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1 Introduction

Hadrons containing a charm quark play an essential role in studies of the strong and
weak interactions. The lightest charmed mesons, D°t) | can decay only through the weak
interaction and their masses place them in the region where perturbative Quantum Chro-
modynamics is not applicable [1]. These facts do not significantly affect the theoretical pre-
diction of leptonic and semileptonic decays but impose difficulties in hadronic decays [2].
Measurements of amplitudes and branching fractions (BFs) of charmed meson hadronic
decays could provide useful information about the underlying decay mechanism and help
to improve theoretical calculations.

The Cabibbo-favored decay Dt — Kg7r+7ro7ro has been previously observed by BE-
SIIT with a BF of (2.904 £ 0.062stat. = 0.087syst.) % [3]. However, the corresponding detector
efficiency was obtained by mixed-signal Monte Carlo (MC) samples, which can now be
improved by using an amplitude model. An amplitude analysis of this four-body decay,
compared to well-measured three-body decays [4-6], can also help us better understand the
more complicated dynamics and substructures in the processes D* — VV and DT — AP,
where V', A, and P denote vector, axial-vector and pseudoscalar mesons, respectively. The



BF of DT — K*pt, which is a Cabibbo-favored DT — V'V process, can be measured
more precisely in comparison to the previous MARK III result [7]. An amplitude analysis
can provide inputs for polarization studies to check the reliability of different theoretical
models [8]. Furthermore, measurements of DT — AP decays are beneficial for our under-
standing of the nature of axial-vector mesons and offer global parameters in calculating
the corresponding BFs [9]. The difference between the production rates of K;(1270) and
K1(1400) can be extracted, which provide key inputs to determine the mixing between
these two mesons [10].

With 2.93fb~! of eTe™ collision data collected by the BESIII detector at the center-of-
mass energy /s = 3.773 GeV, we present the first amplitude analysis of the decay DT —
K gﬂ+7r07r0 and update the BF based on the corresponding amplitude model. The daughter
particle Kg is reconstructed by 77 ~. Charge-conjugate states are implied throughout
this paper.

2 Detector and data sets

The BESIII detector is a magnetic spectrometer [11, 12] located at the Beijing Electron
Positron Collider (BEPCII) [13], which records symmetric e*e™ collisions in the center-of-
mass energy range from 2.0 to 4.95 GeV, with a peak luminosity of 1x 1033 cm~2s~! achieved
at /s = 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 (MDC), a plastic scintillator
time-of-flight system (TOF), and a CsI(T1) electromagnetic calorimeter (EMC), which are
all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke with resistive plate counter muon
identifier modules interleaved with steel. The charged-particle momentum resolution at
1.0GeV/c is 0.5%, and the specific ionization energy loss (dE/dx) resolution is 6% for the
electrons from Bhabha scattering. The EMC measures photon energies with a resolution
of 2.5% (5%) at 1GeV in the barrel (end-cap) region. The time resolution in the TOF
barrel region is 68 ps, while that in the end-cap region is 110 ps.

Data samples corresponding to a total integrated luminosity of 2.93fb™! at /s =
3.773 GeV are used in this analysis. This energy is slightly higher than the resonance
peak of the t(3770), which predominantly decays to DT D~ or DYDY pairs without any
additional hadrons, thereby providing an ideal environment for studying D meson decays
with the double-tag (DT) technique [14]. In this method, a single-tag (ST) candidate
requires only one D~ to be reconstructed via hadronic decays. In a DT candidate, both
the DT and D~ mesons are reconstructed, with the DT meson decaying to the signal mode
Dt — K9r*t7%7% and the D~ meson decaying to one of the ST modes.

Simulated inclusive MC samples are produced with a GEANT4-based [15] MC simula-
tion package, which includes the geometric description of the BESIII detector [16] and the
detector response, and are used to determine detection efficiencies and to estimate back-
grounds. The simulation models the beam energy spread and initial state radiation (ISR)
in the ete™ annihilations with the generator KkMc [17, 18]. The inclusive MC samples con-
sist of the production of DD pairs, the non-DD decays of the )(3770), the ISR production



of the J/¢ and 1(3686) states, and the continuum processes incorporated in Kkmc. All
particle decays are modelled with EVTGEN [19, 20] using BFs either taken from the Particle
Data Group (PDG) [21], when available, or otherwise estimated with LUNDCHARM [22, 23].
Final state radiation from charged final state particles is incorporated using PHOTOS [24].

3 Event selection

The D* candidates are constructed from individual 7%, 70, K*, and Kg mesons with the
following selection criteria, which are the common requirements for both the amplitude
analysis and BF measurement. Further requirements are discussed in section 4.1 and
section 5, respectively.

All charged tracks detected in the MDC must satisfy |cos 6| < 0.93, where 6 is defined
as the polar angle with respect to the z-axis, which is the symmetry axis of the MDC.
For charged tracks not originating from Kg decays, the distance of closest approach to
the interaction point (IP) is required to be less than 10 cm along the z-axis, |V.|, and less
than 1cm in the transverse plane, |V,,|. Particle identification (PID) for charged tracks
combines the measurements of the dF/dz in the MDC and the flight time in the TOF to
form probabilities L(h) (h = K,7) for each hadron (h) hypothesis. The charged kaons
and pions are identified by comparing the likelihoods for the kaon and pion hypotheses,
L(K)> L(m) and L(7) > L(K), respectively.

Each Kg candidate is reconstructed from two oppositely charged tracks satisfying
|V.| < 20cm. The two charged tracks are assigned as 77~ without imposing PID. They
are constrained to originate from a common vertex and are required to have an invariant
mass within |[M +,.- — ng| < 12MeV/c?, where Mo is the known K%mass [21]. The
decay length of the Kg candidate is required to be greater than twice its resolution.

Photon candidates are selected using the EMC showers. The deposited energy of each
shower in the barrel region (|cos | < 0.80) and in the end-cap region (0.86 < |cos 8| < 0.92)
must be greater than 25MeV and 50 MeV, respectively. To exclude showers that originate
from charged tracks, the angle subtended by the EMC shower and the position of the closest
charged track at the EMC must be greater than 10 degrees as measured from the interaction
point. The difference between the EMC time and the event start time is required to be
within [0, 700] ns to suppress electronic noise and showers unrelated to the event.

