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Amplitude analyses of multi-body hadronicD(*;) decays at BESIII
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Using ete™ annihilation data corresponding to a total integrated luminosit§.82 fb~! and2.93 fb~! 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 thigldesals K=,
Df - K277, Df - KYKntnt,Df - KTK-7nt7° D} — nrntatr™,andDt — K3K 70 We present the results based on
these amplitude analyses where rich structures have been observed. In addition, we also report observations of some n@g@pd&mﬂc
modesD — K°p(770)*, DI — K*(892)°z*, DI — K*(892)"x°, andD{) — a0(980)"p° and the determinations of their decay
branching fractions which afe46 4 0.84at. £ 0.44yse. X 1073, 2.71 £0.725tas. £ 0.30syst. X 1073, 0.75 £ 0.245¢5. £ 0.065yst. X 1073,
and0.21 + 0.08stat. & 0.05syst. %
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1. Introduction menta of the final daughter particlesd,, is the amplitude

of then!” intermediate state defined by
The hadronic decays dﬁ(*;) mesons are dominated by quasi

two-body processes [1], such &', — PP, D, — VP, An(p;) = Py (m1) P} (m2)Sn(p;)
Dfy — VS, D{, — VV, D{, — AP, andD{, — ) ) Dt
A§/, where P, {} S, and A denote pseudo-scalar, vector, X Fy (i) E5 (p) En " (p5), 1)

scalar, and axial-vector mesons, respectively. Most of their Dt

decay branching fractions (BFs) can be predicted theoretiwhereF,*(p;) and £, (p;) are the Blatt-Weisskopf bar-

cally [2—4], while some non-perturbative contributions, suchfier factors for the intermediate resonances 1, 2, Bid,

as final-state interactions, make some of them hard to préhe P.(m) and P?(m.) are the propagator function, and

dict. Therefore, measurements of the quasi two-body decaijne spin factor is described by functish (p;).

branching fractions are important to test the theoretical calcu- The coherent sum of these amplitudes of intermediate

lations and can help the understandin@t) meson decay processes is described as the total decay amplitudeg, ),

mechanisms. whichisM(p;) = 3" ¢nAn(pj), Wheree,, is the correspond-
The BESIII detector [5] records symmetric e~ col-  ing complex coefficien,e’". The magnitude,, and phase

lisions provided by the Beijing Electron Position Collider ¢ are determined by the amplitude analysis. Thép;) is

(BEPCII) storage ring [6], which operates with a peak lu-the signal PDF written as

minosity of 1 x 1033 cm2s~! at the center-of-mass en- 2

ergy (/s) range from 2.0 to 4.9 GeV. The threshold energy Fs(p;) = €(p)) |M(pj)2| R(p)) 7 @)

of D,D* andDD pairs are produced at 4.178-4.226 GeV [7] J e(p;) IM(pj)I” R(p;) dp;

and 3.773 GeV [8], respectively, corresponding to a total in<,ere the final four-momentum; parameterizes the detec-

tegrated luminosity of 6.32 fb' and 2.93_fb1. _Hadronic tion efficiency €(p;)), and the standard element of multi-
decays of charmed hadron can be studied with almost freﬁody phase space is described Bp,). In the Eqi2, the
W, ). 2,

of background based on these data ;amples. Beca_use tﬁt?ed variablese(p;) and R(p;) terms are independent, so
dOUbJre'tf‘g (DT) [9] reconstructed candidate has BOfhD;” 6 are regarded as constant terms in the fit. The normaliza-
or D™D~ mesons. In the paper, charge conjugate states aig,, integrals are determined by an MC integration,

implied.
[ o) M) Rl iy ~
2. Strategy ¢ )
o . e [M@e)
The relative magnitudes and phases of the partial waves and X - ()
the masses and widths of intermediate-resonant contribution ke | MeEen (p;?Mc)

in these decays are determined by an un-binned-maximum-
likelihood fit. A probability density function (PDF) con- where the number of the selected MC events is described by
structs the likelihood function, which depends on the mo-Nyc, the index of the:i", event is written agyc, and PDF
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Me(p;) is used to generate the MC samples of MC inte-The integration in the denominator of the background term
gration. Due to the differences from the PID and trackingcan also be handled by the MC integration,
between data and simulation, we determine the effect by

