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam − jP⃗Dj2

q
and the deviation of the

reconstructed energy from the expected energy ΔE ¼
ED − Ebeam, where ðED; P⃗DÞ is the four-momentum of
the D meson and Ebeam is the beam energy. A double-tag
(DT) technique [21] is employed to suppress the back-
ground. For the D0 (Dþ) channel, four (six) Cabibbo-
allowed decays are used as the tag modes. The collection of
events containing tagged D0ðþÞ mesons is referred to as the
single-tag (ST) sample [22]. The DT sample is a subset
of the ST sample containing events in which the other
charm meson is reconstructed decaying into the signal
modes. On both sides of the event, any candidate with
MBC < 1830 MeV=c2 or jΔEj > 100 MeV is rejected; if
multiple combinations survive, the one with the MBC
closest to the known D meson mass from the Particle
Data Group (PDG) [23] is retained. Signal simulation
samples with ψð3770Þ → DD̄, D̄ → tag modes, and
D → signal modes are produced, in which the signal
decays D0ðþÞ → πþπ−ð0Þη are generated with the amplitude
models that result from the studies presented in this paper.
On the tag side, the MBC signal windows are set to be

�6 MeV=c2 around the known D mass [23], while the ΔE
signal windows are set to be 3.5 times the ΔE resolution
around the fitted peak. On the signal side, we select D0

(Dþ) candidates with MBC within ½1858; 1874� MeV=c2

(½1860; 1880� MeV=c2). Furthermore, for the D0 channel,
the requirement jMðπþπ−Þ −mðK0

SÞj > 30 MeV=c2 is
imposed to remove the peaking background from
D0 → K0

Sη decays, where mðK0
SÞ is the known K0

S mass
[23]. Since the dominant background originates from
wrongly reconstructed η → γγ candidates, a multivariate
analysis (MVA) [24] is performed to select events for use in
the amplitude analysis. This MVA involves the develop-
ment of a gradient boosted decision tree (BDTG) classifier
based on the inclusive simulation sample, which takes as
input three discriminating variables: the γγ invariant mass
MðγγÞη, the goodness of the kinematic fit constraining the
γγ invariant mass to the known η mass χ2ðηÞ, and the
helicity angle of the higher-energy photon from the η decay.
A requirement on the BDTG output is imposed, which
retains 83% (77%) of the signal and rejects 78% (84%) of
the background for the D0 (Dþ) channel according to
studies performed with simulation samples. Additionally,
the selection jΔEj < 45 MeV (jΔEj < 40 MeV) for the
D0 (Dþ) channel is applied. The final sample contains
1678 (1226) D0ðDþÞ → πþπ−ðπ0Þη candidates with a
purity of ð74.1� 1.2Þ% [ð65.7� 1.7Þ%]. In these samples
0.4% (0.3%) candidates have been eliminated for the
D0 (Dþ) channel due to the best-candidate selection.
The amplitude analysis is performed on the accepted

candidate events with an unbinned maximum-likelihood
fit. Details on the likelihood construction are given in
Sec. I of Supplemental Material [25]. In the likelihood
function, the line shape of the a0ð980Þ is described with
Flatté formula. The effective radii for the intermediate
resonances and for the D0ðþÞ state are set to be 3.0 and
5.0 GeV−1 [26], respectively. The decays D0 → ρ0η and
Dþ → a0ð980Þþπ0 are chosen as the reference amplitudes
for the D0 and Dþ channels, with magnitudes and phases
set to be 1.0 and 0.0, respectively.
The development of the amplitude models begins by

only considering the significant resonances: a0ð980Þþ and
ρ0 [a0ð980Þ0] for D0 (Dþ) channel. Then, various ampli-
tudes are introduced. Only those with significance larger
than 3σ are retained for further analysis. Here, the signifi-
cance is calculated using the changes of lnL and the
number of degrees of freedom (NDF) when the fit is
performed with and without the corresponding amplitude
included. Following this procedure, six intermediate states
are retained in the fit model for both channels. The decay
amplitudes and the corresponding phase (ϕα), fit fraction
(FFα), significance, BF, and rþ=−ð0Þ values are listed in
Table I. More details on the interference between the
contributions and the correlations are listed in Secs. II
and III of Supplemental Material [25], respectively.
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The Dalitz plots and the projections are shown in Fig. 2.
The fit quality is determined by calculating the χ2 of the fit
using an adaptive binning of the Dalitz plots, with each bin
containing at least ten events. The resulting χ2=NDF is
136.6=138 (131.6=99) for the D0ðDþÞ channel.
In Table I, the second uncertainties are systematic and

