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Observation of D → a0(980)π in the decays D0
→ π+π−η and D+

→ π+π0η
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We report the first amplitude analysis of the decays D0 → π+π−η and D+ → π+π0η using
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a data sample taken with the BESIII detector at the center-of-mass energy of 3.773 GeV, corre-
sponding to an integrated luminosity of 7.9 fb−1. The contribution from the process D0(+) →
a0(980)

+π−(0) is significantly larger than the D0(+) → a0(980)
−(0)π+ contribution. The ratios

B(D0 → a0(980)
+π−)/B(D0 → a0(980)

−π+) and B(D+ → a0(980)
+π0)/B(D+ → a0(980)

0π+) are
measured to be 7.5+2.5

−0.8 stat. ± 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.

Theoretical predictions of the strong interaction in the
charm sector are challenging, since quantum chromody-
namics calculations involve non-perturbative contribu-
tions. The W-annihilation (WA) and W-exchange (WE)
processes, which are strictly suppressed in B-meson de-
cays, can occur in D decays as a result of final-state in-
teractions (FSI). They are expected to be dominated by
non-perturbative effects, which leads to significant uncer-
tainties when making theoretical predictions, since these
effects depend strongly on the cutoff values and the un-
known phases between different processes [1, 2]. There-
fore, the study of decays with a significant contribution
fromWA orWE processes represents a promising method
for investigating the dynamics of charm decays.

The BESIII Collaboration has observed the pure
WA decays D+

s → a0(980)
+(0)π0(+) [3], which indi-

cates a sizeable contribution from FSI in the WA pro-
cesses for the D → SP sector (where S and P de-
note scalar and pseudo-scalar particles, respectively).
Theorists have explained the observed large WA am-
plitude, as well as the amplitude symmetry A(D+

s →
a0(980)

+π0) = −A(D+
s → a0(980)

0π+), taking into ac-
count the contribution from the D+

s → ρ+η and D+
s →

K̄∗(892)0K+(K∗(892)+K̄0) decays, since they exhibit
large branching fractions (BF) and involve the WA ampli-
tude process at the quark level [4, 5]. This behavior sup-
ports the interpretations of a0(980) as a tetraquark or a
molecular state [5]. More recently, further measurements
involving D+

s decays have been performed, in particular
those that have led to the observation of the a0(1817)

+(0)

resonance [6, 7], which is expected as an excited state of
the a0(980)

+(0) [8], support the interpretation of these
two resonances as K(∗)K̄(∗) molecules [9, 10].

In D0 decays, the relative ratio r+/− = B(D0 →
a0(980)

+π−)/B(D0 → a0(980)
−π+) is expected to be

less than 0.05 [11], when ignoring the WE process. Un-
til now, attempts to measure this ratio have not been
conclusive; both the CLEO and LHCb Collaborations
have studied the a0(980)

±π∓ contributions to the decays
D0 → K0

SK
±π∓ [12, 13], but with large uncertainties;

the Belle Collaboration has studied D0 → π+π−η de-
cays [14], and has only observed the a0(980) peak in the
M(π+η) projection.

In analogy to what is observed in D+
s →

a0(980)
+(0)π0(+) decays [3], sizeable contributions from

FSI are expected to enhance the WA process in the corre-
spondingD+ decays. However, in this case the symmetry

observed in D+
s decays is expected to be violated, since

further short-distance contributions must be considered,
which can be expressed as a color-allowed external W -
emission tree (T) diagram and a color-suppressed exter-
nal W -emission tree diagram in the topological diagram
approach [11]. The measurement of the BFs for D0 (D+)
decays to a0(980)π and of the corresponding relative ra-
tios r+/− ( r+/0 = B(D+ → a0(980)

+π0)/B(D+ →
a0(980)

0π+)) can constrain the size and phase of the
amplitude of the WE (WA) process and improve the
knowledge about the role the a0(980) plays in charm de-
cays [15].

In this Letter, we perform amplitude analyses of
D0(+) → π+π−(0)η decays, to study the contributions
from the intermediate processes D0(+) → a0(980)

+π−(0),
D0(+) → a0(980)

−(0)π+ and D0(+) → ρ0(+)η. The
analyses are based on e+e− collision data recorded with
the BESIII detector at the center-of-mass energy of
3.773 GeV, corresponding to an integrated luminosity of
7.9 fb−1. Charge conjugation is implied throughout this
Letter, as well as the equivalences a0(980)

±(0) → π±(0)η
and B(a0(980)+ → π+η) = B(a0(980)0 → π0η).