1
€(Pj Be NYR(p:)dp;, ~ ——
€; data(Dj) / (pj)Be(pj)R(pj) dp; Marc
. ez,MC(p]) Nuc B &
e Bh
5 -
wherei refers to tracking or PIDs; qata(p;) ande; vc(p;) is = [ Meen(ph)]

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 witk,, MC integration is modeled as Np

InL=> In[wgfs(p}) + (1 — weg) f5(p;)] ,  (10)
k

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

/e(pj) |M(pj)|2 R(pj)dp; =

Nuc
9 where N, is used for candidate events in data. Eyf —
Nate | M(pM)| e (phe) - K~ K*rt andDt — KK +7°, wy, is equal to 1.
X
2
ren k . .
k ’Mg (p™°) 2.1. Blatt-Weisskopf barriers

In these amplitude analyses, the background contributiofror a decay procesd — BC, the Blatt-Weisskopf barri-
is described by the background PDF: ers [12] depend on the angular momenta= 0,1, 2 and the
momentummy of the final-state particl& or C' in the rest sys-

B(p;)R(p;) tem of A. They are defined by

J B(p;)R(p;) dp; Xpo(a) = 1.
According to the background events from the inclusive MC
sample in the signal region, we can model the correspond- X1_1(q) = z5+1
ing background shapB(p;) in data, and background shape - 2241’ (11)

B(p;) is derived using RooNDKeysPdf [10], which is a ker-

nal estimation method [11] implemented in RooFit [10]. A x _ [z5+325+9
superposition of Gaussian kernels (RooFit) models the distri- r=2(q) = 24 4+3.24+9
bution of an input dataset. After Adding the background PDF

to the signal PDF incoherently, the combined PDF is writterWith zo = go /2 andz = ¢gR. The momentung is given by
as

(84 +s5 —sc)?
=y - 12
wsig fs(p;) + (1 — wesig) f5(p;) 1 \/ 454 o5 (12)
o €(ps) |M(Pj)|2 R(p;) wheres 4, sp andsc refer to the squared invariant masses of
o [ e(p;) \M(p;)* R(p;) dp; particlesA, B, andC, respectively. The value af, is that

B(p,)R(p;) of ¢ whensy = mi‘. For the D meson and intermedi-
J J , (7)  ate resonances, the effective radii of bardieare fixed to be
J B(p;) R(p;) dp; 5.0 GeV ! and 3.0 GeV!, respectively. Especially, the ef-
fective radii for theD™ meson and intermediate resonances is
fixed to be 5.0 Gev'! and 1.5 GeV'! for DT — KT K2%nr°.

+ (1 — wsig)

wherews;, is the purity of the signal. We factorize tlaép;)
term out from the combined PDF I8, (p,) = B(p;)/e(p;)-
Its contribution enters into the normalization and the back-

ground PDF. As a consequence, the combined PDF are gé:2- Propagator
scribed by The intermediate resonancegl020), K*(892), KY(1270),
anda; (1260)* are parameterized with the relativistic Breit-
wsig f5(pj) + (1 — wsig) fB(p;) Wigner (RBW) formula,
wig [M(p))|” 1

= e(p;) R(p;) [ > P(m) = , 13
P elpg) IM(p5)? Ropy) dp; (m) (mZ —m2) — imol(m) (13)

(1 — wiig) Be(py) ] o\ moy ((Xi(@) \?
B I R
J €(p;)Be(p;) R(p;) dp; (m) =To % ( m ) Xi(q)/) 4
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wheremg andT'y are the nominal masses and widths of thewhere the quantities4, pg, andpc denote the momenta of
intermediate resonances, respectively. The valugyoh

Eq. (14) is that ofg whens,, = m2.