arise from the following sources: (I) the coupling with the
πη0 channel in the a0ð980Þ line shape [27]; the parameters
for the line shapes of (II) a0ð980Þ�; (III) ρ0, a2ð1320Þþ and
a2ð1700Þþ states; and (IV) ðπþπ−ÞS−wave formalism [28];
(V) the effective radii, estimated by varying the effective
radii by �1 GeV−1; (VI) the background level; (VII) the
background shape; and (VIII) the fitter performance,
estimated by fitting data-sized simulation samples gener-
ated with the amplitude models that result from the studies.
The fits considered for item (VIII) show good agreement
between the fitted and the input values for the parameters in
the amplitude model. In addition, the effect from the
efficiency variation across the phase space, the efficiency
due to PID, tracking, and π0ðηÞ reconstruction is found to be
negligible. These systematic uncertainties are estimated
separately by taking the difference between the values of
ϕα, FFα, rþ=−, and rþ=0 obtained by the alternative and the
baseline fits. Since varying the propagators leads to different
normalization factors, only the effect on the FFα is consid-
ered from sources (I) and (IV) for the amplitudes related to
the a0ð980Þ and ðπþπ−ÞS−wave. The total systematic uncer-
tainties are obtained by adding each term in quadrature. For
rþ=−, rþ=0 and the fit fractions of D → a0ð980Þπ, the
sources (I) and (II) are dominant. The detailed results can
be found in Tables V and VI in Sec. IV of Supplemental
Material [25].

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 2. The Dalitz plot (a); the projections on MðπþηÞ (b),
Mðπ−ηÞ (c), and Mðπþπ−Þ (d) are for the D0 → πþπ−η channel.
The Dalitz plot (e); the projections on MðπþηÞ (f), Mðπ0ηÞ (g),
and Mðπþπ0Þ (h) are for the Dþ → πþπ0η channel. In the
projections, the dots with error bars are data, the blue lines are
the fit curves, and the green histograms are the backgrounds; and
the cyan solid, pink dashed and red dashed lines are the
contributions from the intermediate states ρ0ðþÞ, a0ð980Þ−ð0Þ,
and a0ð980Þþ, respectively. In (d), the events around K0

S mass are
removed due to the K0

S veto.

TABLE I. The phases, FFs, statistical significances and BFs for various amplitudes. The first and second uncertainties are statistical
and systematic, respectively. The intermediate states are reconstructed in the decays ρ → ππ, a0 → πη, and a2 → πη.

Amplitude Phase (in unit rad) FF (%) Significance (σ) BF (×10−3)

D0 → ρ0η 0 (fixed) 15.2� 1.7� 1.0 >10 0.19� 0.02� 0.01
D0 → a0ð980Þ−πþ 0.06� 0.16� 0.12 5.9� 1.3� 1.0 8.9 0.07� 0.02� 0.01
D0 → a0ð980Þþπ− −1.06� 0.12� 0.10 44.0� 4.0� 5.3 >10 0.55� 0.05� 0.07
D0 → a2ð1320Þþπ− −1.16� 0.25� 0.23 2.1� 0.9� 0.8 4.5 0.03� 0.01� 0.01
D0 → a2ð1700Þþπ− 0.08� 0.17� 0.23 5.5� 1.8� 2.7 6.1 0.07� 0.02� 0.03
D0 → ðπþπ−ÞS−waveη −0.92� 0.29� 0.14 3.9� 1.8� 2.1 5.3 0.05� 0.02� 0.03
rþ=− 7.5þ2.5

−0.8 � 1.7 7.7a � � �
Dþ → ρþη −4.03� 0.19� 0.13 9.3� 3.0� 2.1 6.0 0.20� 0.07� 0.05
Dþ → ðπþπ0ÞVη −0.64� 0.22� 0.19 15.8� 4.8� 5.2 4.7 0.34� 0.11� 0.11
Dþ → a0ð980Þþπ0 0 (fixed) 43.7� 5.6� 1.9 9.1 0.95� 0.12� 0.05
Dþ → a0ð980Þ0πþ 2.44� 0.20� 0.10 17.0� 4.4� 1.7 7.9 0.37� 0.10� 0.04
Dþ → a2ð1700Þþπ0 0.92� 0.20� 0.14 4.2� 2.1� 0.7 3.6 0.09� 0.05� 0.02
Dþ → a0ð1450Þþπ0 0.63� 0.41� 0.30 7.0� 2.8� 0.7 4.7 0.15� 0.06� 0.02
rþ=0 2.6� 0.6� 0.3 4.0a � � �

aThe significance is for the test hypothesis r ¼ 1.0.
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Table I lists the BFs of each subprocess, calculated
using Bα ¼ FFα × BðD0ðþÞ → πþπ−ð0ÞηÞ. For the BF mea-
surements, we apply tighter selection windows of 505 <
MðγγÞη < 570 MeV=c2 and χ2ðηÞ < 50 compared to those
used for the MVA selections. Using the DT method, the
total decay BFs are measured as B ¼ YDT=YSTϵsigBsub.
Here, YST is the total ST yield, which is ð6897.1� 8.2Þ ×
103 [ð4176.9� 2.8Þ × 103] for the D0 (Dþ) channel; Bsub

