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Using e+e− annihilation data corresponding to a total integrated luminosity of6.32 fb−1 and2.93 fb−1 collected at the center-of-mass
energies 4.178-4.226 GeV and 3.773 GeV with the BESIII detector, we have performed amplitude analyses of the decaysD+

s → K−K+π+,
D+

s → K0
Sπ+π0, D+

s → K0
SK−π+π+, D+

s → K+K−π+π0, D+
s → ηπ+π+π−, andD+ → K0

SK+π0. We present the results based on
these amplitude analyses where rich structures have been observed. In addition, we also report observations of some new hadronicD+

(s) decay
modesD+

s → K0ρ(770)+, D+
s → K∗(892)0π+, D+

s → K∗(892)+π0, andD+
(s) → a0(980)+ρ0 and the determinations of their decay

branching fractions which are5.46±0.84stat.±0.44syst.×10−3, 2.71±0.72stat.±0.30syst.×10−3, 0.75±0.24stat.±0.06syst.×10−3,
and0.21± 0.08stat. ± 0.05syst.%
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1. Introduction

The hadronic decays ofD+
(s) mesons are dominated by quasi

two-body processes [1], such asD+
(s) → PP , D+

(s) → V P ,
D+

(s) → V S, D+
(s) → V V , D+

(s) → AP , and D+
(s) →

AV , whereP , V , S, andA denote pseudo-scalar, vector,
scalar, and axial-vector mesons, respectively. Most of their
decay branching fractions (BFs) can be predicted theoreti-
cally [2–4], while some non-perturbative contributions, such
as final-state interactions, make some of them hard to pre-
dict. Therefore, measurements of the quasi two-body decay
branching fractions are important to test the theoretical calcu-
lations and can help the understanding ofD+

(s) meson decay
mechanisms.

The BESIII detector [5] records symmetrice+e− col-
lisions provided by the Beijing Electron Position Collider
(BEPCII) storage ring [6], which operates with a peak lu-
minosity of 1 × 1033 cm−2s−1 at the center-of-mass en-
ergy (

√
s) range from 2.0 to 4.9 GeV. The threshold energy

of DsD
∗
s andDD̄ pairs are produced at 4.178-4.226 GeV [7]

and 3.773 GeV [8], respectively, corresponding to a total in-
tegrated luminosity of 6.32 fb−1 and 2.93 fb−1. Hadronic
decays of charmed hadron can be studied with almost free
of background based on these data samples. Because the
double-tag (DT) [9] reconstructed candidate has bothD+

s D−
s

or D+D− mesons. In the paper, charge conjugate states are
implied.

2. Strategy

The relative magnitudes and phases of the partial waves and
the masses and widths of intermediate-resonant contribution
in these decays are determined by an un-binned-maximum-
likelihood fit. A probability density function (PDF) con-
structs the likelihood function, which depends on the mo-

menta of the final daughter particles.An is the amplitude
of thenth intermediate state defined by

An(pj) = P 1
n(m1)P 2

n(m2)Sn(pj)

× F 1
n(pj)F 2

n(pj)F
D+

(s)
n (pj), (1)

whereF 1,2
n (pj) andF

D+
(s)

n (pj) are the Blatt-Weisskopf bar-
rier factors for the intermediate resonances 1, 2, andD+

(s),
the P 1

n(m1) and P 2
n(m2) are the propagator function, and

the spin factor is described by functionSn(pj).
The coherent sum of these amplitudes of intermediate

processes is described as the total decay amplitudeM(pj),
which isM(pj) =

∑
cnAn(pj), wherecn is the correspond-

ing complex coefficientρneiφn . The magnitudeρn and phase
φn are determined by the amplitude analysis. ThefS(pj) is
the signal PDF written as

fS(pj) =
ε(pj) |M(pj)|2 R(pj)∫

ε(pj) |M(pj)|2 R(pj) dpj

, (2)

where the final four-momentumpj parameterizes the detec-
tion efficiency (ε(pj)), and the standard element of multi-
body phase space is described byR(pj). In the Eq.2, the
fitted variablesε(pj) and R(pj) terms are independent, so
they are regarded as constant terms in the fit. The normaliza-
tion integrals are determined by an MC integration,

∫
ε(pj) |M(pj)|2R(pj) dpj ≈ 1

NMC

×
NMC∑

kMC

∣∣∣M(pkMC
j )

∣∣∣
2

∣∣∣Mgen(pkMC
j )

∣∣∣
2 , (3)

where the number of the selected MC events is described by
NMC, the index of thekth

