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Abstract: Using e*e™ annihilation data corresponding to an integrated luminosity of 2.93 fb~! taken at the center-
of-mass energy +/s =3.773 GeV with the BESIII detector, a joint amplitude analysis is performed on the decays
D° = 7t~ x* 7~ and D° — 7 7~ 7%7% (non-7). The fit fractions of individual components are obtained, and large in-
terferences among the dominant components of the decays DY = 4,(1260)r, D° — 7(1300)7, DY - p(770)p(770),
and D° — 2(n7r)s are observed in both channels. With the obtained amplitude model, the CP-even fractions of
(752 + 11 * 1.5gy5) % and
(68.9 + 1.5 * 2.44y5.)%, respectively. The branching fractions of D? - rtantn and D° — nt 72970 (non-n)
are measured to be (0.688 £ 0.010p. + 0.010sy5t)% and (0.951 £ 0.025. + 0.0215y.)%, respectively. The
amplitude analysis provides an important model for the binning strategy in measuring the strong phase parameters of
DY - 47 when used to determine the CKM angle y(¢3) viathe B~ — DK™ decay.

D s atratn” and DP — ata a%C(non-y) are determined to be

Keywords: BESIIIL, D’ meson decays, amplitude analysis, CP-even fraction

DOI: 10.1088/1674-1137/ad3d4d

I. INTRODUCTION

Precision measurements of the elements of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix and the test
of the unitarity of the CKM triangle [1, 2] are essential
goals in the field of flavor physics. One of the three
angles of the unitarity triangle, y(¢;)=arg(—V..V.,/
VeaVi), can be measured with the tree-level decay
B* — DK* throughthe interference betweenthe B~ — DK~
(b — cits) and B~ — DK~ (b — ucs) amplitudes, which is
one of the most important measurements of LHCb and
Belle II. Several approaches have been proposed to meas-
ure the CKM angle y via the decay B* — DK* [3-5].

Here, the relative magnitude and phase between the D°
and H° mesons decay into the same final states, and the
D decay parameters (e.g. CP-even fraction F,) are the
critical inputs. With more data collected by the LHCb and
Belle II experiments in the future, the decay parameters
of D° (po) will become the dominant source of uncer-
tainty in the y measurement. Therefore, precision meas-
urements of the D° decay parameters are urgently re-
quired to improve the precision of the y measurement.
The decay D° — 4r is regarded as a sensitive mode
[6, 7] to extract the CKM angle y via B~ — DK~. Their
CP-even fractions (F,) and relatively strong phase para-
meters in the different phase space (PHSP) bins (c¢i/s;)
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serve as the direct inputs in the GLW [3] and BPGGSZ
[5, 8] methods, respectively. A reliable decay amplitude
model of D° — 4r is critical to precisely extract F, and a
model-independent c¢;/s; [6], and to search for CP viola-
tion in D — 4x [9]. Moreover, the four-body D° hadron-
ic decays provide an excellent platform to study the two-
body decays D° — VV and D° — AP, where V, 4, and P
denote vector, axial-vector, and pseudo-scalar mesons, re-
spectively. These decays thus enhance the understanding
of the decay dynamics of the D meson [10, 11].

Currently, the experimental studies of D° — 4x are
limited. The FOCUS experiment performed an amplitude
analysis of D° — n*n n*n~ based on ~ 6000 candidate
events with a background fraction of ~10% [12]. An
amplitude analysis of D° - n*n n*n~ was also conduc-
ted with the CLEO-c data containing ~ 7000 candidate
events with a background fraction of ~20% [13].
However, no amplitude analysis of D°— n*n %7 has
been performed yet. BESIII has collected 2.93 fb™' of
e*e” collision data at the center-of-mass energy +/s =
3.773 GeV, where the DD pair is produced without any
additional hadrons. This data sample provides an ideal
environment for studying D meson decays with the
double tag (DT) technique [14, 15]. In this method, a
single tag (ST) candidate requires that only one D meson
is reconstructed via the ST mode. A DT candidate re-
quires that D and p are reconstructed via the signal and
ST modes, respectively. Based on this data sample and
the DT method with three ST modes p° — gK+r,
D' = K+ % and PO _ K+rgta-, wWe report a joint
amplitude analysis of D°—rx*zn*nr~ and D°—
n*n~n°z° (non-7). Furthermore, we determine the model-
dependent CP-even, absolute branching, and individual
component fractions. Throughout this study, the charge-
conjugated processes are always implied.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [16] records symmetric e*e™ col-
lisions provided by the BEPCII storage ring [17] in the
center-of-mass energy range from 2.0 to 4.95 GeV, with a
peak luminosity of 1x10% cm™2s™! achieved at +/s=
3.77 GeV. BESIII has collected large data samples in this
energy region [18]. The cylindrical core of the BESIII de-
tector covers 93% of the full solid angle. It comprises a
helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(TI)
electromagnetic calorimeter (EMC),all enclosed in a su-
perconducting solenoidal magnet providing a 1.0 T mag-
netic field. The solenoid is supported by an octagonal
flux-return yoke with resistive plate counter muon identi-
fication modules interleaved with steel. The charged-
particle momentum resolution at 1 GeV/c is 0.5%, and
the dE/dx resolution is 6% for resulting Bhabha scatter-

ing electrons. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV 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.

Simulated data samples produced with a geant4-based
[19] Monte Carlo (MC) package, which includes the geo-
metric description [20] of the BESIII detector and the de-
tector response, are used to determine detection efficien-
cies and estimate backgrounds. The simulation models
the beam energy spread and initial state radiation (ISR) in
the e*e™ annihilations with the generator kkmce [21, 22].
The inclusive MC sample including the production of DD
pairs (including quantum coherence for the neutral D
channels), the non-DD decays of the ¥(3770), the ISR
production of the J/y and ¢(3686) states, and the con-
tinuum processes incorporated in kkmc are generated to
estimate the background and ST efficiencies. All particle
decays are modeled with evtgen [23, 24] using branching
fractions either taken from the Particle Data Group
(PDG) [25], when available, or otherwise estimated with
lundcharm [26, 27]. Final state radiation from charged fi-
nal state particles is incorporated using the photos pack-
age [28]. Signal MC samples of D’ — n*n n*n~ and
D° — 7t n%z° generated uniformly in PHSP are used to
normalize probability density functions (PDFs) in the
amplitude analysis, while those generated according to
the amplitude analysis results are used to estimate the DT
efficiencies.

III. EVENT SELECTION

Charged tracks detected in the MDC are required to
be within a polar angle () range of |cosf| < 0.93, where 6
is defined with respect to the z axis, which is the sym-
metry axis of the MDC. The distance of the closest ap-
proach of these charged tracks to the interaction point
must be less than 10 cm along the z axis and less than 1
cm in the transverse plane. Particle identification (PID)
for charged tracks combines measurements of the specif-
ic ionization energy loss in the MDC (dE/dx) and the
flight time in the TOF to form likelihoods L(k) (h = K, )
for each hadron /4 hypothesis. The charged kaons and pi-
ons are identified by comparing the likelihoods for the
kaon and pion hypotheses, L(K) > L(r) and L(rn) > L(K),
respectively.

Photon candidates are identified using showers in the
EMC. The deposited energy of each shower must be > 25
MeV in the barrel region (|cosé| < 0.80) and > 50 MeV in
the end cap region (0.86 <|cosf|<0.92). To exclude
showers originating from charged tracks, the angle sub-
tended by the EMC shower and the position of the closest
charged track at the EMC must be > 10°, as measured
from the interaction point. To suppress electronic noises
and reject showers unrelated to the event, the difference
between the EMC time and the event start time must be
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within [0, 700] ns. The #n° candidates are reconstructed
from pairs of photon candidates with the invariant mass
being in the interval (0.115, 0.150) GeV/c*. To improve
the momentum resolution, a kinematic fit constraining the
two-photon invariant mass to the known z° mass [25] is
performed, and the four-momenta updated by this kin-
ematic fit are used in the subsequent analysis.

The signal candidates of D° — n*x n*n~ and D° —
ntn %70 are selected with the DT method [14, 15]. First,
the ST pHO mesons are reconstructed with the three had-
ronic decay modes p° — K+7r, D° — K7 x%, and pO
K*n~n*n~. Two kinematic variables, the energy differ-
ence with respect to the beam energy AE and the beam
energy constrained mass My, are defined as

AE = Ejpo — Epeam, )

My = \V Egeam_l%o > (2)

where Evean is the beam energy and Epo and ppo are the
energy and momentum of the ST o candidate in the e*e”
center-of-mass frame. For multiple pHo candidates in each
ST mode, only the one with the smallest |AE]| is kept for
further analysis. To reject the backgrounds from cosmic
rays and Bhabha events in the ST mode po —, g+5-, the
requirements described in Ref. [29] are applied. To reject
the peaking background from the decay p° — K+k07~ in
the ST mode p° — K*7n+tn, the events with |M(x*n™)
-0.4976| < 0.03 GeV/c? are vetoed. To further reject com-
binatorial backgrounds, the 0 candidates are required to
have AE within a given interval defined in Table 1, ap-
proximately three times the resolution for each ST mode.
In the sub-sample containing ST candidates, the signal
candidates of D° — n*n n*n~ and D° — n*n n%2° are re-
constructed with the n* and n° candidates, which have
not been used in the ST side (namely DT thereafter). Sim-
ilar kinematic variables AE and M. are formed for sig-
nal D° candidates, and the corresponding AE require-
ments are listed in Table 1. For multiple signal D° can-
didates, only the one giving the smallest |AE] is kept.