The 7° candidates are reconstructed from photon pairs with invariant masses in the
range [0.115,0.150] GeV /c?, which corresponds to about three times the standard deviation
of the invariant mass resolution. We require that at least one photon comes from the
barrel region of the EMC to improve the resolution. Furthermore, the 7° candidates are

constrained to the known 7°

mass [21] via a kinematic fit to improve their energy and
momentum resolution.
Two variables, the beam-constrained mass Mpc and the energy difference AFE, are

used to identify the D* mesons:

Mg = \/Eloum/¢* — |Fp=[2/c2,
AE = EDi - Ebeam:

(3.1)



where Fheam is the calibrated beam energy, and pp+ and Ep+ are the total reconstructed
momentum and energy of the D* candidate, respectively. The DT signals will appear as
a peak at the known D* mass [21] in the Mpc distribution and as a peak at zero in the
AFE distribution. If multiple DT candidates exist in one event, the candidate with the

+ AFEZ,) is retained.

minimum quadratic sum of AE from the two D* mesons (AEZ sig

tag

4 Amplitude analysis

4.1 Further selection criteria

To increase the signal purity for amplitude analysis, only one ST mode D~ — K r 7~
is used due to its high statistics and low background level. We require that AE €
[—0.025,0.020] ([—0.040,0.020]) GeV must be satisfied for the tag (signal) side. The fol-
lowing dedicated selection criteria are imposed on the signal candidates and will not be
used in the BF measurement.

A K9 mass veto, M o0 ¢ [0.46,0.52] GeV/c?, is used to suppress the dominant back-

ground from DT — KgKgW+ in which one of the two Kg mesons decays to 707, Another

0 versus D — Ktn—x9,

source of background comes from the process D° — ng+7r_7r
which can be miscombined to fake the signal process DT — Kgﬂ+ﬂ0ﬂ0 versus D~ —
K*71~ 7~ by exchanging the 7~ from D° decay and the 7° from D° decay. We reconstruct
this background and calculate the wrong beam-constrained mass M]Ié‘é and the wrong en-
ergy difference AEW according to the D°DP decay mode. For multiple miscombined candi-
dates, we use the minimum quadratic sum of AE"W to select the “best background” event.
Figure 1 shows the Mg‘é distribution for this background and the signal process from MC
simulation. The background will form a peak at the known D° mass [21] while the distri-
bution for signal is flat. Therefore, it is excluded by rejecting events which simultaneously
satisfy 1.862 < Mlgvc < 1.870 GeV/c? for both the tag and the signal sides.

We perform a four-constraint kinematic fit to ensure that all events land within the
phase space boundary. The invariant masses of the signal DT candidate, the Kg, and

Os are constrained to the corresponding known masses [21]. The updated four-

the two 7
momenta of the final state particles from the kinematic fit are used to perform the amplitude
analysis. After applying all selection criteria, we perform an unbinned two-dimensional
(2D) maximum likelihood fit (see appendix A) to the distribution M]ga(% Versus ]\/[]s?,i(gj to
estimate the signal purity, as shown in figure 2. There are 1,458 events remaining in the

signal region for amplitude analysis with a purity of (96.86 + 0.46)%.

4.2 Fit method

The amplitude analysis of Dt — K27 T 7079 is performed by an unbinned maximum like-
lihood fit. The likelihood function L is constructed by adding the background probability
density function (PDF) to the signal PDF incoherently. After taking the logarithm, the
combined PDF can be written as

Ndata

f= > Infwsig fs(P§) + (1 — wsig) f5(15)], (4.1)
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Figure 1. The M]‘% distributions for miscombined background and the signal process from MC
simulation. The left is for signal side, and the right is for tag side. The black and blue lines are
miscombined background and the signal process, respectively. The pairs of red arrows indicate the
related veto region.
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Figure 2. The projections of the 2D fit on M3E (left) versus M (right). The black points with
error bars are data. The blue solid and black dashed lines are the total fits and the backgrounds,
respectively. The pairs of red arrows indicate the signal region, [1.862,1.878] GeV/c? for the signal
side and [1.865,1.879] GeV/c? for the tag side.

where k indicates the k™ event in the data sample, Ngaa is the number of surviving
events, p; denotes the four-momenta of the 4 final state particles, fs (fg) is the signal
(background) PDF and wsg is the signal purity discussed in section 4.1.

The signal PDF is given by

€(pj)|M(pj)|* Ra(p;)
J €(pj)|IM(p;j)?Ra(pj)dp;’

where €(p) is the detection efficiency and Ry(p) is the four-body phase space. The total

fs(pj) = (4.2)



amplitude M is treated within the isobar model, which uses the coherent sum of amplitudes
of intermediate processes, given by M(p) = 3 ¢, A, (p), where ¢, = pne'® and A,(p) are
the complex coefficient and the amplitude for the n'" intermediate process, respectively.
The magnitude p, and phase ¢, are free parameters in the fit. We use covariant tensors
to construct amplitudes, which are written as

An(pj) = P P25, X X2 XD (4.3)

n-Tn Tn

where S, and X }»2(XP +) are the spin factor and the Blatt-Weisskopf barriers for the inter-
mediate resonances (the Dt meson), respectively. The propagators of the two resonances,
which describe the corresponding lineshapes, are indicated by P}2. Their specific forms
will be introduced in section 4.2.1-4.2.3.