MC event is written askMC, and PDF
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Mgen(pj) is used to generate the MC samples of MC inte-
gration. Due to the differences from the PID and tracking
between data and simulation, we determine the effect by

γε(pj) =
∏

i

εi,data(pj)
εi,MC(pj)

, (4)

wherei refers to tracking or PID,εi,data(pj) andεi,MC(pj) is
the tracking or PID efficiency as a function of the momenta
of the daughter particles for data and MC. After weighting
each signal MC event withγε, MC integration is modeled as

∫
ε(pj) |M(pj)|2 R(pj) dpj ≈ 1

NMC

×
NMC∑

k

∣∣∣M(pkMC
j )

∣∣∣
2

γε(pkMC
j )

∣∣∣Mgen(pkMC
j )

∣∣∣
2 . (5)

In these amplitude analyses, the background contribution
is described by the background PDF:

fB(pj) =
B(pj)R(pj)∫ B(pj)R(pj) dpj

. (6)

According to the background events from the inclusive MC
sample in the signal region, we can model the correspond-
ing background shapeB(pj) in data, and background shape
B(pj) is derived using RooNDKeysPdf [10], which is a ker-
nal estimation method [11] implemented in RooFit [10]. A
superposition of Gaussian kernels (RooFit) models the distri-
bution of an input dataset. After Adding the background PDF
to the signal PDF incoherently, the combined PDF is written
as

wsigfS(pj) + (1− wsig)fB(pj)

= wsig
ε(pj) |M(pj)|2 R(pj)∫

ε(pj) |M(pj)|2 R(pj) dpj

+ (1− wsig)
B(pj)R(pj)∫ B(pj)R(pj) dpj

, (7)

wherewsig is the purity of the signal. We factorize theε(pj)
term out from the combined PDF byBε(pj) ≡ B(pj)/ε(pj).
Its contribution enters into the normalization and the back-
ground PDF. As a consequence, the combined PDF are de-
scribed by

wsigfS(pj) + (1− wsig)fB(pj)

= ε(pj)R(pj)

[
wsig |M(pj)|2∫

ε(pj) |M(pj)|2 R(pj) dpj

+
(1− wsig)Bε(pj)∫

ε(pj)Bε(pj)R(pj) dpj

]
. (8)

The integration in the denominator of the background term
can also be handled by the MC integration,

∫
ε(pj)Bε(pj)R(pj) dpj ≈ 1

NMC

×
NMC∑

k

Bε(pk
j )

∣∣Mgen(pk
j )

∣∣2 . (9)

In the end, the log-likelihood function is described as

lnL =
ND∑

k

ln
[
wsigfS(pk

j ) + (1− wsig)fB(pj)
]

, (10)

whereND is used for candidate events in data. ForD+
s →

K−K+π+ andD+ → K0
s K+π0, wsig is equal to 1.

2.1. Blatt-Weisskopf barriers

For a decay processA → BC, the Blatt-Weisskopf barri-
ers [12] depend on the angular momentaL = 0, 1, 2 and the
momentumq of the final-state particleB or C in the rest sys-
tem ofA. They are defined by

XL=0(q) = 1,

XL=1(q) =

√
z2
0 + 1

z2 + 1
,

XL=2(q) =

√
z4
0 + 3z2

0 + 9
z4 + 3z2 + 9

,

(11)

with z0 = q0R andz = qR. The momentumq is given by

q =

√
(sA + sB − sC)2

4sA
− sB , (12)

wheresA, sB andsC refer to the squared invariant masses of
particlesA,B, andC, respectively. The value ofq0 is that
of q when sA = m2

A. For theD+
s meson and intermedi-

ate resonances, the effective radii of barrierR are fixed to be
5.0 GeV−1 and 3.0 GeV−1, respectively. Especially, the ef-
fective radii for theD+ meson and intermediate resonances is
fixed to be 5.0 GeV−1 and 1.5 GeV−1 for D+ → K+K0

Sπ0.