A detailed description of the BESIII detector design
and performance can be found in Ref. [16]. About 63%
of the data analyzed in this Letter profits from an up-
grade of the end-cap time-of-flight system with multi-
gap resistive plate chambers with a time resolution of
60 ps [17]. Simulated data samples produced with a
geant4-based [19] Monte Carlo (MC) package, which
includes the geometric description of the BESIII detec-
tor and the detector response, are used to determine de-
tection efficiencies and to estimate backgrounds. The
simulation models the beam-energy spread and initial-
state radiation (ISR) in e+e− annihilations with the gen-
erator kkmc [20]. The inclusive MC sample includes
the production of DD̄ pairs (including quantum coher-
ence for the neutral D channels), the non-DD̄ decays
of the ψ(3770), the ISR production of the J/ψ and
ψ(3686) states, and the continuum processes incorpo-
rated in kkmc [20].

The charged-track selection, particle identification
(PID), K0

S, π
0 and η reconstruction use the same cri-

teria described in Ref. [3], except for the invariant-mass
window around the η, which is set to 0.45 < M(γγ)η <
0.55 GeV/c2. The D mesons are identified using the

beam-constrained massMBC =
√

E2
beam − |~PD|2 and the

deviation of the reconstructed energy from the expected
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energy ∆E = ED − Ebeam, where (ED, ~PD) is the four-
momentum of the D meson, and Ebeam is the beam en-
ergy. A double-tag (DT) technique [21] is employed to
suppress the background. On both the tag and the sig-
nal side, any candidate with MBC < 1.83 GeV/c2 or
|∆E| > 0.1 GeV is rejected; if multiple combinations
survive in an event, the one with the MBC closest to
the known D meson mass from Particle Data Group
(PDG) [18] is retained.

For the D0 channel, four tag modes (D̄0 → K+π−,
D̄0 → K+π−π0(π0) and D̄0 → K+π−π−π+) are used,
while for the D+ channel we use six tag modes (D− →
K+π−π−(π0), D− → K0

Sπ
−(π0), D− → K0

Sπ
−π−π+

and D− → K+K−π−). Signal MC samples with
ψ(3770) → DD̄, D̄ → tag modes and D → signal modes
are produced, in which the signal decays D0(+) →
π+π−(0)η are generated with the amplitude models that
result from the studies presented in this Letter. For
the tag channels, the MBC signal windows are set to be
±6 MeV/c2 around the knownD mass [18], while the ∆E
signal windows are set to be 3.5 times the ∆E resolution
around the fitted peak.

On the signal side, we select D0 (D+) can-
didates with MBC within [1.858, 1.874] GeV/c2

([1.860, 1.880] GeV/c2). Furthermore, for the D0 chan-
nel, the requirement |M(π+π−)−m(K0

S)| > 0.03 GeV/c2

is imposed to remove the peaking background from the
D0 → K0

Sη decays, where m(K0
S) is the known K0

S

mass [18]. Since the dominant background originates
from wrong η → γγ candidates, a multivariate analy-
sis (MVA) [22] is performed to select events for use in
the amplitude analysis. This MVA involves the develop-
ment of a Gradient Boosted Decision Tree (BDTG) clas-
sifier based on the inclusive MC sample, which operates
on three discriminating variables: the γγ invariant mass
M(γγ)η, the goodness of the kinematic fit constraining
the γγ invariant mass to the known η mass χ2(η), 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 theD0 (D+) channel accord-
ing to studies performed with MC simulation. Addition-
ally, the selection |∆E| < 0.045 GeV (|∆E| < 0.040 GeV)
for the D0 (D+) channel is applied. The final sample
contains 1678 (1226) D0(D+) → π+π−(π0)η candidates
with a purity of (74.1± 1.2)% ((65.7± 1.7)%).