For the amplitude of D~ decays, we define the CP conjugate phase space p; which is
mapped to p; by the interchange of final state charges and the reversal of three-momenta,
and assume CP conservation in the D* decay. Then we get

Mp-(pj) =D caAn(pj) =Y cnAn(py). (4.4)

The background PDF is given by

B(p;j)Ra(py)
J €(pj) Be(pj) Ra(pj)dp;’

where Bc(pj) = B(p;)/e(pj) is the efficiency-corrected background shape. The shape of

fB(p)) = (4.5)

the background in data is modeled by the background events in the signal region derived
from the inclusive MC samples. The invariant mass distributions of events outside the
signal region show good agreement between data and MC simulation, thus validating the
description from the inclusive MC samples. We have also examined the distributions of the
background events of the inclusive MC samples inside and outside the signal region. Gener-
ally, they are compatible with each other within statistical uncertainties. The background
shape B(p) is modeled using a kernel estimation method [25] implemented in RooFit [26]
to model the distribution of an input dataset as a superposition of Gaussian kernels.

In the numerator of eq. (4.2), the e(p;) and R4(p;) terms are independent of the fitted
variables, so they are regarded as constants in the fit. As a consequence, the log-likelihood
becomes

N,
N - M(p))I? o Be(p;)
= Xk: ! l "¢ [ e(py)IM(ps)[2Ra(p;)dp; +{ Slg)f€(pj)3e(pj)34(pj)dpj '

(4.6)
The normalization integrals of signal and background are evaluated by MC integration,

L M
k 927
M)

kmeo

/E(pj)lM(Pj)\QR4(pj)dpj ™ Nuc

NMuc B ( k’Mc) (4.7)

1 e\D;

VB (p; . ) J
/6(17]) (Pj) Ra(p;)dp; o Nuc Z \Mgen(p;?Mc)P’

kmc




where kyc is the index of the k™ event of the MC sample and Nyc is the number of
selected MC events. The M8 (p;) is the signal PDF used to generate the MC samples in
MC integration.

Tracking, PID, as well as 7° and Kg reconstruction efficiency differences between data
and MC simulation are corrected by multiplying the weight of the MC events by a factor
ve, which is calculated as

(o) = [ ety (1.8

where n refers to tracking, PID, 7¥ reconstruction or Kg reconstruction, €y data(p;) and
en,Mc(pj) are their efficiencies as a function of the momenta of the daughter particles for
data and MC simulation, respectively. The specific values of these efficiencies are obtained
using different control samples, more detailed information will be given as part of the
systematic uncertainty studies for the BF measurement. By weighting each signal MC
event with 7., the MC integration is modified to be

N k k 2
1 MC ,ye(pMC)’M(pMC)‘
) )2 ) ) J J
| <o M@ Raor)dp o 55— > G (49)
Ny knvc knmc
1 Ve(P;9) Be(p;™)
€(pj)Be(pj) Ra(ps)dp; o : ¢ (4.10)
/ J J IR Nye % |Mgen(p§3MC)’2

4.2.1 Blatt-Weisskopf barriers

For a decay process a — b ¢, the Blatt-Weisskopf barrier factors [27] depend on the angular
momentum L and the momentum ¢ of the final-state particle b or ¢ in the rest system of
a. They are taken as

XL:O(Q) = 17

2
R
Xm0 =\ oy (4.11)
4 2
|zt 325+ 9
K=l =\ Zr gy

where z = qR and 29 = qoR. The effective radius of barrier R is fixed to be 3.0 (GeV /c)™?
for the intermediate resonances and 5.0 (GeV/c)~! for the D* meson. The momentum ¢

is given by

_ 2

where s,, sp, and s, are the invariant mass squared of particles a, b and ¢, respectively.
The value of qg is that of ¢ when s, = m2, where m, is the mass of particle a.
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Figure 3. The energy-dependent width for the a;(1260)".

4.2.2 Propagator

The intermediate resonances a;(1260)*, K*0, K;(1270)* and K;(1400)° are parameterized
with the relativistic Breit-Wigner (RBW) formulas,

1
(m3 —m?2) — imeL'(m)’

ron <o) () (342)"

where m? is the invariant mass squared of the daughter particles of the intermediate res-

P(m) =
(4.13)

onances, and mg and I'g are the mass and width of the intermediate resonance, which are
fixed to their known values [21]. The energy-dependent width is denoted by I'(m).

The a1(1260)" decays through a quasi-three-body process 7 — abc, whose energy-
dependent width is more complicated and has no analytic expression in general. Therefore,
we integrate the transition amplitude squared over the three-body phase space Rs [28]

1
Fr—)abc(m) = 27\/5 /|Ar—>abc‘2dR3' (414)

The three-body amplitude A,_,,p. can be parameterized similarly to the four-body
amplitude and is obtained from the amplitude analysis of this work. Figure 3 shows the
energy-dependent width for the a;(1260)" resonance.

The p* meson is parameterized using the Gounaris-Sakurai (GS) line shape [29], which

is given by
P, L d%% 4.15
5t = (o —w2) 5 fm) — imol ) 1
where
_ 1" | 2n h 2 m?)gd o 4.16
Fl) = Do’ | b)) + ()6 | |
and the function h(m) is defined as
2 q m+ Qq)
h(m) = ——1 4.1
(m) = = L1a (220, (417)



with

= h(mo)[(8¢5) ™" — (2m§) '] + (2mmg) ", (4.18)

where m is the known mass of the 7 [21], and the normalization condition at Pgg(0) fixes
the parameter d = f(o) . It is found to be

2 2
2 3
T q) 2ma 2mqo Tq
The fo(980) is parameterized with the Flatté formula [30]:
1
Prooso) = 3 (4.20)

£0(980) —m? = i(Grrprr(mM?) + g g Px g (M?))’

where g, g are the coupling constants to individual final states. The parameters are
fixed to be grr = (0.16540.010 £ 0.015) GeV?/c?, g e = (4.21£0.25 £ 0.21)grr and M =
0.965 GeV/c?, as reported in ref. [30]. The Lorentz invariant phase space factors py(s)
and py i (s) are given by

2 4m7ri 4m

=24/1— 0
m2 "’
(4.21)
4
mlz(i + 1 1 _
m
The resonance fy(500) is parameterized with the formula given in ref. [31]:
P = L 4.22
fo(500) — m2 —m2 — imoFtot(m)’ (4.22)
where Tyot(m) is decomposed into two parts:
Prr (M) par(m)
Tiot(m) = —— F+ Qi ——= 4.23
o) = e o) O e om) (4:29)
and ) )
B 9\ [ M°—mz/2 2 2
gTI'7T — (bl + me ) <7’n(2)—'rnlgr/2> e(mo m )/a7 (424)

where prr and py; are the phase space of the 77~ and 47 systems, respectively. They
are approximated by

4m2 16m2
o= [(1-25), = (1 1) /1“3”8’"» (4.25)
m

with the parameters fixed to the values given in ref. [32].
The K S-wave modeled by the LASS parameterization [33] is described by a K§(1430)
Breit-Wigner together with an effective range non-resonant component with a phase shift.