To improve the purity of signal candidates in the
amplitude analysis, some further selection criteria are ap-
plied. The studies based on the inclusive MC sample in-

Table 1. The AE requirements for different decay modes.

AE /GeV
(-0.027,0.026)
(-0.057,0.043)
(-0.020,0.018)
(-0.032,0.028)

Decay mode

D% - K*x~
DY - K*r~ 70
D’ > K*nntn
DY > ntnata

DY — nt 72070 (—0.066,0.041)

dicate that most backgrounds from the continuum pro-
cess ete” — gg include a K¢ in the final state. Therefore,
common and secondary vertex fits are performed on all
n*n~ pairs in the event to reconstruct the K? candidate.
The candidate events are rejected if any K? candidate
with #n*n~ invariant mass exists within the interval
IM(n*n™)—0.4976| < 0.03 GeV/c* with a decay length
greater than twice its resolution. The MC studies also
show that most backgrounds from e*e” — D*D~ contain
decay D™ — K*n~n~ owing to its large branching frac-
tion and a similar topology as the signal. The candidate
events are rejected if any K*7~n~ combinations exist with
1.863 < My (K*7 ) < 1.878 GeV/c®> and |AE(K 7 7))
<0.03GeV. The background from the process
e*e” — DD’ is also considered. Events with any n*n 7°
combinations  satisfying  1.859 < My (n*7 ") < 1.873
GeV/c* and -0.057 < AE(r*n~n°) < 0.043 GeV are rejec-
ted to eliminate the background of the decay D°—
n*nn° in the signal process D’ — n*nnz%. All the
above backgrounds do not form peaks in the My, distribu-
tion of the signal side. Additionally, some backgrounds
have the same final states as those in the signal mode and
produce peaks in the My, distributions of both the ST and
signal sides. To reject the peaking backgrounds from the
decays D° - K{(— n*n)n*n™ and D° —» K~ (- n*nn)n*
in the signal process D’ —r'nxtn~, events with
IM(r*n™)—0.4976] < 0.03 GeV/c*> or M(r*nn)<0.51
GeV/c? are vetoed. To reject the peaking backgrounds
from the decays D°— K (— n°7%r*n~, D°— K)(—
' )n7° and D° —» K~ (— 72 2%n* 2% inthe signal pro-
cess D -t a%7°, events with 0.4376 < M(x°7°)
<0.5276 GeV/c* or |M(r*n~)-0.4976] < 0.03 GeV/c* or
0.4677 < M(n~n°) <0.5067 GeV/c? are vetoed. Since the
interference between the decays D° — n%n(— n*n~n°) and
D° - n*n a7 is negligible, events with M(x*n n°) <
0.57GeV/c* are also vetoed in the signal process
D° - n*nn%z°. Moreover, we reject events if the photon
energy from 7° decays is below 50 MeV, as this indic-
ates an incorrect choice of a soft photon.

IV. BACKGROUND STUDY AND SIGNAL
EXTRACTION

Based on the above selection criteria, the two-dimen-
sional (2D) distributions of M. versus M™* of the sur-
vived events are shown in the left columns of Figs. 2 and
3, where M;¥ and M® are for the signal and tag sides, re-
spectively. Typically, the signal events are accumulated
around the intersection of M;¥ and M\¢ at the D° nomin-
al mass. The background, arising from miscombinations
in the signal and tag sides (namely BKGI thereafter), is
located at the diagonal band. Additionally, the back-
grounds from e*e” — D°D® but with the wrong recon-
struction of the signal side exist (namely BKGII) or tag
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side (namely BKGIII), distributed as the vertical and ho-
rizontal bands, respectively. Detailed MC studies indic-
ate that most of the backgrounds from e*e” — DD do
not form individual peaks in the distribution of M. or
M. However, backgrounds from e*e” — D°D° with po
— K*7n° (namely BKGIV) or D° — 7t 7°2° (namely
BKGV) with the wrong reconstruction of #° exist, which
are exactly consistent with the signal but with the wrong
reconstruction of 7° and produce a relatively broad peak
in the M;® or M.® distribution, respectively. TBack-
grounds from the decays D°— K{r*n~, D’ —Kin’z’,
D" - K n*n’, and D° — K1 (namely BKGVI), which
have analogous final states as the signal with the specific
decay modes of K? — n*n, K - 2%, K~ - 7 n°, and
' — yn*n~. These backgrounds are not directly distin-
guished from the signal in the M,¢ and M, distributions
and are estimated by MC simulation. The corresponding
yields are summarized in Table 2.

To extract the ST and DT yields, unbinned maximum
likelihood fits are performed on the M,:* distribution of
the remaining ST candidates and the 2D distributions of
M,$ versus My of the remaining DT events in individu-
al tag modes. In the fit to the M, distribution, the signal
shape is described by the MC simulated shape of the
truth-matched ST events, and the background shape is de-
scribed by an ARGUS function with the cut-off paramet-
er fixed at 1.8865 GeV/c? [30]. For the p0 — g+5 7O tag
mode, an additional peaking background is considered,
representing the wrong reconstruction of #°, as discussed

Table 2.

above. This peaking background shape is described by
the MC-simulated shape of the truth-matched ST events
convolved with a bifurcated Gaussian function with fixed
parameters obtained from the fit to the corresponding
simulated background events. The results of the fits to the
M, distributions are shown in Fig. 1.

In the fit to the 2D distribution of M;¢ (labelled as y;)

versus M (labelled as y,), the signal is described by

S(YI’Y2)®G(V1§,U)'1 ’O—y1)®G(y2;Hyz»0—yz)’

where S (y1,y,) is the signal MC shape derived from the
truth-matched events by using a smoothed 2D histogram,
and G(u,o) is the Gaussian function describing the resol-
ution difference between data and MC simulation by fix-
ing the parameters u,,, and o, , to those from the fits on
the one-dimensional M, distributions.

The BKGI is described by

Ty, =y 1,001 +y2),1) ><A(yl;myl ,Z;] ,p;l)
XA(y23my,,23,,05,),

where T is the student's function defined as T (y;u,o,n)
_ T(n/2+0.5) { 1 y—u 2} ~

= N (1/2) n(io' ) , o+ y)=00+0o1(n
+y, —my, —m,,) and A4 is the ARGUS function defined as

The estimated numbers of peaking background events. The uncertainties include the statistical uncertainties of the estimated

background yields and the uncertainties of the quoted branching fractions of different background processes.

Signal mode aF v o o atan0n0
Tag mode K'n~ K n° K*nntn™ K*n~ K*nn° K'nntn™
N(Kgn'*ﬂ'*) 247+2.3 42.4+43 229+2.6 12.6+3.1 27.7+6.2 29.2+6.2
N(K2x07%) - - - 1.7£04 43£09 24+0.6
N(K’ﬂ*ﬂo) - - - 126+1.2 23.1+£22 24.0+1.8
N(KQ1') - - - 3.0+12 39£17 2812
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Fig. 1.
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(color online) The M}:"Cg distributions of the ST candidates for poO — g+~ (left), pO — K*7—#° (middle) and PO — K+7prtn

M2 (GeV/c?)

(right). The dots with error bars are the data, the blue solid curves are the total fit results, and the red and blue dashed curves are the

signal and background, respectively.

083001-8



Amplitude analysis of the decays D° — 7*a~n*n~ and D° — 7" n~ n°n°

Chin. Phys. C 48, 083001 (2024)

2 \P 2
A(y;m,z,p) =y(1 - y—z) ¢*'"w2) . In the fit, only the cut-
m

off parameter m,,, is fixed to 1.8865 GeV/c?, the other
parameters are free to vary.
The BKGII and BKGIII are described by

[S (20) ® G(Y2(1)3 By Ty

XA(yl(Z) 31y, 2y10) ’p.V](Z))’

where A is the ARGUS function as described above,
S (y21y) 1s the projection of S (y,y2) on y», and G is the
same Gaussian function, as described above. In the fit,
the parameter m,,, is fixed to 1.8865GeV/c?, py,, is
fixed to the values obtained from the fits to the inclusive
MC sample, and z,,,, is a free parameter.

The BKGIV is described by

Bi(y1,2) @G (y13 hy, » 0y, ) @ G(¥2;3 lyy , Oy, ),

where B(y;,y2) is the truth-matched signal MC shape
S (y1,y,) convolved with a bifurcated Gaussian function in
v, and G is the same Gaussian function, as described
above. In the fit, the parameters of the bifurcated Gaussi-
an function are fixed to the values obtained from the fit to
the M distribution of the corresponding simulated back-
ground events.
The BKGV in D° — 72~ 7°2° is described by

By(y1,y2) @ G(yi5y,,0y,) @ G(Yas y,, 0y, ),

where B,(y1,y») is the truth-matched signal MC shape
S (y1,y,) convolved with a bifurcated Gaussian function in
y; and G is the same Gaussian function, as described
above. In the fit, the parameters of the bifurcated Gaussi-
an function are fixed to the values obtained from the fit to
the M. distribution of the corresponding simulated back-
ground events.
The BKGVI is described by

B3(y1,52) @ G(V13 y, » 0y, ) @ G(¥23 hy,y , Oy, ),

where Bi(y;,y2) is the truth-matched MC shape S (y1,y2)
convolved with a bifurcated Gaussian function in y; and
G are the Gaussian functions. In the fit, the parameters of
the bifurcated Gaussian functions are fixed to the value
obtained from the fit to the M,¢ distribution of the corres-
ponding simulated background events from the inclusive
MC sample, and the yields are fixed to those summarized
in Table 2. '

The projections of the 2D fits on M\ and M,* are
shown in Figs. 2 and 3, respectively. The obtained ST and
DT yields are summarized in Table 3.