The amplitude analysis is performed on the accepted
candidate events with an unbinned maximum-likelihood
fit. The logarithm of the likelihood is constructed as

lnL = ln(fsS̃(p) + (1− fs)B̃(p)), (1)

where fs is the signal purity, p is the four-momenta of
final particles, S̃(p) and B̃(p) are the signal and back-

ground probability density function (PDF), expressed as

S̃(p) =
ǫ(p)|M(p)|2R3(p)

∫

ǫ(p)|M(p)|2R3(p)dp
,

B̃(p) =
ǫ(p)Bǫ(p)R3(p)

∫

ǫ(p)Bǫ(p)R3(p)dp
.

(2)

Here, R3(p) is the three-body phase-space factor, ǫ(p)
is the efficiency function, M(p) is the signal amplitude,
B(p) is the background shape, and Bǫ(p) = B(p)/ǫ(p)
is the efficiency-corrected background shape. For the
D0 channel, the B(p) term is extracted from the ∆E
sideband region (0.05 < |∆E| < 0.10 GeV); for the D+

channel, since the resolution is much wider than for the
D0, the inclusive MC sample is used. The total signal
amplitude M(p) =

∑

α cαe
iφαAα is modeled as the co-

herent sum of the amplitudes of all the intermediate pro-
cesses, where cα and φα are the magnitude and phase of
the αth amplitude, respectively, and the αth amplitude
is given by Aα = PαSαF

r
αF

D
α . Here, Pα is the prop-

agator, generally following the relativistic Breit-Wigner
formula except for the ρ and a0(980) states. For the
ρ+ we use the GS formula [23], and for the ρ0 descrip-
tion ρ − ω mixing is additionally considered [24]. When
modeling the a0(980) the two channel-coupled Flatté for-
mula Pa0(980) = 1/[(m2

0 − sa)− i(g2ηπρηπ + g2
KK̄

ρKK̄)] is
used, with gπη (gKK̄) and ρπη (ρKK̄) representing the
coupling constant from Ref. [25] and the phase-space fac-
tor q/

√
sa, respectively, where sa is the invariant-mass

squared of the a0(980) candidate and q is the total mo-
mentum of the daughter particles in the a0(980) rest
frame. For π+π− S-wave scattering, the K-matrix for-
malism [26] is used, with parameters taken from Ref. [27].
The Sα term is the spin factor and is constructed with
the covariant-tensor formalism [28]. The F r

α (FD
α ) term

is the barrier factor for the intermediate state (the D
meson) [7]. The relative contribution of the αth am-
plitude to the βth amplitude is quantified by the ra-
tio rα/β =

∫

|cαAα(p)|2R3(p)dp/
∫

|cβAβ(p)|2R3(p)dp.
When substituting cβAβ with M(p), the ratio becomes
the fit fraction of the αth amplitude (FFα).

In the data projections, a significant ρ0 peak appears
for the D0 channel, while for the D+ channel there is
no evident ρ+ peak but a significant a0(980)

+ peak is
observed. Therefore, the decays D0 → ρ0η and D+ →
a0(980)

+π0 are chosen as the reference amplitudes for
the D0 and D+ channels, respectively. All contributions
with significance larger than 3σ are retained for further
analysis. Here, the significance 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 crite-
rion, six intermediate states are retained in the fit model
for both channels. The decay amplitudes and the corre-
sponding φα, FFα, significance, BF, and r+/−(0) values
are listed in Table I. The Dalitz plots and the projec-



6

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 → a0(980)

−π+ 0.06 ± 0.16± 0.12 5.9± 1.3± 1.0 8.9 0.07 ± 0.02± 0.01
D0 → a0(980)

+π− −1.06 ± 0.12± 0.10 44.0± 4.0± 5.3 > 10 0.55 ± 0.05± 0.07
D0 → a2(1320)

+π− −1.16 ± 0.25± 0.23 2.1± 0.9± 0.8 4.5 0.03 ± 0.01± 0.01
D0 → a2(1700)

+π− 0.08 ± 0.17± 0.23 5.5± 1.8± 2.7 6.1 0.07 ± 0.02± 0.03
D0 → (π+π−)S−waveη −0.92 ± 0.29± 0.14 3.9± 1.8± 2.1 5.3 0.05 ± 0.02± 0.03

r+/− 7.5+2.5
−0.8 ± 1.7 7.7* -

D+ → ρ+η −4.03 ± 0.19± 0.13 9.3± 3.0± 2.1 6.0 0.20 ± 0.07± 0.05
D+ → (π+π0)V η −0.64 ± 0.22± 0.19 15.8± 4.8± 5.2 4.7 0.34 ± 0.11± 0.11
D+ → a0(980)