It is given by
A(m) — Fsin (SFeidF —|— RSin 5R€7;6R€i26F, (426)



M (GeV/c?) 1.441 + 0.002

T (GeV) 0.193 £ 0.004
F 0.96 £ 0.07
or (°) 0.1+ 0.3
R 1 (fixed)
or (°) —109.7 £ 2.6

a (GeV/e)™! 0.113 + 0.006
r (GeV/c)™t  -33.8+1.8

Table 1. The K7 S-wave parameters, obtained from the amplitude analysis of D* — K377~ by
the BABAR and Belle experiments [34]. Uncertainties are statistical only.

with )
§F = ¢p +cot™! [ + rq} ,
aq 2
(4.27)
_ MF(WLK )
_ 1 ™
6R—¢R+tan lM] y

where the parameters F(¢r) and R(¢r) are the magnitudes (phases) for non-resonant state
and resonance terms, respectively. The parameters a and r are the scattering length and
effective interaction length, respectively. We fix these parameters (M,T, F, ¢r, R, ¢r, a,r)
to the results obtained from the amplitude analysis to a sample of D — Kgﬂ+7T_ by the
BABAR and Belle experiments [34]; these parameters are summarised in table 1.

4.2.3 Spin factors

Due to the limited size of phase space, we only consider states with angular momenta below
three. For a two-body decay, a — bc, we use the notation p,, pp and p. as the momenta
of particles a, b and ¢, respectively, and let r, = p, — p. be the break-up four-momentum.
The spin projection operators are defined as

P%a) =1, (S wave),
PapPav
P{)(a) = =g + 2 (P wave), (4.28)
(2) 1 p) p) 4 p1) p1) y_ EP(I) P (D wave).

H1p2v1v2 (a“) - 2( Hiv1— p2v2 Hiv2 M2V1) 3 Hip2” vive)
The covariant tensors are given by
10a) =1, (S wave),
i (a) = =PV (a)rY, (P wave), (4.29)
i@ (a) = P2, (@)rt1rs, (D wave).

The spin factors S(p) used in this work are constructed from the spin projection operators
and pure orbital angular-momentum covariant tensors and are listed in table 2.

,10,



Decay chain

S(p)

DT[S] — V1 Vs

DT [P] = V1 Vs

DT[D] — V1 Vs

DT — AP, A[S] - VP,
Dt — AP, A[D] - VP,
Dt = AP, A — SP,
Dt - VS

Dt = V1P, Vi — VaPy

{0r (V) (V2)

P (D) TV (DH)EDA(Vy) 1D (15)
T (D ()i (V)
TOr(DY) PR (A) 17(V)
TOR(D) ) (A) IO (V)

TOR(DHED (A)
TOrDHED (V)

(2 VIS N )
EuvdaPy1Tv1PP1TV2

Dt = PP,,P > VP, (PP (V)
Dt TS T@w(D+)ED(T)

Table 2. The spin factor S(p) for each decay chain. All operators, i.e. £ and T, have the same
definitions as in ref. [35]. Scalar, pseudo-scalar, vector, axial-vector and tensor states are denoted
by S, P, V, A and T, respectively. The [S], [P] and [D] denote the orbital angular-momentum
quantum numbers L = 0, 1 and 2, respectively.

4.3 Fit results

With the method described in section 4.2, we perform the fit in steps, by adding inter-
mediate processes one by one. Based on previous analyses [36, 37|, the process DT —
K%a1(1260)*[S](— pTn°) is expected to have the largest fitting fraction (FF). Hence its
magnitude and phase are fixed to 1.0 and 0.0 as reference, respectively, while those of other
processes are floating. The wgi, value in eq. (4.6) is fixed to the purity given in section 4.1.
Since K* and pt peaks are clearly observed in the corresponding invariant mass spec-
tra, we try to add Dt — K*0pt first, as well as a few processes including these two mesons.
Then we test other possible intermediate resonances, including K7(1400)°, K;(1270)",
f0(500), fo(980), (K77 )s.wave, etc. Finally, amplitudes for DT — K2%a;(1260)"[S](—
ptn%), DT — K2%a1(1260)"(— fo(500)7+), DT — K;(1400)°(— K*r%x+, Dt —
K% Dt — K*(nt7%)y, and D — K%(p*n%)p, which have statistical significance
greater than 5 standard deviations, are retained in the nominal fit. The statistical signifi-
cance of each process is determined from the changes in log-likelihood and the numbers of
degrees of freedom when the fits are performed with and without the process included.
Generator-level MC events without detector acceptance and resolution effects are used
to calculate the FFs for individual amplitudes. The FF for the n'® amplitude is defined as

e ey

FF, = ,
SEPCIVVTE

(4.30)

— 11 —



Amplitude Phase ¢, (rad) FF (%) Significance (o)
Dt — K2a1(1260)T[S](— pTn?) 0.0 (fixed) 30.0 £ 3.6 + 4.2 >10
D — K%a1(1260)* (= fo(500)7t)  4.78 £0.22 £ 0.20 3.5+ 1.1+ 1.9 6.9
Dt — K1(1400)°[S](— K*o7% 7+  —3.01 £ 0.12+0.16 6.0 + 1.2 £ 0.3 9.6
Dt — K1(1400)°[D](— K*0n%)nt 429 +£0.16 £ 0.20 2.4 4+ 0.6 + 0.2 6.7
Dt — K1(1400)°(— K*07%) 7+ — 80+ 12404 —
DF[S] — K*0p* —-3.33 £ 0.10 £ 0.17 31.8 £2.7+ 1.3 >10
DF[P] = K*0p* ~1.68 £ 0.17 + 0.16 1.7 £ 0.6 £+ 0.1 5.0
Dt — K*0pt — 33.6 £ 2.7+ 14 —
DF[S] = K*(xt7%)y —5.60 £ 0.13 £ 0.16 9.1 £ 2.0 £ 1.0 9.4
Dt — K2(pt7n%)p 0.76 & 0.11 £ 0.24 16.5 + 1.6 £ 0.3 >10