V. AMPLITUDE FORMULA

To improve the resolutions of kinematic variables, a
one-constraint kinematic fit with the hypothesis of
D’ — 4x by constraining the 47 invariant mass to the
known D° mass [25] is performed on the candidate
events, and the updated kinematic variables are used in
the amplitude analysis. Using the GPUPWA framework
[33], a joint amplitude analysis is performed on the can-
didate events of D° - n*n~n*n~ and D° — n*n 7% (non-
). The general amplitude of the D° — f decay is given
by

Aip) =Y AULp) 3)

where U; is the amplitude of the i-th intermediate pro-
cess with a complex coupling factor A; and p is a set of
four-momenta of final states. For the H0 decay amplitude,
assuming CP conservation, the CP-conjugate PHSP p is
defined by interchanging the charge of the final state and
the three-momenta reversal. Then, the amplitude of the
D° — f decay is given as

Ap) =Y ATi(p)=>_ AU(p). ©)

Since the D°D° pair is produced in the (3770) decay,
quantum correlation between D° and p° needs to be con-
sidered. By ignoring the effects of CP violation and D°-
p° mixing, the observed differential cross section
IMy(p)P* of D° — f and the tag mode po —; 5 is

IA7(p) = rRee ™ As(P)F +r;(1=R)IA, (PP, (5)

o JIA LA, iy _ J A A,

£ [1AgPdD,” VI 1APdD, [IA,PdD,
The values of r, R, and ¢ for the three tag modes are sum-
marized in Table 4. The second term in Eq. (5) is ignored
in practice owing to the relatively small value of
r§(1 —Ri).

The amplitude U; is constructed with the spin factor,
Blatt-Weisskopf barrier factors [34], and resonance
propagators. To construct U; of the four-body D° decay,
the isobar model is applied, factorizing the decay into
subsequent two-body decay amplitudes [35—37]. The
general amplitude of the i-th intermediate process in a
four-body decay is given by

where

Ui(p) = Si(p)Br,(p)Pr,(P)BL,, (P)Pr,(P)Bi, (P) » (6)

where §; is the spin factor of the i-th decay amplitude,
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Fig. 2. (color online) The 2D distributions (left) of M % versus My'® and the projections on M*¢ (middle) and M (right) of the 2D

fits on the DT events tagged by po _ g+x-

DV - ntn

(first row), PO — K+x-
decay. The dots with error bars are the data. The blue solid curves are the total fit results, and the red dashed curves

70 (second row), and PO g+pgtx— (third row) in the

show the signal. The green, blue, orange, and magenta dashed curves are BKGI, BKGIII, BKGVI, and the combination of BKGII and

BKGV, respectively.

(X=D, Ry, R,) are the Blatt-Weisskopf barrier
factors for the D meson and the resonances R; and R»,
and P, and Pg, are the propagators of R, and R,, re-
spectively. The amplitude is constructed with the ex-
change symmetry for indistinguishable pions.

The spin factor is constructed with the covariant
Zemach (Rarita-Schwinger) tensor formalism [38—41] by
combining pure-orbital-angular-momentum covariant
tensors 71 ~and the momenta of parent particles togeth-
er with Minkowski metric g, and Levi-Civita symbol
€10 FOr a process a — bc, the covariant tensors ff}l?w for
the final states of pure orbital angular momentum L are

(L) 4 /
B0y = DR (PP - 7

. (L)
where r=p,—p. and P, s,

tion operator of the particle a,

. (p,) 1s the spin projec-

POp)=1, ®)

PauPayr
PO (D) = —8uu + ”’; S )

a

P, (pa) = [ PO ()P (D) + PO (p) P (po)]

3Pf}3(pu)P“) APa) - (10)

Following the isobar model, the spin factors of the four-
body decay D° — P,P,P;P, are summarized in Table 5.

The Blatt-Weisskopf barrier factors B;(g) are derived
by assuming a square well interaction potential as

Bio(g)=1, (D
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Fig. 3. (color online) The 2D distributions (left) of M, versus M;icg and the projections on M.* (middle) and M]iicg (right) of the 2D
fits on the DT events tagged by po _ g+r~ (first row), PO s g+7 70 (second row) and PO — g+7gtr~ (third row) in the
D — 2*7 7% decay. The dots with error bars are the data. The blue solid curves are the total fit results, and the red dashed curves
show the signal. The green dashed curves are the combination of BKGI and BKGIV, the magenta dashed curves are the combination of

BKGII and BKGV, the blue and orange dashed curves are BKGIII and BKGVI, respectively.

Table 3. The ST and DT yields, efficiencies, and quantum correlated correction factors for three tag modes.

Tag mode DO 5 Ktn DO - K*n A0 D > K*nrtn
NST 549586 +778 914531 £ 1321 600316 + 856
ST 0.6762 +0.0004 0.2953 +£0.0001 0.3365+0.0002
A 171942 2560+ 56 1520+ 43
r 0.2792 +0.0006 0.1187 +0.0002 0.1221+0.0003
NPT o0 (non-) 72132 91739 562+29
€00 (MOD-T]) 0.0818 +0.0003 0.0319.+0.0001 0.0334=0.0001
2rRcosé
o ~0.114+0.004 [31] ~0.067 £0.005 [32] ~0.046+0013 [32]
Table 4. The input values of 7, R, and ¢ for the three tag modes.
Mode K nt K nta0 K ratn ot
(%) 5.86+0.02 [31] 441+0.11 [32] 5.50+0.07 [32]
0.09
R 1 0.79+0.04 [32] 0.44709 [32]
o) 192.1788 [31] 196+11 [32] 161728 [32]
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Table 5. Summary of the spin factors in this analysis, where S, P, V, 4, T, and PT denote scalar, pseudo-scalar, vector, axial-vector,
tensor, and pseudo-tensor mesons, respectively. [S1, [P], and [D] represent orbital angular momenta L =0, 1, and 2 in the decays, re-
spectively.
Decay chain Spin factor
D[S]— PP,P[S]— SP2,S[S]— P3Py 1
D[S]— PPy,P[P] — VP3,V[P] = P3P, L(PP(V)
D[S]— PP;,P[D] - TP,,T[D] - P3Py fw(P)ﬂ”(T)
DI[P] —» AP1,A[S] = VP3,V[P] — P3P4 fH(D)Pf’V(A)f‘,(V)
D[P] — AP{,A[D] - VP2, V[P] - P3P4 (D) (A, (V)
DI[P] — AP1,A[P] = SP,,S[S] — P3Ps t;,(D)ﬂ’(A)
D[P] - AP,A[P] > TP»,T[D] — P3P, L (D)E,(A)PHP7 (A)ipe (T)
D[P] = V1P, Vi[P] = V2P3,V2[P] = P3Py L(D)PX (VD)enazap, ' (VDI (V2)
D[D] — PTP,PT[S]— TP,,T[D] — P3P4 f#V(D)P"mﬁ(PT)fQﬁ(T)
D[D] — PTP,PT[P] - VP,,V[P] = P3P4 fHV(D)PW"ﬁ(PT)f(Y(PT)fﬁ(V)
D[D] — PTP{,PT|D] > SP,,S[S]— P3Py fuv(D)fyy(PT)
D[D] - TP,,T[D] — VP,,V[P] - P3P, fur(DYP P (T 0p Py T (T)PTY (D (V)
DID] = T1P1,T1[P] = T2P2,T2[D] = P3Py T (DYPP(T))eqporp Py, P (T (T2)
D[S]— $152,51[S]1— P1P2,S2[S]1— P3Py 1
D[P] - VS,V[P] - P1P2,S[S] — P3P4 t?,(D)ﬂ‘(V)
D[S]— V1V2,Vi[P] = P1P3,V2[P] = P3Py L(V)#(V2)
D[P] — V1V2,Vi[P] = P1P2,V2[P] — P3Py Euvap Py (D)P (VDI (V2)
D[D] — V1 V3, Vi[P] = P P2,V2[P] = P3P4 L (DY# (VP (V2)
D[D] - TS, T[D] — P1P>,S[S]— P3P4 fW(D)ﬂ”(T)
DIP] - TV,T[D] - P1P,V[P] - P3P4 L (D) (T)5,(V)
D[D] - TV,T[D] — PP, V[P] - P3P4 Epvaﬁpﬁl{)ﬂlp(D)iz(T)fa(V)
D[S]— T1T2,T1[D] = P1P2,T2[D] — P3P, Lo/(T)#(T2)
D[P] — T1T2,T1[D] — P1P2,T2[D] — P3Py Eymﬁp/z)ﬂl(D)Plp(Tl)tNg(TZ)
D[D] - T1T2,T1[D] — P1P2,T2[D] — P3Py LD (T)E(T2)
2 where my is the nominal mass of the resonance. For a res-
Bi-i(q) = P+qy’ (12) onance decaying into two scalar particles a — bc, T'op()
is given by
Biolg)= (13)
q* +3¢qr + 94

where ¢ is the momentum of the daughter particle in the
rest frame of the mother particle, L is the orbital angular
momentum, and g = 1/R is a hadron "scale" parameter
(R denotes the radius of the centrifugal barrier). In this
analysis, the radius R is taken to be 5.0 GeV~'c for D°
mesons, and 3.0 GeV~'c for other intermediate reson-
ances.