is the BF of π0ðηÞ → γγ; and ϵsig is the weighted signal

efficiency ϵsig ¼
P

i
YðiÞ
ST

ϵðiÞST
ϵðiÞDT=YST, where Y

ðiÞ
ST and ϵ

ðiÞ
STðDTÞ are

the ST yield and ST (DT) efficiencies for the ith tag
channels, respectively. The DT yields YDT are deter-
mined using a fit to the ΔE distributions as reported in
Sec. V of Supplemental Material [25]. We obtain
YDTðD0Þ ¼ 1369� 48 and YDTðDþÞ ¼ 949� 54. The
total BFs of the D0 → πþπ−η and Dþ → πþπ0η channels
are measured to be ð1.24� 0.04stat � 0.03systÞ × 10−3 and
ð2.18� 0.12stat � 0.05systÞ × 10−3, respectively. Here, the
systematic uncertainties for the D0 and Dþ channels
include contributions associated with: PID (1.0% and
0.5%); tracking efficiency (1.0% and 0.5%); η=π0

reconstruction (0.8% and 1.6%), determined from hadronic
DTDD̄ events; the choice of signal shape (0.3% and 0.1%),
estimated from the change in YDT when altering the
parameters in the signal shape within the uncertainties;
the choice of background shape (0.6% and 1.4%), esti-
mated by using a third-order Chebyshev polynomial
instead of the second-order one; the choice ofMBC window
(0.3% and 0.0%), determined with a D0 → K−πþη control
sample for theD0 channel and found to be negligible for the
Dþ channel due to the looser requirement; the simulation
sample size (0.1% and 0.1%); the effect of quantum
correlations in the D0 channel (0.9%) [29]; possible fitter
biases (0.3% and 0.6%), estimated from the inclusive
simulation sample; the generator (0.2% and 0.4%), esti-
mated by varying the input parameters in the generator
according to the error matrix obtained from the fit to data;
and uncertainties from Bðη=π0 → γγÞ (0.5% and 0.5%), as
taken from the PDG [23].
In summary, we have presented the first amplitude

analysis of the D0ðþÞ → πþπ−ð0Þη decay. The decays
D0ðþÞ → a0ð980Þþπ−ð0Þ and D0ðþÞ → a0ð980Þ−ð0Þπþ are
observed for the first time, with statistical significances
> 10σ (9.1σ) and 8.9σ (7.9σ), respectively. The a0ð980Þþ
is identified as the dominant intermediate resonance in
both channels, with its contribution significantly larger than
that of the a0ð980Þ−ð0Þ state. The measured values of
rþ=− ¼ 7.5þ2.5

−0.8 � 1.7 and rþ=0 ¼ 2.6� 0.6� 0.3 indicate
that the symmetry observed in Dþ

s decays is violated here.
Furthermore, the low BF of D0ðþÞ → ρ0ðþÞη highlights the
importance of the K�K → a0ð980Þπ rescattering process.

The value of rþ=− determined from the amplitude model
is found to be 2 orders of magnitude higher than the
expectation without contributions from WE diagrams [11].
This suggests that under the conventional diquark model
for the a0ð980Þ, the WE diagrams are significantly
enhanced. A simple calculation outlined in Sec. VI of
Supplemental Material [25] predicts the size of the WE
diagram to exceed that of the T diagram. Specifically, for
D0 → a0ð980Þþπ−, the WE diagram is expected to be more
than

ffiffiffiffiffiffiffi
6.0

p
times larger than that of the T diagram. In

contrast to the D → PP and D → VP decay sectors, where
T diagrams dominate over WE diagrams, the weak-anni-
hilation process significantly enhanced by FSI is a unique
feature of D → SP decays. When only considering the
WE diagrams, the estimation in Sec. VI of Supplemental
Material [25] predicts rþ=− ∼ 0.3, which contradicts the
measurement. This leads to the conclusion that the phase
and magnitude of the WE diagrams in D0 → a0ð980Þ−πþ
must produce strong interference effects that enhance the
ratio of rþ=−.
Assuming a four-quark model for a0ð980Þ, the decay

D0 → a0ð980Þþπ− receives an additional contribution from
a T-like diagram significantly larger than the T diagram
shown in Fig. 1(a). In this case, the ratio rþ=− can be greatly
enhanced without the fine-tuned WE contributions needed
in the two-quark model. Thus, the results presented in this
paper, combined with future determinations of the magni-
tude and phase of the WE diagrams in other D → SP
decays, will be valuable in improving our understanding of
the internal structure of the a0ð980Þ meson.
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