Table 3. The phases, FFs and statistical significances for various amplitudes in the nominal fit.
Groups of related amplitudes are separated by horizontal lines. The last row of each group gives the
total fitting fractions of the above components with interference considered. The first and second
uncertainties of the phases and FFs are statistical and systematic, respectively. The K* resonance
decays to K27%. The p* resonance decays to 777", The fy(500) resonance decays to 7°7". The
total FF is 100.39%.

where Ngen is the number of phase space MC events at the generator level. The sum
of these FFs is generally not unity due to net constructive or destructive interference.
Interference (IN) between the n'" and n/t" amplitudes is defined as

ZN en 2Relencl/ A AL
SV ME

The statistical uncertainties of the FFs are obtained by randomly perturbing the fit param-

N, = (4.31)

eters according to their uncertainties and the covariance matrix and re-evaluating FFs. A
Gaussian function is used to fit the resulting distribution for each FF and the fitted width
is taken as its statistical uncertainty.

According to the fit result, the phases, FFs and statistical significances for various
amplitudes are listed in table 3. The interference between processes is listed in table 8 of
appendix C. The statistical significances for the processes tested but not included in the
nominal fit are listed in appendix B. The mass projections of the nominal fit are shown
in figure 4.

4.4 Systematic uncertainties for the amplitude analysis

The systematic uncertainties for the amplitude analysis are summarized in table 4, and are
described below. The square roots of the quadratic sums of each uncertainty are considered
as the total uncertainties.

i Fixed parameters in the amplitudes. The masses and widths of K*0, p*, a;(1260)"
and K7(1400)° are varied by their uncertainties [21]. The uncertainties of the line-
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Figure 4. Projections of the nominal fit onto invariant mass distributions. The data sample is
represented by points with error bars, the fit results by the solid blue lines, and the background
by the solid black lines. Colored curves show the components of the fit model. The two 7¥ are
sorted according to the magnitude of their momentum. The labels 7{ , mean that two distributions

involving a single 7% have been combined.
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shape for the fy(500) are estimated by replacing the propagator with the RBW
formula, in which the mass and width for the fo(500) are fixed at 526 MeV /c? and
534 MeV, respectively [32]. Since varying the propagator results in different normal-
ization factors, only the effect on all FFs is considered. The changes of the phases ¢
and FFs are assigned as the associated systematic uncertainties.

ii R values. The estimation of the systematic uncertainty associated with the R param-
eters in the Blatt-Weisskopf factors is performed by repeating the fit procedure after
varying the effective radius of the intermediate states and D meson by +1 GeV 1.

iii Fit bias. An ensemble of 600 signal MC samples is generated according to the result of
the amplitude analysis. The pull distributions, supposed to be normal distributions,
are used to validate the fit performance and are fitted with a Gaussian function. The
fitted mean values for FFs of D — K1(1400)°[S](— K*°7%)n* deviate upward from
zero by more than three standard deviations. No significant deviations are observed
for other terms. We correct all FFs and phases by the fitted mean values, and assign
the uncertainties of the fitted mean values as the systematic uncertainties.

iv Background estimation. The uncertainty from the size of the background is studied
by varying the signal fraction (equivalent to the fraction of background), i.e. wgig in
eq. (4.1), within its corresponding statistical uncertainty. Another source of uncer-
tainty is the simulation of the background shape. We extract the shape with other
input variables and change the fraction of different background components in MC
simulation.

v Experimental effects. The systematic uncertainty from the 7, factor in eq. (4.9),
which corrects for data-MC differences in tracking, PID as well as 7° and Kg re-
construction efficiencies, is evaluated by performing the fit after varying the weights

according to their uncertainties.

5 BF measurement
The BF measurement is based on the following equations:

ST ST
Ntag = 2ND+D—Btag€tag?
DT DT
Ntag,sig = 2ND+D*BtagBSig6tag,sig ) (5.2)
where Np+ - is the total number of D™D~ pairs produced in the initial eTe™ collisions;
Ntsag is the ST yield for a specific tag mode; Nggsig is the DT yield; Biag and Bsig are the
ST

BFs of the tag and the signal modes, respectively; eg,, is the ST efficiency to reconstruct

the tag mode; e]t)agsig is the DT efficiency to reconstruct both the tag and the signal decay
modes. The total DT yield is calculated as

NRE =Y NPL, = Bag Y 2Np+p-Bach b (5.3)
[0 [0
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Source
Amplitude ] N . )
i ii iii iv \% Total

Dt — K%, (1260)*[S](— pt7%)  FF 119 040 0.04 0.34 0.04 1.30
¢ 091 056 004 010 0.05 1.08

FF 1.69 0.08 0.04 056 0.02 1.78
¢ 132 0.16 0.04 0.01 0.05 1.33

FF 024 0.07 0.04 023 0.01 0.34
¢ 124 014 0.04 0.23 0.02 1.27

FF 039 0.04 0.04 0.18 0.01 043
Dt — K1(1400)°(— K*079%) 7+ FF 033 0.10 004 029 0.01 0.45
¢ 1.67 0.17 0.04 0.02 0.06 1.68
FF 050 0.32 0.04 0.03 0.02 0.60
¢ 094 0.09 004 007 001 095
FF 0.16 0.04 0.04 0.14 0.00 0.22
Dt — K*0pt FF 052 032 0.04 0.00 0.02 0.61
¢ 1.20 0.06 0.04 0.03 0.05 1.20
FF 051 022 0.04 0.11 0.02 057
¢ 220 058 005 038 0.10 2.31
FF 0.17 032 0.04 0.02 0.02 0.37