The resonance propagators are generally described by
a relativistic Breit-Wigner function

1

O =T

(14)

Fope(s) = 5% (q"O)M ("&%)2 ( ff((q"o)))z NGE)

where I'4~% is the nominal width when s =m} and ¢ is
the corresponding momentum of the daughter particle in
the rest frame of the mother particle.

In this analysis, the propagators of p(770) and p(1450)
are described by the Gounaris-Sakurai parametrization
[42]. The propagator of f,(980) in the decay a,(1420) —
fo(980)7 is described by a Flatté parametrization of zm
and KK coupled channels with parameters from Ref.
[43].

The K-matrix parametrization [44, 45] instead of the
Breit-Wigner formula is adopted for the nr S-wave. The
P-vector parametrization of the K-matrix for the nn S-
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wave with five coupled channels nn, KK, anan, nn, ny’
and five poles is written as

Fu(s) = [I=iK($)p()], Po(5) , (16)

where [ is the identity matrix, K is the K-matrix describ-
ing the scattering process, p is the PHSP matrix, and P is
the initial production vector (P-vector). The indices ¢ and
v denote the coupled channels (nr, KK, nanm, nm, and
n1’), and only F,(s) of the 7w component is used as the
propagator of the n S-wave. The K-matrix is given by

scatt

8u8y a1 — S
Kw(S)=<Z# - )m a7)

2 _
m2—s

(o3

containing five poles (@ = 1-5). The K-matrix parmeters
are fixed to those in Ref. [45]. The P-vector is written as

P = (LA poa =0 18
W(s) = e T | (18)

0

where the poles are the same as those for the K-matrix.
The parameters B, and f7°* are free in the fit. For the
parameter s5°* in the P-vector, we assume that they take
the same value in all nxr S-waves and fix them to
—-5GeV?/c* since they are insensitive to any choice if
si* < =5 GeV?/c* in our fit.

In practice, two nmr S-waves exist in the decay
D° — §,S,, and the corresponding propagator is

Fy,(s1,82) = I =1K(s1)p(s1)], [ —iK(s2)p(s2)],0
XPpo'(Sl’SZ)’ (19)

where s; and s, are the invariant masses squared of 7,
P, (s1,52) is the expansion of the product of two P-vec-
tors P,(s;) and P,(s,), and the corresponding coeffi-
cients of each term are taken to be independent paramet-
ers in the fit. Benefiting from the exchange symmetry of
two nir S-waves in the amplitude, P,(s;,s;) can be writ-
ten as

1 =
L a1260)
r  —Total

[ —rnnt

0'4§ a,(1640)

—

0.5

I GeV
T'(s) GeV

05 1 15 05 1 15
s (GeV/c?) (s (GeV/c?)
Fig. 4.

a<p

@ B B o

g g(r g)g(r

Ppo‘(slsSZ) = E aa,ﬁ|: ) £ :
ﬂfﬁ (m(l/

—s1)(mz—s5)  (mj—s1)(m2—s,)

prod)

ga(l-s,
+ bo,
; Y (51 = S5 m2 ~ 52)

d
g(l=s5")

+D bao

N (s2—sg )(mz—s1)

(1 _ Sgrod)z
+ Clp.ol prod
(51— 50

)52 =55
(20)

where cjpo = Cpo +Cop, and ¢ With p> o is fixed to
zero in the fit. Similar to one 7w S-wave, only the (7, 77r)
component of F}, is used.

The propagators of the resonances a,(1260), a,(1640),
hi(1170) and m(1300) decaying into 37 are described by
relativistic Breit-Wigner functions with the coupled chan-
nel 3z, where I'(s) are obtained by integrating the amp-
litude squared over PHSP

m,
Tasbea(s) o< 7(; / > Aumpead®s @1

spin

based on the amplitudes Ag_,;, obtained in this analysis.
Figure 4 shows the I'(s) obtained in the amplitude analys-
is. For other resonances decaying into 37, a relativistic
Breit-Wigner function with a constant I'(s) is used. The
parameters of a,(1260) and 7(1300) are determined in the
fit and others are fixed to their respective PDG values
[25]. Owing to its small contribution, the a;(1420) is de-
scribed as a relativistic Breit-Wigner function with a con-
stant I'(s), even though it has been regarded as the effect
of the Triangle Singularity [46]. Only the decay of
a,(1420) — f,(980)x is considered, and the corresponding
resonant parameters are taken from Ref. [47].

To account for the resolution effect for the narrow
resonances ¢(1020) and w(782), the shapes of the corres-
ponding relativistic Breit-Wigner functions in the
M(n*n~ %) distribution are convolved with a Gaussian
function. The parameters of this Gaussian function are
obtained by the fit to the # peak in the M(n*n~n°) distri-
bution with the Breit-Wigner function of # convolved
with the same Gaussian function.

0.4 h(1170) F =(1300)
[ —Total
%) 0.3 - i —nnt
3 8 [ om0
D 0.2 O 050
= L
0.1 [
905 1 15 05 1 5

Vs (GeV/c?) /s (GeV/c?)

(color online) The I'(s) of a1(1260), a;(1640), h;(1170), and 7(1300) resonances obtained in the amplitude analysis.
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In this analysis, two decay topologies, D — R|R, and
D — Rym — Rynn, are considered. Meanwhile, the isospin
symmetry is considered by applying the Clebsch-Gordan
(CQG) coefficients between the isospin processes. The
isospin states for the u and d quarks are

1

L LI SR STLI
) 15300 1) =5 =) ) =) M) 11, 2D (22)

Based on the quark components of hadrons, the isospin
states of the hadrons are shown in Table 6. The isospin
amplitudes for typical processes are written as

AD° - ain) = AL -nt 1) + APl r° 1)
— C2A(frrr 7", 77) + A(froom", 7)),

(23)
AD’ - dn°) = — A} on”, 1% + A(py,-mt,7°)
— c2A(frn- 1", 7°) + A fron®, 7)),
(24)
AD’ = ajnt) = = AL -n, 1) = Alpy,-7°, ")
—CRA(frrn-7, 1) + A(froom, )],
(25)
AD® - Kn°) = — A} on”, 7% = Ay, 7t 7°)
+APY., -1, 7", (26)
A’ = ff) = 4A(frin > fron) + 2MA e n from0)
+A(f7r07r09f7:+7z*)] +A(f7r07r0’f7;07r0)3 (27)
AD® = ") = 2PN frer) + A, fr). (28)

Here, a, and p are isospin vectors, whereas h; and f are
isospin scalars. The normalization factors are dropped
here and c is the relative difference (including magnitude
and phase) between two isospin processes determined in
the amplitude analysis.

Table 6. The quark components and isospin states for differ-
ent hadrons used in the analysis.

at, bt ptat 79,6°,0°,a° n,b7,p",a”
- uii —dd
I=1 udy : 1,1 | )y —=1,0) iy : —|1,-1)
|ud) : |1,1) V]
hw,e, f
I1=0 |(uit + dd) + g(s5)) : —|0,0)

VI. AMPLITUDE FIT PROCESS AND RESULT

In the amplitude fit, the sPlot technique [48]is ap-
plied to deal with the background effect. In the sPlot
method, the four-momenta of the final states are chosen
as control variables x, M. and M are chosen as dis-
criminating variables y, and the weight for each candid-
ate event is obtained by an unbinned maximum likeli-
hood fit on the 2D distribution of M.¢ versus M¢, as de-
scribed in Sec. IV.

According to the sPlot technique and based on the
above DT fit, the weight W,(y) of each candidate event is
calculated as

Z,‘ VsiFi(Y)
SNiF )+ Y NiF(»)

Wi(y) = (29)

where the index s denotes the signal, F;;(y) are the PD-
Fs of the signal (i(j) = s) and backgrounds (i(j) # s) from
BKGI to BGKV with floating yields, F;(y) are the PDFs
of BKGVI with fixed yields, and Ny, and N, are the cor-
responding yields for each component. The inverse of co-
variance matrix V;; is calculated with

Z Fl(yn)Fj(yn)

Vi] = s
Q ok NeFi(ya) + ;N[Ff@n))z

1

(30)

neData

where the summations for indices &k and / run over all the
components of Fy(y) and Fj(y), as described above, re-
spectively. The summation for index » runs over all the
events in the DT fit.

Based on the sPlot technique, W,(y), defined in Eq.
(29), includes the effects of the backgrounds with a fixed
number of events. To account for these effects, the coeffi-
cients ¢; are calculated as

Ci:ZVsjVij, (1)
J

where the summation runs over the signal and back-
grounds from BKGI to BKGV with floating yields in the
fit, i represents the different components in the BKGVI,
and v;; is

Vi = Z Fl,(yn)F/(yn)
Y (Xk:Nka(ynH Z/:N[Ff(yn))z'

(32)

neData

With the obtained W,(y) and c;, the x distribution of
all candidate events with the weight W(y) is the real sig-
nal together with the contributions of the peaking back-
ground in BKGVI,
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N,Py(x)+ > ¢;NP(x), (33)
J

where P (x) and P’(x) are the x distributions of the signal
and the peaking background j in the BKGVI and N, and
N’ are the corresponding yields obtained from the above
2D fit and MC simulation, respectively.