+π0 0 (fixed) 43.7± 5.6± 1.9 9.1 0.95 ± 0.12± 0.05
D+ → a0(980)

0π+ 2.44 ± 0.20± 0.10 17.0± 4.4± 1.7 7.9 0.37 ± 0.10± 0.04
D+ → a2(1700)

+π0 0.92 ± 0.20± 0.14 4.2± 2.1± 0.7 3.6 0.09 ± 0.05± 0.02
D+ → a0(1450)

+π0 0.63 ± 0.41± 0.30 7.0± 2.8± 0.7 4.7 0.15 ± 0.06± 0.02

r+/0 2.6± 0.6± 0.3 4.0* -
* The significance is for the test hypothesis r = 1.0.

tions are shown in Fig. 1. The fit quality is determined
by calculating the χ2 of the fit using an adaptive bin-
ning of the M2(π+η) versus M2(π−η) (M2(π0η)) Dalitz
plot with each bin containing at least 10 events. The re-
sulting χ2/NDF is 136.6/138 (131.6/99) for the D0(D+)
channel.

In Table I, the second uncertainties are systematic and
arise from the following sources: (I) the coupling with
the πη′ channel in the a0(980) line shape [25]; (II) the
a0(980)

± mass and coupling constants, changed within
the uncertainties given by Ref. [25]; (III) the masses
and widths of the ρ0, a2(1320)

+ and a2(1700)
+ states,

changed within the uncertainties given by PDG [18];
(IV) the parameters in the K-matrix formalism, changed
within the statistical uncertainties given in Ref. [27] (only
for the D0 channel); (V) the effective radii for the inter-
mediate resonances and for the D0(+) state, estimated
by varying the effective radii by ±1 GeV−1; (VI) the
background level, estimated from the uncertainty of the
signal ratio in data; (VII) the background shape, esti-
mated by checking the effect on the fit results with back-
ground shapes extracted from the different sideband re-
gions; (VIII) the fitter performance, estimated by fitting
three hundred signal MC samples with the same size as
the data sample. The fits show good agreement between
the fitted and the input values for the parameters in the
amplitude model. These systematic uncertainties are es-
timated separately by taking the difference between the
values of φα, FFα, r+/− and r+/0 obtained by the alter-
native and the baseline fits. Since varying the propaga-
tors causes different normalization factors, only the effect
on the FFα is considered [3] from source (I) for the cor-
responding amplitudes, which is also similar for source
(IV). The total systematic uncertainties are obtained by
adding each term in quadrature.

The BFs of each sub-process in Table I are calculated

with Bα = FFα × B(D0(+) → π+π−(0)η). In the BF
measurements, tighter windows than those used for the
MVA selections, 0.505 < M(γγ)η < 0.570 GeV/c2 and
χ2(η) < 50, are used. The total decay BFs are mea-
sured with the DT method as B = YDT/YSTǫsigBsub;
here, YST is the total single tag (ST) yield, which is
(6897.1 ± 8.2) × 103 [(4176.9 ± 2.8) × 103] for the D0

(D+) channel; Bsub is the BF of π0(η) → γγ; ǫsig is the

weighted signal efficiency ǫsig =
∑

i
Y

(i)
ST

ǫ
(i)
ST

ǫ
(i)
DT/YST, where

the Y
(i)
ST and ǫ

(i)
ST (DT) are the ST yield and ST (DT) ef-

ficiencies for the ith tag channels, respectively. The DT
yields YDT are extracted using a fit to the ∆E distribu-
tions without applying the signal window, as shown in
Fig. 2. In the fit, the signal PDF is parameterized as the
sum of a bifurcated Gaussian [30] and a double Gaussian
function, where the two functions have the same mean
value. All the parameters except for the mean value are
determined by the fit to the signal MC sample. The back-
ground function is described by a second-order Cheby-
chev polynomial, validated by using the inclusive MC
sample. From the fits, we obtain YDT(D

0) = 1369 ± 48
and YDT(D

+) = 949± 54.