The intermediate resonangg770) is modeled as the

Gounaris-Sakurai (GS) formula [13],

1+die
mo

Pgs(m) = (m2 —m?2) + f(m) — imol'(m)’

with

) = 2 (72,

™m 2mg

and the functionih/d(m?) is defined as

dh
d(m2) m2=m2

+ (27rm(2))_1,

the parameted = f(0)/Tomy is fixed by the normalization

condition atPs(0). Hence, the parametéiris

3 m?2 2
d_m;n<mo+ (]O)+
T ¢ 2mn

mo WL%TTLO

27qo T

The intermediate resonaneg(980) is modeled as Flait

formula:
1

= h(mo)[(843) ™" — (2mg) "]

Pao(980) = M2

where s is the wn invariant mass squared, the Lorentz in-
variant PHSP factorp,,.(s) and px z(s) are2q/,/s,, and

i i(gnﬂpnﬂ(s) =+ gKf{pKf((s))

(15)

17)

(18)

(19)

; (20)

the gfm = 0.341 + 0.004 GeV?/c* and gfa—( = (0.892 +

0.022)97277r are constants, reported in Ref [14].

2.3. Spin factors

particlesA, B, andC, respectively, ands, = pp — pc. The
covariant tensors are constructed from the corresponding mo-
mentap 4, pg, andpc,

i0(A) = P (A, (23)
E2(A) = P, (A (24)

3. Amplitude analyses and branching fraction
measurements

3.1. Amplitude analysis of D} — K~ K*n™

Based on the data of 4399 signal candidates @6t6% pu-

rity, the amplitude analysis of the dec&®] — K~ K*n+

has been performed by BESIII [12] ats = 4.178 GeV.

We perform a model-independent partial wave analysis to
extract the S-wave line-shape iK™ K~ low-mass reso-
nance, due to the large overlap @f(980) — K+TK~ and
f0(980) — K+ K~ and their commow "¢, it is difficult to
distinguish between(980) and f,(980). They are consid-
ered as a combined stat980). According to the detection
efficiency of the results in the amplitude analysis, we obtain
B(Df — K~ Kt7nt) = (5.47£0.08stat. £0.134ys.) % With
much more precision. The BFs of intermediate processes
Df — ¢rt andDf — KTK*(892)° are4.60 £ 0.17 and
3.94 + 0.12 which are consistent with corresponding theory
predictions [2].

3.2. Amplitude analysis of D} — K3rn°

Based on the data of 1385 signal candidates with aré4fid
purity, the amplitude analysis of the decBy — K3rn°
has been performed by BESIII for the first time [16]. Ac-
cording to the detection efficiency of the results in the
amplitude analysis, we obtaif(D} — K2ntn%) =
(5.43 £ 0.30sgat. £ 0.154y5.) x 1072 which is improved
by about a factor of 3 compared to the PDG value [1].
The BFs of intermediate processés™ — K°p(770)7,
D — K*(892)°xT, and D — K*(892)" =" are valu-
able for understanding of quark flavor SU(3) symmetry, and
other related theoretical issues. THg, for the channels

As the limit of PHSP, we only consider the states with an-p+ — K97+7% andD; — K27~ is calculated to be

gular momenta up to two. For a proceds— BC, we de-

(2.7 £5.554at. £ 0.94yst.) %, @and no evidence for CP violation

fine the spin projection operator according to the discussioRyas observed.

in Ref. [15], P s IS

PAuPAY

P/E}/) (A) = —guw + #2 )
Pa

1
2

+ P, (AP, (4))

H1v2 125151

P2 (A)

H1p2V1V2

(P, (AP, (A)

H1V1 M2V

_lp(l) (A)P(l) (A),

3 H1p2 viv2

(21)

(22)

3.3. Amplitude analysis of D} — KK —ntr™

Based on the data of 609 signal candidates with about
85.4% purity, the amplitude analysis of the decay —
K2K-ntrT has been performed by BESIII for the first
time [17]. According to the detection efficiency of the
results in the amplitude analysis, we obtaf{D} —
KK~ ntrT) = (1.46 £ 0.055¢as. + 0.054yst.)% compared
with previous experiment with much more precision. The

Supl. Rev. Mex. Fis3 0308060
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BF of dominant proces® — K*(892)* K (892)° is cal-
culated to b&5.93 + 0.47ga;. £ 0.745yt.) %.