In practice, the PDF of observing a signal event with
the given final kinematic p is written as

Py(p) = &(P)IM;(p)P¢a(p)
B T e (pIM(p)PdD,

(34)

where €,(p) is the signal efficiency, |M(p)? is the differ-
ential cross section, as discussed in Sec. V, and ¢4(p) is
the PHSP density. The normalization factor is calculated
by MC integration with the PHSP signal MC sample after
event selection,

1 Nmvic
/ S(PIM (PP o oS IM (P (35)
i=1

where the Ny is the number of events of the PHSP sig-
nal MC. According to Eq. (33), the weighted likelihood
InL is given by

£ WP =" > wlnPpy|,  (36)

ieData Jj i€BMC;

where the second term in the bracket is the contribution
from the peaking background, estimated using the corres-
ponding simulated background MC (BMC). The normal-
ization factor w; is given by

w; = ;N INgKe,- (37)

Here, c; is obtained from Eq. (31), and Nggd and Ny
are the background yields in the data and simulated back-
ground events, respectively. The factor fin Eq. (36),

> iepaa W) + Z/‘ ij}l;/lIng
> iebata W2(y;) + Z]’ wﬁNg[KCGj ’
is the global factor to correct the statistical bias in the
weighted maximum likelihood fit.

The total likelihood function in this analysis is
summed over the two signal channels and three tag
modes,

f= (38)

Ly = _ (InLF" % 4+ InLy =" (39)

ictag

and the free parameters are optimized via a maximum
likelihood fit using the MINUIT [49] package.

Generally, all the possible intermediate processes in-
cluding the resonances listed in Table 7 and based on J*¢
conservation are considered in the fit. The only excep-
tion are D° decays, where parity conservation is not re-
quired. Only processes with a significance greater than
50 are kept during the fit unless otherwise noted. Here,
the significance of a specific amplitude is calculated ac-
cording to the Wilks's Theorem by comparing the change
of log-likelihood (2AInL) to the expected values from the
chi-square distribution ()(inm) with the number of de-
grees of freedom (NDF) equal to the change of the num-
bers of fit parameters (AN,,,). If the significance of the
amplitudes containing the isospin vector in the 37 invari-
ant mass spectrum is greater than 50, the corresponding
isospin partners with significance greater than 3¢ are also
kept. For the P-vector of the nnr S-wave, only the para-
meters before the 1st and 2nd poles and 7w, KK non-res-
onant terms are considered, and the others are fixed to
zero in the nominal fit. Meanwhile, only those with signi-
ficance greater than 3o are kept.

To find the optimal solution, the baseline model con-
taining the processes from Refs. [12, 13] is built up first.
Next, starting from the baseline model, the significance
of each possible process is tested, and the most signific-
ant among those satisfying the significance requirement is
added to the current model. This step is repeated until no
additional processes can be added. After this step, the sig-
nificances of individual processes in the existing model
are tested again, and those that do not satisfy the signific-
ance requirement are removed. The above steps are re-
peated until all the processes in the model satisfy the sig-
nificance requirement, and no further ones can be added.
The nominal amplitude model is obtained with this
strategy and no multiple solutions are found.

Using the nominal amplitude model, the fit fraction
(FF) of a specific amplitude i is calculated as

Table 7. Resonances considered in this analysis.

JP=0t JP=0" JP=1* JP=1~ JP=2v JP=2"
(7m)s p(770)  £(1270)
V9.8
p(1450)
7(1300)  a;(1260)  w(782)  a»(1320) m(1670)
a1(1420)  $(1020)
VY8
a1(1640)  71(1400)
hi(1170)  71(1600)
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f|Ai Ui(l?)|2d¢’

FF[ = .
JIX5AUj(p)Pde

(40)

The FF of the interference between two amplitudes i
andj (j #1i) is calculated as

_ J2Re[AUp)A;U;(p)]dD

FF;; = / 41
! I3 AdU(p)IPd@ “h)
The CP-even fraction F, is calculated as
At(p)|Pdd
;1A @)

* JIAHPPR+IA;(p)PdD

where A%(p) = %[A #(p) £ As(p)] is the amplitude of the

D° — f decay in a CP-even or CP-odd state. The FF res-
ults of different amplitudes are summarized in Tables §, 9
and 10. The resonant parameters, masses, and widths of
a,(1260) and n(1300) are determined by the parameter
scans, as shown in Fig. 5, which are compatible with the
values from PDG. The fit fractions of the interference
terms are summarized in Table 11. The fit results show
large interferences among the dominant intermediate pro-
cesses D° — a,(1260)r,D° — 7(1300),D° — p(770)0(770),
and D° — 2(nm)s . The results for F, obtained in this ana-
lysis are presented in Table 12, which show good agree-
ment with other measurements. In all the above tables,
the mean values are obtained based on the output from
the MINUIT fit, while the corresponding statistical uncer-
tainties are estimated by the bootstrap method [50] based
on the data since the weighted maximum likelihood fit is
used, and the statistical uncertainties given by the inverse
second derivative of the negative logarithmic likelihood
are no longer asymptotically correct [51]. In the boot-
strap method, the bootstrap samples are generated by re-
peatedly resampling the data set with replacement a thou-
sand times, and both sPlot and amplitude analysis are per-
formed for these samples. The width of the distribution of
the estimated parameter values is used to estimate the
parameter uncertainty. The comparisons between data
and MC projection based on the nominal model for vari-
ous invariant mass and angle distributions are shown in
Figs. 6 and 7.

VII. SYSTEMATIC UNCERTAINTY OF THE
AMPLITUDE ANALYSIS

The systematic uncertainties of the amplitude analys-
is result from two aspects. One is the experimental sys-
tematic uncertainty, including those from background es-
timation, detection efficiency over PHSP, and fit bias.
Another is the model-dependent systematic uncertainty,
including those from the resonance line shape, the radii of

Blatt-Weisskopf barrier factors, quantum correlation
parameters, and extra amplitudes. The fit is performed
with alternative conditions to estimate these uncertainties
for each source, and the deviations from the nominal res-
ults are taken as the corresponding uncertainties. Table 12
and 13 summarize the systematic uncertainties on the
magnitude and phase of the fit parameters in the unit of
the statistical uncertainty, respectively. Table 15 summar-
ized the systematic uncertainties on the FFs, resonance
parameters, and CP-even fractions in the unit of the stat-
istical uncertainty. The total systematic uncertainties are
the square roots of the quadrature sums of the individual
contributions. The individual uncertainties are obtained as
follows:

e Background estimation

The sPlot technique is used to estimate the signal
weight and background; the corresponding sources of
systematic uncertainty are all the PDFs and the mag-
nitudes of peaking backgrounds in BKGVI in the 2D fit
on the M versus M.¢ distribution. To estimate the cor-
responding uncertainties, an alternative fit on the M.*
versus M;¢ distribution is performed by varying the
means and widths of two Gaussian functions by =+ 1o for
the signal, varying the fixed parameters of the ARGUS
function by =+ lo for BKGI and BKGII, changing the
Student's function to the bifurcated Student's function
with different #» and ¢ on the left and right sides of the
maximum value and two ARGUS functions to one AR-
GUS function on the (My£ + M*) dimension for BKGIII,
varying the means and widths of the bifurcated Gaussian
functions by + 1o for BKGIV and BKGV, and varying
the fixed peaking background yields in BKGVI by + 1o
according to the estimated values in Table 2. The output
results are used in the sPlot technique and amplitude ana-
lysis.

e Detection efficiency

The systematic uncertainties due to detection efficien-
cies are from the n* tracking/PID and #° reconstruction.
The corresponding uncertainties are obtained by weight-
ing the PHSP signal MC sample with a factor epu./evc
when normalizing the PDF in the amplitude analysis,
where ep, and eyc are the efficiencies of the data and
MC simulation, respectively. The n* tracking/PID effi-
ciencies are quoted from Ref. [55], while the efficiency of
the n° reconstruction is studied with the control samples
of D° - K 7n*n® and D° — n*nn® versus the three tag
modes used in this analysis.