2.2. Propagator

The intermediate resonancesφ(1020), K∗(892), K̄0
1 (1270),

anda1(1260)+ are parameterized with the relativistic Breit-
Wigner (RBW) formula,

P (m) =
1

(m2
0 −m2)− im0Γ(m)

, (13)

Γ(m) = Γ0

(
q

q0

)2L+1 (m0

m

) (
XL(q)
XL(q0)

)2

, (14)
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wherem0 andΓ0 are the nominal masses and widths of the
intermediate resonances, respectively. The value ofq0 in
Eq. (14) is that ofq whensa = m2

0.
The intermediate resonanceρ(770) is modeled as the

Gounaris-Sakurai (GS) formula [13],

PGS(m) =
1 + d Γ0

m0

(m2
0 −m2) + f(m)− im0Γ(m)

, (15)

f(m) = Γ0
m2

0

q3
0

(
q2[h(m)− h(m0)]

+ (m2
0 −m2)q2

0

dh

d(m2)

∣∣∣
m2=m2

0

)
, (16)

with

h(m) =
2
π

q

m
ln

(
m + 2q

2mπ

)
, (17)

and the functiondh/d(m2) is defined as

dh

d(m2)

∣∣∣
m2=m2

0

= h(m0)[(8q2
0)−1 − (2m2

0)
−1]

+ (2πm2
0)
−1, (18)

the parameterd = f(0)/Γ0m0 is fixed by the normalization
condition atPGS(0). Hence, the parameterd is

d =
3
π

m2
π

q2
0

ln

(
m0 + 2q0

2mπ

)
+

m0

2πq0
− m2

πm0

πq3
0

. (19)

The intermediate resonancea0(980) is modeled as Flatté
formula:

Pa0(980) =
1

M2 − s− i(gηπρηπ(s) + gKK̄ρKK̄(s))
, (20)

wheres is the πη invariant mass squared, the Lorentz in-
variant PHSP factorsρηπ(s) andρKK̄(s) are2q/

√
sa, and

the g2
ηπ = 0.341 ± 0.004 GeV2/c4 andg2

KK̄
= (0.892 ±

0.022)g2
ηπ are constants, reported in Ref [14].

2.3. Spin factors

As the limit of PHSP, we only consider the states with an-
gular momenta up to two. For a processA → BC, we de-
fine the spin projection operator according to the discussion
in Ref. [15],P (S)

µ1···µSν1···νS is

P (1)
µν (A) = −gµν +

pAµpAν

p2
A

, (21)

P (2)
µ1µ2ν1ν2

(A) =
1
2
(P (1)

µ1ν1
(A)P (1)

µ2ν2
(A)

+ P (1)
µ1ν2

(A)P (1)
µ2ν1

(A))

− 1
3
P (1)

µ1µ2
(A)P (1)

ν1ν2
(A), (22)

where the quantitiespA, pB , andpC denote the momenta of
particlesA, B, andC, respectively, andrA = pB − pC . The
covariant tensors are constructed from the corresponding mo-
mentapA, pB , andpC ,

t̃(1)µ (A) = −P
(1)
µµ′(A)rµ′

A , (23)

t̃(2)µν (A) = P
(2)
µνµ′ν′(A)rµ′

A rν′
A . (24)

3. Amplitude analyses and branching fraction
measurements

3.1. Amplitude analysis ofD+
s → K−K+π+

Based on the data of 4399 signal candidates with99.6% pu-
rity, the amplitude analysis of the decayD+

s → K−K+π+

has been performed by BESIII [12] at
√

s = 4.178 GeV.
We perform a model-independent partial wave analysis to
extract the S-wave line-shape inK+K− low-mass reso-
nance, due to the large overlap ofa0(980) → K+K− and
f0(980) → K+K− and their commonJPC , it is difficult to
distinguish betweena0(980) andf0(980). They are consid-
ered as a combined stateS(980). According to the detection
efficiency of the results in the amplitude analysis, we obtain
B(D+

s → K−K+π+) = (5.47±0.08stat.±0.13syst.)% with
much more precision. The BFs of intermediate processes
D+

s → φπ+ andD+
s → K+K̄∗(892)0 are4.60 ± 0.17 and

3.94 ± 0.12 which are consistent with corresponding theory
predictions [2].

3.2. Amplitude analysis ofD+
s → K0

Sπ+π0

Based on the data of 1385 signal candidates with around94%
purity, the amplitude analysis of the decayD+

s → K0
Sπ+π0

has been performed by BESIII for the first time [16]. Ac-
cording to the detection efficiency of the results in the
amplitude analysis, we obtainB(D+

s → K0
Sπ+π0) =

(5.43 ± 0.30stat. ± 0.15syst.) × 10−3 which is improved
by about a factor of 3 compared to the PDG value [1].
The BFs of intermediate processesD+

s → K0ρ(770)+,
D+

s → K∗(892)0π+, andD+
s → K∗(892)+π0 are valu-

able for understanding of quark flavor SU(3) symmetry, and
other related theoretical issues. TheAcp for the channels
D+

s → K0
Sπ+π0 andD−

s → K0
Sπ−π0 is calculated to be

(2.7±5.5stat.±0.9syst.)%, and no evidence for CP violation
was observed.