The total BFs of the D0 → π+π−η and D+ → π+π0η
channels are measured to be (1.24±0.04stat.±0.03syst.)×
10−3 and (2.18±0.12stat.±0.05syst.)×10−3, respectively.
Here, the systematic uncertainties for the D0 and D+

channels include: PID (1.0% and 0.5%); tracking effi-
ciency (1.0% and 0.5%); η/π0 reconstruction (0.8% and
1.6%), determined from hadronic DT DD̄ events; signal
shape (0.3% and 0.1%), estimated by the change of YDT

by altering the parameters in the signal shape within the
uncertainties; background shape (0.6% and 1.4%), esti-
mated by using a third-order Chebychev polynomial in-
stead of the second-order one; MBC window (0.3% and
0.0%), determined with the D0 → K−π+η control sam-
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FIG. 1. The Dalitz plot (a), the projections on M(π+η)
(b), M(π−η) (c), M(π+π−) (d) the for D0 → π+π−η chan-
nel and the Dalitz plot (e), the projections on M(π+η) (f),
M(π0η)(g), M(π+π0) (h) for the D+ → π+π0η 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; the cyan solid, pink dashed and red dashed
lines are the contributions from the intermediate states ρ0(+),
a0(980)

−(0) and a0(980)
+, respectively.
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FIG. 2. Fits to the ∆E distributions for (a)D0 → π+π−η and
(b) D+ → π+π0η. The dots with error bars are data. The
blue solid, red dashed and green dashed lines are the total fit,
the signal and the background contribution, respectively.

ple for the D0 channel and negligible for the D+ chan-
nel due to the loose window requirement; MC sample
size (0.1% and 0.1%); quantum correlations (0.9%, only
for the D0 channel), quoted from Ref. [31]; fitter per-
formance (0.3% and 0.6%), estimated from the inclusive
MC sample; MC generator (0.2% and 0.4%), estimated
by varying the input parameters in the generator accord-
ing to the error matrix obtained from the fit to data; un-
certainties from B(η/π0 → γγ) (0.5% and 0.5%), quoted
from the PDG [18].

From the amplitude model we calculate the ratios
r+/− = 7.5+2.5

−0.8 stat. ± 1.7syst. and r+/0 = 2.6 ± 0.6stat. ±
0.3syst., which are both significantly higher than unity.
Especially for the D0 channel, the r+/− higher than the
results of naive calculations that do not allow for en-
hancements to the WE contributions by two orders of
magnitude [11].

In summary, we present the first amplitude analy-
sis of the D0(+) → π+π−(0)η channel. The decays
D0(+) → a0(980)

+π−(0) and D0(+) → a0(980)
−(0)π+ are

observed for the first time with statistical significances
> 10σ (9.1σ) and 8.9σ (7.9σ), respectively. The a0(980)

+

is identified as the dominant intermediate resonance in
both channels, and its contribution is found to be signif-
icantly larger than that of the a0(980)

−(0) state.

For the D+ channel, the measured value of r+/0 indi-
cates that the symmetry observed in D+

s decays is here
violated. Furthermore, in contrast with the large BF of
D+

s → ρ+η, the low BF of D+ → ρ+η shows the im-
portance of the K∗K → a0(980)π re-scattering process.
For the D0 channel, the measured value of r+/− disagrees
with theoretical predictions that ignore non-perturbative
effects by two orders of magnitude. Estimations suggest
that the size for the amplitude of WE process is even
larger than that of the T diagram [11, 32]. This dom-
inance of the WE process in D → SP decays is to be
contrasted with the situation in D → SP , D → PP and
D → V P (V denotes vector particle) decays [11, 33],
indicating the very important role that FSI plays in the
D → SP sector. In analogy to theoretical interpretations
for WA process, the re-scattering contributions also sug-
gest that we would expect r+/− < 1 [34], in contradiction
to our measurement. In addition, the resonance a0(1817)
is not observed in both channels. The measured BFs and
ratios are highly valuable for improving the understand-
ing of the role that the a0(980) plays in charm-meson
decays and the theoretical interpretations of the nature
of the a0(980) state.
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