e Fit bias

The sPlot technique, MC integration, detection resol-
ution, and many other potential problems from fit tools
may lead to fit bias. To estimate this fit bias, 100 sets of
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Table 8. The fit parameters, FFs, and significances of individual amplitudes, where the first uncertainties are statistical, the second
are the experimental systematic uncertainties and the third are the model-dependent systematic uncertainties.
FF (%)
Amplitude Magnitude Phase (rad) Significance (o)
b aF av oF & 070
a1(1260)* 7~ 100(fixed) O(fixed) 822 £33 +£23+158 574+£27+£3.0+65 >10
a1 (1260)"n* 353+2.7+0.8+4.6 0.23+0.07+£0.02+0.16 103+£1.5+03+25 72+£11+02+22 >10
a1(1260)°7° 509+3.1+0.4+4.7 -2.99+0.06+0.08 £0.14 - 329 +32+1.6+83 >10
a1 (1420)* 7~ 19.0+3.6+1.3+£3.9 2.70+0.18+0.05+1.09 0.6 £02+00=x02 03+0.1+00=x0.1 6.0
a1(1640)* 7~ 20.1+3.0£2.6+5.8 -2.07+0.16+0.02+0.28 1.7£05+04£038 1.1£03+02=%06 7.3
a;(1640)~n* 10.5+2.8+0.6+£3.8 -1.26+£0.29+£0.23 £0.50 05+£03+00+04 03+02+00+02 52
ax(1320) ™ 0.23+0.07 +£0.03+0.05 -2.92+0.30+£0.14+0.23 02 +0.1+00=0.1 02+0.1+0.0=+x0.1 4.6
ax(1320)~n* 0.30+0.05+0.01 +£0.04 -0.47+0.21£0.06+£0.15 04 +0.1+00=x0.1 03+0.1+00=x0.1 6.4
h1(1170)°7° 9.7+2.2+1.5+3.6 -0.59+0.27 £0.09 +0.35 - 13+£06+04+1.0 6.5
n(1300)* 7~ 76.3+3.6+4.6+4.3 -2.325+0.044+0.038+0.297 323 +£26+1.6+42 156+14+13+22 >10
7(1300)" 7+ 65.1+34+33+£3.9 -2.631+0.045+0.083+0.208 235+23+05+39 114+x11+06=23 >10
7(1300)°7° 61.1+3.2+3.3+4.0 0.61 +£0.05+0.08 +0.29 - 232+28+14+31 >10
72(1670)°07° 122+1.5+1.5+2.1 -1.11+£0.14+£0.13+£0.36 - 1.1£02+02+03 6.9
p(770)°p(770)° - - 28.0+1.9+06+3.0 - >10
[S] 6.1+1.1+£03+14 -3.10+£0.17+0.11+£0.50 1.7£06 0.1 £05 - 6.5
[P] 6.17+0.36+0.13+0.58 1.62+0.07 +£0.02 +0.09 98+1.0+04+038 - >10
[D] 4.54+0.22+0.06+£0.34 -3.06+0.05+0.01£0.20 231 +21+08+23 - >10
p(770)°p(1450)° - - 25+09+00=+12 - 8.0
[P] 13.9+2.5+0.7+1.5 0.68 +0.20+0.09 +0.15 1.0+£04+0.1+06 - 6.4
[D] 56+13+03+1.2 3.08+0.20+0.07+0.43 1.5£09+02+1.1 - 5.0
0(770)*p(770)~ - - - 909 +39+£35+6.6 >10
[S] 13.7+1.2+0.6+1.3 3.03+0.09+0.09+0.17 - 13.0+£20+12+32 >10
[P] 7.10+0.36+0.23+0.35 -1.69+0.07+0.02+£0.14 - 196 +13+13+13 >10
[D] 4.59+0.22+£0.05+0.24 0.06 +£0.05+0.02+0.09 - 36.0+3.0+06+24 >10
p(770)*p(1450)7[D] 81+1.7+14+27 -1.01+£0.18+0.11+£0.26 - 1.7+£08 £0.6 £1.7 6.3
p(770)° () - - 27+06+03+£17 1.0+02+01=04 >10
Bi 84+3.6+1.1+1.6 -1.68+0.50+0.26 £0.29 - - -
,f;"d 40.7+5.0+£3.7+3.9 -0.50+£0.14+0.09+0.14 - - -
prod 121£25+11+16 1.73+0.23£0.03+0.16 - - -
(7t n7)s () - - 628 +46+05+9.7 374+30+18+48 >10
a1 2224 +35+26+33 —1.044+0.019+£0.008 +0.074 - - -
ai2 7287 +62+46+93 1.727 £ 0.009 £ 0.004 + 0.062 - - -
b2.nn 8816+120+181+90 —-1.107£0.014 +£0.002 + 0.082 - - -
Clan,an] 2433 +96 +67 +90 1.796 £ 0.043 +0.042 +0.044 - - -
Clnn,KK] 5417477 +47 +462 2.68 +£0.10+£0.06 +0.09 - - -
£1270)° (nr)s - - 1.8+£04+£00=+13 1.1 £02+0.0=x0.7 9.1
,f’,rr”d 183+1.8+1.1+3.5 -1.39+0.10£0.04 £0.20 - - -
fod 56+10+14+8 2.29+0.20+0.05+0.39 - - -
w(782)n° 1.58+0.30+0.05+0.13 -0.50+0.44+0.15+0.23 - 09+04+00x02 6.1
#(1020)7° 0.44+0.06 +£0.03 +0.05 2.51+0.41+£0.10+0.22 - 1.5+04+02+02 7.4
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Table 9.

The fit parameters, FFs and significance for the three-body decays of a;(1260), a1(1420), a;(1640), a»(1320), hi(1170),

7(1300), and m,(1670). The first uncertainties are the statistical uncertainties, the second are the experimental systematic uncertainties,

and the third are the model-dependent systematic uncertainties.

Relative FF (%)
. . Significance
Amplitude Magnitude Phase (rad) mtnatn ata 70n0 ©)
o
charge = +1 charge = +1 charge =0
a1(1260) — p(770)7[S ] 1(fixed) 0(fixed) 79.742.2+1.843.1 81.242.0+1.6+2.8 78.9+2.2+1.5+3.5 >10
a1(1260) — p(770)x[D]  0.060+0.009 +£0.002+0.022 0.01 +0.17+0.09+0.09 1.3+0.3+£0.1+0.7 1.2+0.3£0.1+£0.6  1.3£0.3+0.1+0.7 7.5

a1(1260) — f£,(1270)7[P] 0.311+0.033+0.019+0.021 —1.58+0.11+0.08+0.25 1.8£0.4+0.3+0.5 0.8+0.2+0.1+0.3

a1(1260) — (r*n)sx[P] - B

Bi 0.83+0.13£0.11+0.34
cprod 247+0.16+0.12+£0.12
d
1o 6.59+0.84 +0.85 + 1.24
7(1300) — p(770)m 1(fixed) O(fixed)

7(1300) - (x*tn " )sm - -

—2.18+0.14+0.19+0.16 - - -
0.34+0.08+0.06+0.12 - - -
1.76 £0.12+0.08 +0.13 - - -

1.2+0.2+0.1£0.3 >10
5.4+0.6+0.5+£0.8 3.1+£0.4+0.4+0.7 3.9+0.5+0.5+0.9 >10

53.8+£2.9+0.9+£8.7 79.0£2.0+0.8+6.8 73.6+2.6+0.8+9.1 >10
51.1£2.9+0.9+8.4 26.2+2.1+0.8+6.5 36.7+2.6+1.0+8.3 >10

B 50+£0.5+0.2+0.2 —0.64+0.10+0.04 +0.25 - - -

fI‘;rK"d 43.8+2.8+0.5+2.7 0.34+0.06 +£0.02+0.06 - - - -
a(1420) - f,(980)x[P] 1(fixed) 0(fixed) 100 100 - 6.0
a1(1640) — p(770)x[S ] 1(fixed) 0O(fixed) 100 100 - 9.1
a2(1320) — p(770)n[D] 1(fixed) O(fixed) 100 100 - 7.3
h1(1170) — p(770)7[S ] 1(fixed) 0O(fixed) - - 100 6.5
m2(1670) — £(1270)x[S ] 1(fixed) 0O(fixed) - - 100 6.9

Table 10.

Masses and widths of a1(1260) and #(1300) obtained via parameter scans and presented in the PDG [25]. The first uncer-

tainties in this fit are the statistical uncertainties, the second are the experimental systematic uncertainties, and the third are the model-

dependent systematic uncertainties.

This work PDG
Mass/(GeV/c?) Width/GeV Mass/(GeV/c?) Width/GeV
a;1(1260) 1.193 +£0.005 +0.003 £ 0.023 0.487+0.009+0.015+0.039 1.230+0.040 0.250 - 0.600
(1300) 1.534+0.011 +0.009 +0.020 0.610+0.030+0.021 +0.090 1.300+0.100 0.200 - 0.600
8F 8r
101 ¥ ?
6 [ 6L 6l
= = I L I f
c c c L c
a4 ¥ s a4 a4r
I I I g
2 IR 2 j 2 |-
14‘18 1.‘19 112 0.;16 0.218 04‘5 O.éZ 14‘5 1.l"'>2 1.54 1.‘56 0.‘55 0.6 0.65

M, (1260) (GEV/ c?) T (1260) (GeV)

Fig. 5.

samples with the same size and signal purity as the data
are generated, where the signal events are generated ac-
cording to the the nominal model and the background
events are from the inclusive MC sample. The amplitude
fit is performed on these samples, and the average devi-
ations of the fitted parameters from their input values are

M, (1300) (GEV/ c?) T 1300 (GEV)

Likelihood scans for masses and widths of a;(1260) and 7(1300).

taken as uncertainties due to fit bias.

e The resonance parameters and models

The systematic uncertainties associated with the
masses and widths of resonances in the amplitude analys-
is are estimated by shifting the corresponding fixed PDG
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Fig. 6. (color online) The mass and angular distributions for D° — z*7~x*7~, where 6% is the helicity angle of a in the ab system,

babca is the angle between the decay planes of the ab and cd systems in the D° rest frame.