Dt — K%a1(1260)" (= fo(500)7T)

Dt — K1(1400)°[S](— K*07%) 7+

Dt — K1(1400)°[D](— K*0r0)x+

D*[S] — K*0p*

D*[P] — K*0p*

D[S] = K*O(nt7Y)y,

Dt — K2(ptr%)p

Table 4. Systematic uncertainties on the ¢ and FF for each amplitude in units of the corresponding
statistical uncertainty. The sources are: (i) fixed parameters in the amplitudes, (ii) R values, (iii)
fit bias, (iv) background estimation, (v) experimental effects.

where a represents different tag modes. By isolating Bz, we obtain:

B = Nigta (5.4)
T Baub Yo NSTeDT /ST

o “agsig

82

“0_,~~ 18 introduced to take into account the fact that the signal
7Y

where By, = BKg_er,r—

is reconstructed through these decays. The yields Ntl?);gl and NST are obtained from the

DT

asig can be obtained from the inclusive and signal MC samples

data sample, while eET and €
in which Dt — KgTF+7TO7TO events are generated according to the result of the amplitude
analysis, respectively.

Six tag modes used in the BF measurement and their energy difference requirements
are listed in table 5. For multiple ST candidates, the one with minimum |AFE| is chosen.

The ST yields (N3L) and efficiencies (e2L)

tag €rag) for each tag mode, also listed in table 5, are

obtained by fitting the corresponding M]gacg distributions individually. In the fit, the signal
is modeled by a MC-simulated shape convolved with a Gaussian function which describes
the resolution difference between data and MC simulation. The background is described
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Tag mode AE (MeV) Ntsag etag (%) eggsig (%) esig (%0)

D~ - Ktn—n~ (—25,25) 821313 + 974 52.65 + 0.02 6.46 + 0.01 12.27 + 0.02
D™ - Ktn—n 0 (—55,40) 285779 + 855 29.37 + 0.03 2.99 + 0.01 10.19 + 0.03
D™ — Kgrm™ (—25,25) 101444 £+ 339 55.38 + 0.07 6.71 &£ 0.03 12.12 £+ 0.05
D™ — Kg«ﬂ'_ﬂ'o (—55,40) 249765 + 766 30.72 + 0.03 3.25 + 0.01 10.58 + 0.03
D™ — Kgﬂ'*ﬂ'*ﬂ'Jr (—25,25) 119226 4+ 493 30.02 + 0.04 3.46 + 0.01 11.53 + 0.04
D - KTK 7~ (—25,25) 70825 £ 337 42.75 £ 0.07 5.18 £0.02 12.11 £ 0.06

Table 5. The AE requirements, ST yields (Ntsa};) ST efficiencies (

etag) DT efficiencies (eflg ig)

and signal efficiencies (eqg = egg sig/ €tag) for six tag modes. The uncertainties are statistical only.

by the ARGUS [38] function whose parameters are left floating except for the endpoint,

which is fixed at 1.8865 GeV. Figure 5 shows the fit results.

Once a tag mode is identified, we search for the signal decay DT — Kdn 770 on
the recoiling side using the condition AFEg, € [—0.063,0.034] GeV. An unbinned 2D maxi-
mum likelihood fit is used to get the DT yield. In addition to the signal and background
PDFs in appendix A, one additional PDF based on a MC simulated shape is employed
to describe the peaking background from Dt — KgKgﬂ+. The corresponding yield is
fixed to the estimation from the MC simulation. In order to estimate the combinato-
rial 7t7~ backgrounds from Kg reconstruction, we define the Kg sideband region by
20 < |My+,— — Myo| < 44MeV/c* and perform the 2D fit in the K¢ signal and the
sideband region, respectively. By subtracting the sideband contribution, the DT yield is

calculated by

= N2F

KO sig N

NPT (5.5)

otal — O ,side?

where N sig and N 0 side denote the fitted yields in the Ky Y signal and sideband regions,
which are 3812 + 74 and 266 + 23, respectively. This relation has been verified by a large
MC sample. Finally, the DT yield is obtained to be 3679 £ 75 and the fit results are shown
in figure 6. Using a similar method for the signal MC samples, the DT efficiencies for
various tag modes are determined and listed in table 5.

After correcting for the differences in 7% tracking, PID and 7° reconstruction efficien-
cies between data and MC simulation, we determine the BF to be B(DT — K t7970) =
(2.888 4 0.0584tat. = 0.069yst.) %.

Most systematic uncertainties related to the efficiency of reconstructing the D* mesons
on the tag side cancel due to the DT method. The following sources are taken into consid-
eration to evaluate the systematic uncertainties in the BF measurement.

« ST yield. The uncertainty of the total yield of the ST DT mesons has previously been

estimated to be 0.5% [39-41], and is mainly due to the fits to the Mpc distributions
of ST candidates.
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Figure 5. Fits to the M]gacg distribution of the ST candidates. The dots with error bars are data,
the solid blue lines are the total fit, the black dashed lines represent the background shape, the red
dashed lines represent the signal shape.

o Tracking and PID efficiencies. The data-MC efficiency ratios for 7+ tracking and PID
efficiencies are determined to be 1.001+0.001 and 0.99840.001 for this decay channel
by studying DT DD hadronic events. After correcting the MC efficiencies to data by
these factors, the statistical uncertainties of the correction parameters are assigned
to be the systematic uncertainties, which are 0.1% for both 7" tracking and PID.

,17,



4001 I
3 600~
~ ~
o o r
2 i N
> 300F (a) > | (b)
[ L ©
g 200; :T(é)i:é‘:l g [
< 3 Signal =
=~ --- Background =~ r
S 100 5
> L > [
4] 83|
IR A r A
ot N IR 1 o0 T i et B
1.84 1.85 1.86 1.87 1.88 1.84 1.85 1.86 1.87 1.88
si, ta
M5 (GeV/c?) Myé (GeV/c?)
60
& 40 a
S H Q
~ ~
% | O
2 30 2 40
%8 [ 78}
N H N
=] r (=]
~ . ~
z i 2 20
5 g
> 10 Rem-mERgny ; >
O‘»Hut‘%H\HH\HH’\‘\ ot ek ] gl
1.84 1.85 1.86 1.87 1.88 1.84 1.85 1.86 1.87 1.88
i ta
M ¢ (GeV/c?) My? (GeV/e?)