3.3. Amplitude analysis ofD+
s → K0

SK−π+π+

Based on the data of 609 signal candidates with about
85.4% purity, the amplitude analysis of the decayD+

s →
K0

SK−π+π+ has been performed by BESIII for the first
time [17]. According to the detection efficiency of the
results in the amplitude analysis, we obtainB(D+

s →
K0

SK−π+π+) = (1.46± 0.05stat. ± 0.05syst.)% compared
with previous experiment with much more precision. The

Supl. Rev. Mex. Fis.3 0308060
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BF of dominant processD+
s → K∗(892)+K̄(892)0 is cal-

culated to be(5.93± 0.47stat. ± 0.74syst.)%.

3.4. Amplitude analysis ofD+
s → K−K+π+π0

Based on the data of 3088 signal candidates with97.5%
purity, the amplitude analysis of the decayD+

s →
K−K+π+π0 has been performed by BESIII for the first
time [18]. The BFs of dominant processesD+

s → φρ(770)+

andD+
s → K̄∗0K∗+ are observed to be(2.75± 0.07stat. ±

0.15syst.)% and (1.25 ± 0.05stat. ± 0.06syst.)%, respec-
tively, with much better precision. Besides, the three
body resonancesK1(1270)0 and K1(1400)0 were found
to contribute in the decay amplitude. According to the
detection efficiency of the results in the amplitude anal-
ysis, we obtainB(D+

s → K+K−π+π0) = (5.42 ±
0.10stat. ± 0.17syst.)% compared with previous experi-
ment with much more precision. The ratioRK1(1270)0 =
BK1(1270)0→K∗(892)π/BK1(1270)0→Kρ(770) is determined to
be0.99± 0.15stat. ± 0.18syst., which is agree with other ex-
periments [19,20].

3.5. Amplitude analysis ofD+
s → ηπ+π+π−

Based on the data of 1306 signal candidates with larger
than 85% purity, the amplitude analysis of the decay
D+

s → ηπ+π+π− has been performed by BESIII for
the first time [21]. The BF of dominant processD+

s →
ηa1(1260)+, a1(1260)+ → ρ(770)0π+ is obtained to be
(1.73 ± 0.14stat. ± 0.08syst.)%. According to the detection
efficiency of the results in the amplitude analysis, we obtain
B(D+

s → ηπ+π+π−) = (3.12 ± 0.13stat. ± 0.09syst.)%
compared with previous experiment with much more preci-
sion. Besides, we observe the W-annihilation (WA) process
D+

s → a0(980)+ρ(770)0, a0(980)+ → ηπ+, whose abso-

lute BF is determined to be(0.21 ± 0.08stat. ± 0.05syst.)%,
which is significantly larger than the BFs of other pure WA
decaysD+

s → ρ(770)0π+ andD+
s → π0π+. The measure-

ment provides a good opportunity to distinguish various WA
mechanisms and understand underlying nature of the reso-
nancea0(980)+.

3.6. Amplitude analysis ofD+ → K+K0
Sπ0

Based on the data of 692 signal candidates With97.4% pu-
rity, the amplitude analysis of the singly Cabibbo suppressed
decayD+ → K+K0

Sπ0 has been performed by BESIII for
the first time [22]. The BF of dominant processD+ →
K∗(892)+K0

S is obtained to be(8.69±0.40stat.±0.64syst.±
0.51Br.) × 10−3, the result is in agreement with the previ-
ous results [1, 23] with much more precision. And the BF of
intermediate processD+ → K̄∗(892)0K+ is obtained to be
(3.10 ± 0.46stat. ± 0.68syst. ± 0.18Br.) × 10−3, the isospin
symmetric process result is agree with the previous result [1]
and theoretical predictions [4,24].

4. Summary and Outlook

Based one+e− annihilation data corresponding to a total in-
tegrated luminosity of6.32 fb−1 and2.93 fb−1 collected at
the

√
s = 4.178 − 4.226 GeV and

√
s = 3.773 GeV with

the BESIII detector, we report amplitude analyses and the
BF measurements forD+

(s) decay modes. Many structures
were observed in these decays and the results are the most
precise up to date. According to these results, we can check
CP violation, deeply understand the weak annihilation pro-
cess mechanisms, and test SU(3)F symmetry. For the near
future in hadronic charm meson decays, BESIII will produce
more results at

√
s = 3.773 GeV corresponding to a total in-

tegrated luminosity of17 fb−1 in the future [7].
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