Table 12. The CP-even fractions obtained in this work and comparisons with the CLEO-c and prior BESIII measurements.

atnata” ata a0x0
FT FEZ' ' (non-n)

This work (model-dependent)
CLEO-c (model-dependent)
CLEO-c (model-independent, global)
CLEO-c (model-independent, binned)
BESIII (model-independent, global)

(75.2 £ L1gar, = 1.5ys1.) %

(68.9+ 1.5 245550 )%

(72~9 + O-gstat. + 1~55ysl. + 1.Omndel)l% [13] -
(73.7+2.8)% [52] -

(76-9 +2. lslaL + l-OsysL + O-ZKS vem)% [6] -
(73.4 £ 1.5ga1, +0.84y51.)% [53]

(68.2+7.7)% [54]

[25] values or optimized values by =+ lo. The systematic
uncertainties associated with the model of nr S-wave are
estimated by replacing the K-matrix formula with the sum
of three independent resonances of f,(500), f,(980), and
fo(1370), described by the formula in Ref. [56], a Flatté
parametrization, and a relative Breit-Wigner function. For
the magnitude and phase of the fit parameters of nr S-
wave, the systematic uncertainties associated with the nx
S-wave model are not considered. The overall uncertain-
ties are the square roots of the quadrature sums of the in-
dividual contributions.

e Radii of Blatt-Weisskopf barrier factors

The systematic uncertainties due to the radii of Blatt-
Weisskopf barrier factors are obtained by varying the
radii of the D° meson and other resonances by
+ 1 GeV~'c in the amplitude analysis, and the square root
of the quadrature sum of the individual effects is taken as
the uncertainty. The radii choice significantly affects the
magnitudes of the fit parameters, especially for the com-
ponents with high orbital angular momentum. Therefore,
this part is not included in the systematic uncertainties of

the magnitudes of the fit parameters.

e Quantum correlation correction

The systematic uncertainty due to the quantum correl-
ation correction is estimated by varying the input
quantum correlation parameters by =+ lo inthe amp-
litude analysis.

e Extra amplitudes

The systematic uncertainties due to the extra amp-
litudes are estimated with the alternative fits with the
models, including an additional amplitude of
£(1270)£(1270)[D] or 1+*[p(770)* 7~ [S Ilxe7® ("NR" rep-
resents non-resonant contribution), which are of 3¢ to 5o
significance based on the nominal model. The square root
of the quadrature sum of the individual effects is taken as
the uncertainty.

VIII. MEASUREMENT OF BRANCHING
FRACTIONS

The absolute branching fractions of D’ — n*n ntn~
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Table 13. Systematic uncertainties in the magnitude of fit parameters in units of statistical standard deviations. 1: Background estim-
ation. 2: Detection efficiency. 3: Fit bias. 4: Resonance parameters. 5: Radii of Blatt-Weisskopf barrier factors. 6: Quantum correlation
correction. 7: Extra amplitudes. In the "Total" column, the term before "+" is the total experimental systematic uncertainty (1, 2, and
3), and the term after "+" is the total model-dependent systematic uncertainty (4, 5, 6, and 7). The systematic uncertainties from "5"are
not considered here.

1 2 3 4 5 6 7 Total
magnitude(D® — a1(1260)" ") 0.2 0.1 0.2 1.6 - 0.1 0.7 03+1.7
magnitude(DO N a1(1260)°7r°) 0.1 0.0 0.1 1.3 - 0.0 0.8 0.1+1.5
magnitude(D® — a;(1420)*77) 0.2 0.0 0.3 1.0 - 0.1 0.5 04 +1.1
magnitude(DO — a1(1640)*17) 0.8 0.2 0.2 1.4 - 0.2 1.3 09+19
magnitude(D® — a;(1640)"7") 0.1 0.1 0.2 0.6 - 0.2 1.2 02+14
magnitude(DO — ax(1320)*77) 0.2 0.1 0.3 0.7 — 0.1 0.2 04 +0.7
magnitude(D® — a>(1320)"7") 0.0 0.0 0.2 0.6 - 0.1 0.5 0.2+0.8
magnitude(D® — h;(1170)°7°) 0.6 0.1 0.1 1.3 - 0.0 1.0 0.7+ 1.7
magnitude(D® — 7(1300)*77) 1.3 0.0 0.0 1.1 - 0.1 0.4 1.3+12
magnitude(D® — 7(1300)"7") 0.8 0.1 0.6 1.1 - 0.1 0.1 1.0 + 1.1
magnitude(D® — 7(1300)°7%) 1.0 0.2 0.1 1.2 - 0.2 0.3 1.0+£1.2
magnitude(D® — 75(1670)°7%) 0.7 0.1 0.6 0.3 - 0.1 1.4 1.0+14

magnitude(D® — p(770)°0(770)°[S 1) 0.0 0.0 0.3 1.2 - 0.0 0.4 03 +1.3
magnitude(D® — p(770)°p(770)°[P]) 0.3 0.0 0.2 1.5 - 0.4 0.4 04 +1.6
magnitude(D® — p(770)°p(770)°[D]) 0.1 0.0 0.2 1.5 - 0.0 0.2 03+1.5
magnitude(D® — p(770)°p(1450)°[P]) 0.0 0.2 0.2 0.5 - 0.3 0.2 0.3 +£0.6
magnitude(DO — p(770)°p(1450)°[D]) 0.2 0.1 0.1 0.3 - 0.1 0.9 0.2+£09
magnitude(D® — p(770)*p(770)"[S]) 0.5 0.1 0.1 0.6 - 0.1 0.9 0.5+1.1
magnitude(Do — p(770)* p(770)~[P]) 0.6 0.1 0.0 0.7 - 0.0 0.6 0.6 £ 1.0
magnitude(D® — p(770)* p(770)"[D]) 0.2 0.1 0.1 0.9 - 0.0 0.6 02+1.1
magnitude(D® — p(770)* p(1450)~[D]) 0.8 0.1 0.1 1.4 - 0.1 0.7 0.8+ 1.6
magnitude(D° — p(770)°(xm)s , B1) 0.2 0.0 0.2 0.2 - 0.0 0.4 03 %04
magnitude(D° — p(770)°(rr)s , £y 0.6 0.0 0.4 0.4 - 0.1 0.7 0.7+ 0.8
magnitude(D° — p(770)0(n)s , £24 0.4 0.0 0.0 0.2 - 0.1 0.6 0.4+0.7
magnitude(D® — (x* 77 )s (n7)s , ar.1) 0.7 0.1 0.0 0.5 - 0.1 0.8 0.7+0.9
magnitude(D° — (77 )s (1) , a1.2) 0.6 0.2 0.3 12 - 0.2 0.9 0.7+15
magnitude(D® — (x*77)s (75 , ba.xn) 15 0.0 0.0 03 - 0.1 0.7 1.5+ 0.7
magnitude(D° — (1) (7)s , Clmn]) 0.6 0.1 0.2 0.4 - 0.1 0.8 0.7 £0.9
magnitude(D° > (+77)s (175 , Chan.kK)) 0.1 0.0 0.1 0.6 - 0.2 0.8 0.1+1.0
magnitude(D° — £(1270)0(xm)s , f2ro¢ 0.5 0.0 0.3 0.4 - 0.1 1.9 0.6+ 19
magnitude(D° — £2(1270)°(n)s , f2 1.2 0.1 0.7 03 - 0.1 0.7 14+ 0.8
magnitude(D® — w(782)7%) 0.1 0.0 0.1 0.2 - 0.0 0.4 02+04
magnitude(D® — $(1020)7°) 0.2 0.1 0.4 0.6 - 0.1 0.5 0.5+0.8
magnitude(a; (1260) — p(770)x[D]) 0.1 0.0 0.1 2.4 - 0.0 0.2 02+24
magnitude(a;(1260) — f2(1270)n[P]) 0.6 0.0 0.1 0.5 - 0.1 0.3 0.6 = 0.6
magnitude(a; (1260) = (7" 77)s7P], B1) 0.9 0.0 0.0 0.6 - 0.0 2.5 09+26
magnitude(a; (1260) — (x* 7~ )sx[P], f,lr’;’d) 0.7 0.0 0.0 0.7 - 0.1 0.2 0.7 0.7
magnitude(a; (1260) — ("7 )sal P, f7 1.0 0.0 0.2 0.8 - 0.1 13 1.0+ 15
magnitude(n(1300) — (777 )s 7, B1) 0.2 0.1 0.3 0.4 - 0.0 0.1 03 +0.5
prod 0.2 0.0 0.1 0.8 - 0.1 0.5 02+1.0

magnitude(n(1300) — (7* 77 )s 7, frx
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Table 14. Systematic uncertainties in the phase of fit parameters in units of statistical standard deviations. 1: Background estimation.
2: Detection efficiency. 3: Fit bias. 4: Resonance parameters. 5: Radii of Blatt-Weisskopf barrier factors. 6: Quantum correlation cor-
rection. 7: Extra amplitudes. In the "Total" column, the term before "+" is the total experimental systematic uncertainty (1, 2, and 3),
and the term after "+" is the total model-dependent systematic uncertainty (4, 5, 6, and 7).