Figure 6. The projections of the 2D fit of Mpg versus M5& for data in the K signal region (a), (b)
and sideband region (c), (d). The black points with error bars are data. The blue solid lines are the
total fits. The red dotted and black dashed lines are the fitted signal and background, respectively.

o K reconstruction. This systematic uncertainty is estimated from the measurements
of J/1 — K*(892)TK=* and J/v — ¢KJK*7T control samples [42] and found to be
1.6% per K.

o 7% reconstruction. The data-MC efficiency ratio for 7¥ reconstruction is deter-

mined to be 0.994+0.007 by using the DD hadronic decay samples of D® — K7™,
K-ntata™ versus D° — KTn~ 70 K279 After correcting the efficiency by this
factor for each 7°, we assign 0.7% as the systematic uncertainty arising from the
reconstruction of each Y.

o MC sample size. The uncertainty of the limited MC sample size is given by /3>, (%)2,
where f, is the tag yield fraction, €, is the average DT efficiency of tag mode a and
)

is the uncertainty of ¢,. The corresponding uncertainty is determined to be 0.6%.

€a

e Quoted BFs. In this measurement, the BFs of the daughter particles are quoted from
the PDG [21], which are B(r — ) = (98.82 £ 0.04)% and B(K2 — 77n) =
(69.20 4 0.05)%. The associated uncertainty is assigned to be 0.1%.
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Source Uncertainty (%)
ST yield 0.5
Tracking efficiency 0.1
PID efficiency 0.1
Kg reconstruction 1.6
70 reconstruction 14
MC sample size 0.6
Quoted BFs 0.1
Amplitude model 0.6
2D fit 0.5
AFEg, requirement 0.4
Total 2.4

Table 6. Systematic uncertainties in the BF measurement.

o Amplitude model. The uncertainty from the amplitude model is determined by vary-
ing the amplitude model parameters based on their error matrix 600 times. A Gaus-
sian function is used to fit the distribution of 600 DT efficiencies and the fitted width
divided by the mean value is taken as the systematic uncertainty, which is 0.6%.

e 2D fit. The signal and background shapes as well as the estimation of the size of
the peaking background are the possible sources of uncertainty from the 2D fit. We
vary the mean and width of the smeared Gaussian by +1¢ for the signal shape and
the ARGUS end-point by +0.2MeV/c? for the background shape. Considering the
uneven distribution for combinatorial 77~ backgrounds of Kg reconstruction, we
also vary the % factor in eq. (5.5) according to its uncertainty from MC simulation.
For the peaking background DT — K2K27T, whose yield is fixed in the 2D fit, we
vary the quoted BF of this decay by 1o. The quadratic sum of the relative BF
changes, 0.5%, is assigned to be the systematic uncertainty for the 2D fit.

o AL, requirement. Considering the possible difference between data and MC simula-
tion, we examine the AFg, cut efficiency after smearing a double-Gaussian function
for signal MC sample and we take the change of this efficiency to be the systematic
uncertainty, which is 0.4%.

All the systematic uncertainties are summarized in table 6. Adding them in quadrature
results in a total systematic uncertainty of 2.6% in the BF measurement.

6 Summary

Using an ete™ collision data sample with an integrated luminosity of 2.93fb™! collected
by the BESIII detector at /s = 3.773GeV, an amplitude analysis of DT — Kr 7070
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Intermediate process BF (x1073)
Dt — K%a1(1260)"[S](— pTn?) 8.66+1.0441.24
Dt — K2a1(1260)T(— fo(500)7F) 1.0040.3340.55

Dt — K1(1400)°[S)(— K*7%) 7t 1.7340.3440.09
Dt — K1(1400)°[D](— K*°7%x+  0.6840.1640.07

Dt — K1(1400)°(— K079+ 2.32+0.3640.13
D*[S] = K*0p* 9.20+0.804-0.45
D*[P] — K*0p* 0.49+0.1740.03
Dt — K*0pt 9.7040.8140.47
D*[S] = K*(nt7%)y, 2.63+0.5740.30
Dt — K2(ptr%)p 4.7540.4640.14

Table 7. The BFs for intermediate processes with the final state Dt — Kg7r+7707r0. The un-
certainties are statistical and systematical respectively. Here, K* decays to K37%, pT decays to
ata% and fo(500) decays to 707°.

is performed for the first time. The results for phases and FFs of different intermediate
processes are listed in table 3. With the detection efficiency obtained from a signal MC
sample, which is generated based on our amplitude analysis model, the BF is determined
to be B(DT — K{ntn07%) = (2.888 & 0.0584tat. £ 0.069gyst.)%. It is consistent with the
previous BESIII result (2.904 £ 0.062¢at. &= 0.0875yst.)% [3] within 1o, where the detection
efficiency was simulated using mixed-signal MC samples.

We find Dt — K*9* and Dt — K%a1(1260)*[S](— p*n°) dominate in DT —
K3nt 070 with FFs of (33.6£2.7gar. £1.4gyst. ) % and (30.0£3.6¢at. £4.25yst.) %, respectively,
and obtain the BFs for intermediate processes presented in table 7.