3.4. Amplitude analysis of D} — K~ K+nt70

Based on the data of 3088 signal candidates Witts%
purity, the amplitude analysis of the deca;

—

K- K+tnt70% has been performed by BESIII for the first

time [18]. The BFs of dominant processBg — ¢p(770)™
andD} — K*°K** are observed to b@.75 + 0.07.c. +
0.15¢yst.)% and (1.25 £ 0.054¢ar. & 0.064ys:.)%, respec-
tively, with much better precision.
body resonanced(;(1270)° and K;(1400)° were found

lute BF is determined to b@.21 & 0.08gat. £ 0.05sys;.) %,
which is significantly larger than the BFs of other pure WA
decaysD} — p(770)°7*T andD} — 7%z, The measure-
ment provides a good opportunity to distinguish various WA
mechanisms and understand underlying nature of the reso-
nanceao(980) 7.

3.6. Amplitude analysis ofD* — K K2x°

Based on the data of 692 signal candidates Witd% pu-
rity, the amplitude analysis of the singly Cabibbo suppressed

Besides, the threedecayD™ — KT Kgn” has been performed by BESIII for

the first time [22]. The BF of dominant processt —

to contribute in the decay amplitude. According to theK*(892)+ng§ obtained to be8.69+0.40star. £0.645yse. £
detection efficiency of the results in the amplitude anal-0-51s:.) x 1077, the resultis in agreement with the previ-

ysis, we obtainB(D}f — KFtK - ntn%) = (542 &
0.10s¢at. = 0.174y5t.)% compared with previous experi-
ment with much more precision. The ratidx, (12700 =

B, (1270)0— K+ (892)= / B, (1270)0— K p(770) IS determined to
be0.99 + 0.154a¢. + 0.184y., Which is agree with other ex-
periments [19, 20].

3.5. Amplitude analysis of D} — prtntr™

ous results [1, 23] with much more precision. And the BF of
intermediate proces®™ — K*(892)° K * is obtained to be
(3.10 =£ 0.465¢as. % 0.685y5. = 0.18p, ) x 1072, the isospin
symmetric process result is agree with the previous result [1]
and theoretical predictions [4, 24].

4. Summary and Outlook

Based orete™ annihilation data corresponding to a total in-

Based on the data of 1306 signal candidates with largetegrated luminosity 06.32 fo—! and2.93 fb~! collected at

than 85% purity, the amplitude analysis of the decay the./s = 4.178 — 4.226 GeV and,/s = 3.773 GeV with

Df — nprtrtr~ has been performed by BESII for the BESIII detector, we report amplitude analyses and the
the first time [21]. The BF of dominant proces — BF measurements foDJ; decay modes. Many structures
na1(1260)*,a1(1260)F — p(770)°7* is obtained to be were observed in these decays and the results are the most
(1.73 £ 0.144ar. £ 0.084ys:.)%. According to the detection precise up to date. According to these results, we can check
efficiency of the results in the amplitude analysis, we obtainCP violation, deeply understand the weak annihilation pro-
B(D} — nrtatr™) = (3.12 £ 0.135tat. &+ 0.094yst.)%  cess mechanisms, and test SU(3ymmetry. For the near
compared with previous experiment with much more precifuture in hadronic charm meson decays, BESIII will produce
sion. Besides, we observe the W-annihilation (WA) processnore results a{/s = 3.773 GeV corresponding to a total in-

D¥ — ag(980)Tp(770)°, ap(980)* — nmt, whose abso-

tegrated luminosity of 7 fo—! in the future [7].
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