The absolute BF for Dt — K*0p is determined to be (5.82 + 0.49¢at. + 0.284ys:.)%,
which is consistent with the MARK III result (4.8 £ 1.2¢at. £ 1.4gyst.)% [7] within 1o
but much more precise. The measured BF of Dt — K%a1(1260)*[S](— p*7Y) is also
consistent with the previous BESIII result [37] within 1.50. We also observe an obvious
Dt — K1(1400)°(— K*07%) 7+ signal, but no DT — K(1270) "7, where the significance
is 3.90. This phenomenon is consistent with the theoretical prediction [43] and similar to
that in D¥ — K2nT a7~ where the FF of D" — K;(1400)7 is about 10 times that of
DT — Ky(1270)7 [37]. The specific BFs of D — K;(1270)7 and D — K;(1400)7 from
amplitude analyses can provide inputs to further investigations of the mixing between these
two axial-vector kaon mesons [10].
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. . i t.
A Two-dimensional fit on MZ§ versus MgE

The signal yield of DT candidates is determined by fitting to the 2D My versus Mlsgi(gj
distribution. Signal events with both the tag side and signal side reconstructed correctly
should concentrate around M]S;% = Mlgag = Mp+, where Mp+ is the known D mass.
Besides signal events, we define three kinds of background. Candidates with correctly re-
constructed DT (or D™) and incorrectly reconstructed D~ (or D) are BKGI, which appear
around the lines Mg(gj or M]gaé = Mp+. Other candidates appearing around the diagonal
are mainly from the D°DO wrong-combination and the ete™ — qq processes (BKGII).
The rest of the flat backgrounds mainly comes from candidates reconstructed incorrectly
on both sides (BKGIII). Figure 7 shows the distributions of these PDFs. Here we list the

probability density functions for different components in the fit:
o Signal: s(z,y),
o BKGI: by (z) - ARGUS(y; mo, ¢, p) + ba(y) - ARGUS(x; myg, ¢, p),
« BKGIL: ARGUS ((x +9)/vV2mo, ¢, p) g ((x . y)/ﬁ),
o BKGIII: ARGUS(z;mo, c,p) - ARGUS(y; mo, ¢, p).

The signal shape s(z,y) is described by the 2D MC-simulated shape convolved with a
2D Gaussian. For BKGI, by 2(z,y) is described by the one-dimensional (1D) MC-simulated
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Figure 7. The 2D My¢ versus Mgi(gj distributions for data and different PDFs.

shape convoluted with a Gaussian, ARGUS(z,y) is the ARGUS function [38]. The param-
eters of the convoluted Gaussian functions are obtained by a 1D fit to Mpc on the signal
and tag side respectively, and are fixed in the 2D fit. For BKGII, it is an ARGUS function
in the diagonal axis multiplied by a Gaussian in the anti-diagonal axis. For BKGIII, it is
an ARGUS function in Mf%ié multiplied by an ARGUS function in Mgg. In the fit, the
parameters mg and p for the ARGUS function are fixed at 1.8865 GeV and 0.5, respectively.

B Other tested intermediate processes

Some other tested amplitudes with significance less than 50 are listed below. The signifi-
cance is given in brackets. The resonance fo(980) only decays to m0xY.

o Cascade amplitudes

- DT — K%a1(1260) " [D](— p™n°) (< 10)
Dt — K2a1(1260)" (= f0(980)7T) (3.50)
Dt — K;1(1270) 7 [S](— KpT)7m¥ (1.70)
- DT — K;(1270)"[D](— K3pT)n° (3.20)
Dt — K;1(1270)" (= K3pT)n° (3.90)

Dt — K(1460)°(— K*97%) 7t (3.30)

- DT[D] = K*%7" (< 10)

e Three-body amplitudes

- Dt — (Kg'ﬂo)S—wavefO(QSO) (< 10‘)
- DT — (K*97H) pr® (3.10)
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DF — (K*O Nprt (< 1o)
Dt — ( pH)pr? (< 10)
Dt — K(p +7r0)A[S] (3.00)
Dt — K2(p*t7°)4[D] (3.60)
DT — (K*07%) 4[S]7t (3.00)
D+%(K*O 0>A[ ] (< 10)
DT — (K2p*)4[D]7° (2.90)
Dt — (K7°)s.wavep™ (4.20)
Dt = K*0(nta%)g (3.20)
Dt — (K70 yat (2.20)

Dt — K%z 1)y (< 10)
Iﬁ*ﬂ (K@w%vp+<35a)
HP] = (K¢n)ypt (< 1o)

)
*[D] — (Kgm®)vp* (3.40)
t[P] — K*O(T&' 70y (2.20)
+[D] = Kzt 1%y (< 10)

e Four-body non-resonance amplitudes

Dt — (KgWO)S-wave(W+7TO)5 (< 1o)
Dt — (K271 s-wave (1770) 5 (< 10)
DT — Kg((nt7°)s7°) 4 (1.90)
Dt — Kg((z°m°)sm) 4 (1.60)

Dt — (K37 1) sewavem?) am® (1.20)
((KE%W )S-waveT 1) a0 (1.80)
= (K37°)swavem) amt (< 10)
— (Kg(r*n%)g)an® (2.10)
— (Kg(r'7%)s)am™ (< 10)
— (K27°%) sewave (T 70) v (2.30)
(KO 0) (m + 0)5 (2.20)
D+[S] (ng“)v@r ™)y (< 10)
D [P] = (Kgn)y (r %)y (2.40)
D*[D] — ( )y (rt 7%y (2.00)
Dt — (K3 H)p(n°70)5 (2.40)
(KO Ny (rTn%s (3.60)
— (Kgm)s (70707 (2.10)
— (Kg ) (7T+7TO)T (1.90)
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C The interference between processes

The interference between processes, calculated by eq. (4.31).

I 111 v \ VI VII VI I DF — K%a1(1260)F, a1(1260)*[S] — p*

I |48 —1.09 —0.29 1543 —0.00 —4.39 007 I | DY — K% (1260)*, a1(1260)* — fo(500)+
il —-1.37 005 595 000 —241 001 L - o oo
11 022 —981 —000 728 —o27| | UL | DT K(1400)T, K (L400)TLS] = K
v 101 000 —0.17 —0.19 IV | Dt — K1(1400)°7*, K;(1400)°[D] — K*O70
\Y% —0.00 —21.45  9.37 V| DT[S] = K*pt

VI 0.00 —0.00 VI D+[P} N K*Op+
VI —2.98

VII | DF[S] = K*0(xt7%)y
VIII | D* — K2(p*7%)p

Table 8. Interference between processes, in unit of %.
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