1 2 3 4 5 6 7 Total
phase(D° — a;(1260)"7) 0.2 0.0 0.0 22 0.2 0.1 0.2 02+22
phase(D® — a;(1260)°7°) 1.4 0.1 0.1 0.7 1.8 0.0 1.3 14+23
phase(D? — a;(1420)* ™) 0.0 0.0 0.3 6.0 0.6 0.0 0.6 0.3 +6.1
phase(D° — a;(1640)*77) 0.0 0.0 0.1 1.6 0.6 0.0 0.2 0.1=+17
phase(D° — a;(1640)"7+) 0.8 0.0 0.2 1.1 1.2 0.2 0.6 0.8+ 1.7
phase(D? — a»(1320)*77) 0.5 0.1 0.1 0.6 0.2 0.0 0.5 0.5+0.8
phase(D® — a»(1320)"7+) 0.3 0.0 0.0 0.5 0.3 0.1 0.4 03 +0.7
phase(D® — h(1170)°7°) 0.3 0.1 0.2 0.4 0.5 0.1 1.1 03+13
phase(D° — 7(1300)*77) 0.9 0.0 0.0 6.2 2.4 0.1 1.3 09 +6.8
phase(D° — 7(1300)"7*) 1.8 0.1 0.1 3.6 2.5 0.0 1.4 1.9 +4.6
phase(D° — 7(1300)°7%) 1.6 0.1 0.0 5.1 22 0.1 1.6 1.6 £5.8
phase(D° — 712(1670)°7°) 0.9 0.0 0.0 1.7 0.6 0.1 1.8 09 +2.6

phase(DO _)p(77())0p(770)0[5]) 0.6 0.0 0.1 2.9 0.6 0.2 0.4 0.6 £2.9
phase(DO — p(770)°p(770)°[P]) 0.1 0.2 0.1 1.2 0.0 0.2 0.5 02+1.3
phase(D° — p(770)°0(770)°[D]) 0.2 0.0 0.1 3.7 0.7 0.1 1.0 0.2 +3.9
phase(D® — p(770)°p(1450)°[P]) 0.4 0.2 0.1 0.7 0.1 0.1 0.1 04 +0.8
phase(DO _>p(77())0p(1450)0[[)]) 0.4 0.0 0.0 1.7 1.0 0.2 0.6 04 +2.1
phase(DO — p(770)*p(770)[S]) 1.0 0.0 0.1 0.3 0.8 0.1 1.7 1.0+1.9
phase(D°® — p(770)*p(770)"[P]) 0.1 0.1 0.3 1.8 0.8 0.2 0.4 0.3 +2.1
phase(D® — p(770)*p(770)"[D]) 0.4 0.0 0.1 1.7 0.1 0.1 0.4 04+138
phase(DO — p(770)* p(1450)~[D]) 0.6 0.1 0.0 1.0 0.9 0.0 0.5 0.6 +1.4
phase(D° — p(770)°(zn)s , B1) 0.5 0.1 0.2 0.1 0.5 0.0 0.3 0.5+0.6
phase(D° — p(770)(zm)s , . 71:;0‘1) 0.6 0.0 0.2 0.3 0.3 0.0 0.9 0.6 + 1.0
phase(D° = p(770)°(xr)s , ;r;?d 0.1 0.0 0.0 0.2 0.5 0.0 0.3 0.1+0.7
phase(D? — (7t 77)s (nn)s , a11) 0.4 0.0 0.1 0.4 3.8 0.0 0.5 04 +39
phase(D°? — (7 77)s (n7)s , a12) 0.4 0.0 0.0 1.0 6.6 0.1 1.5 04 +69
phase(D® — (7 77)s (n7)s , baxn) 0.1 0.0 0.0 0.4 5.6 0.1 1.5 02 +5.8
phase(D® — (7*77)s (77)s , Claman]) 1.0 0.0 0.1 0.3 0.7 0.0 0.7 1.0+ 1.0
phase(D® — (7*77)s (775 , Clankk]) 0.4 0.0 0.3 0.5 0.5 0.1 0.6 0.6 +0.9
phase(D° — £2(1270)(zm)s , fll;rrﬂd) 0.4 0.1 0.1 0.4 1.4 0.0 1.3 04 +20
phase(D° _)f2(1270)0(m)57f11;r1<0d 0.2 0.0 0.2 0.3 1.6 0.1 1.1 02+20
phase(D° — w(782)7°) 0.3 0.0 0.1 0.5 0.3 0.0 0.0 03+05
phase(D® — $(1020)7°) 0.1 0.0 0.2 0.3 0.4 0.0 0.1 02+05
phase(a;(1260) — p(770)7[D]) 0.5 0.1 0.1 0.4 0.3 0.1 0.0 0.5+05
phase(a;(1260) — f2(1270)x[P]) 0.7 0.0 0.1 22 0.2 0.0 0.7 0.7+23
phase(a;(1260) — (7" 7 7)sx[P], B1) 1.3 0.2 0.3 0.6 0.9 0.2 0.3 14+ 1.1
phase(a; (1260) — (x*7~)s [ P], fgod 0.7 0.1 0.1 0.5 0.5 0.1 1.2 0.7+15
phase(a; (1260) — (x+7~)s 7l Pl, f113r1(<)d 0.6 0.0 0.0 0.3 0.4 0.1 0.9 0.6 + 1.0
phase(7(1300) — (x*77)s 7, B1) 0.3 0.1 0.2 0.3 2.4 0.1 0.8 04+25
phase(z(1300) — (r+77)s 7, f}?}?d 0.2 0.0 0.2 0.5 0.3 0.1 0.8 03+ 1.0
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and D° — n*n n°7%(non-;) are measured using the DT
method. The numbers of ST events (N;') for the tag
mode g and DT events (Ny') for the self-conjugated sig-
nal model f'with the tag mode g are given by

NST = 2NpopBeey (1 +yp)(1+71; —2r,Ryypcosd,), (43)

NPT =2Npopo B Byepy (1+yp)[1+r;—2r R,cos6,(2F]—1)].
(44)

Here, Npopo is the total number of D°DP pairs in the data,
B, and B, are the branching fractions of the signal mode
fand tag mode g, respectively, €/" and €}; are the corres-
ponding ST and DT efficiencies, and yp is the D°-po
mixing parameter. By combining Eqgs. (43) and (44) and
ignoring the term 2r,R,ypcosd, in Eq. (43), the branching
fraction of D° — f is given as

DT
Bf — Zg Ivfg (45)
ST DT /ST 2rgR,c086, ¢
2o NV (ery /€T I_T(ZFJf_I)

14

As described in Sec. IV, the ST and DT yields are ex-
tracted by performing an unbinned maximum likelihood
fit on the My distribution and the 2D distribution of M.
versus M2, respectively. The corresponding ST and DT
efficiencies are obtained with the similar fit processes on
the signal MC sample, as described in Sec. II. The corres-
ponding ST and DT yields and the ST and DT efficien-
cies are summarized in Table 3. According to Eq. (45),
the values in Table 3 and the CP-even fractions obtained
in the amplitude analysis, the branching fractions of
D’ > rtrntn~ and D° — ntn n%z%(non-n) are  calcu-
lated and summarized in Table 16. According to the FFs
obtained in the amplitude analysis, the branching frac-

Table 15.

tions of the intermediate processes are also determined.
The obtained results are summarized in Table 17.

Benefiting from the DT method, most systematic un-
certainties associated with the ST selection are canceled.
The relative systematic uncertainties in the branching
fraction measurement are summarized in Table 18, where
the total uncertainties are the square roots of the quadrat-
ure sums of the individual ones. Details of the systematic
uncertainties in the branching fraction measurements are
described below.

e Tracking efficiency

The tracking efficiency of 7* has been studied in Ref.
[55]. The systematic uncertainties are assigned by re-
weighting the data-MC difference in n* tracking efficien-
cies according to the momentum distribution of 7* in the
signal MC sample. They are assigned as 0.4% and 0.2%
for D - n*n~n*n~ and D° — ntn %7, respectively.

e PID efficiency

The PID efficiency of n* has been studied in Ref.
[55]. The systematic uncertainties are assigned by re-
weighting the data-MC difference in 7* PID efficiencies
according to the momentum distribution of 7* in the sig-
nal MC sample. They are assigned as 1.2% and 0.6% for
D’ - ntrnta and D° — ntnn%7°, respectively.

e 7° reconstruction efficiency

The #° reconstruction efficiency is studied by the
control samples p° —, K+, K'nn, K*n~n*n~ versus
D° - K n*n°, n*n~n°. The corresponding systematic un-
certainty for D° — 7t 7’7" is assigned as 1.3%, by re-
weighting the data-MC difference in 7° reconstruction ef-
ficiencies according to the momentum distribution of n°

in the signal MC sample.

e AE requirement of the signal side
To study the systematic uncertainty from the AE re-
quirement of the signal side, the AE of the signal MC

Systematic uncertainties in the FFs, resonance parameters, and CP—even fractions in units of statistical standard deviations.

1: Background estimation. 2: Detection efficiency. 3: Fit bias. 4: Resonance parameters. 5: Radii of Blatt-Weisskopf barrier factors. 6:

Quantum correlation correction. 7: Extra amplitudes. For the items with "/", the quantities before and after "/" are for D° — a*n n*n~

and D° — 77~ n%70, respectively. In the "Total" column, the term before "+" is the total experimental systematic uncertainty (1, 2, and

3), and the term after "+" is the total model-dependent systematic uncertainty (4, 5, 6, and 7).

1 2 3 5 6 7 Total
FE(D° — a;(1260)*7™) 0.6/1.1 0.0/0.1 0.3/0.1 3.8/0.5 3.0/2.1 0.0/0.1 0.2/1.1 0.7 +48/1.1 +24
FF(D° — a;(1260)"7*) 0.1/0.1 0.1/0.1 0.2/0.2 0.7/1.5 1.4/1.2 0.1/0.1 0.7/0.7 02+ 1.7/02 + 2.0
FF(D° — a;1(1260)°7%) —/0.4 —/0.1 /0.2 —/1.8 /1.7 —/0.0 /0.9 —/0.5 + 2.6
FF(D° — a;(1420)*77) 0.1/0.2 0.0/0.0 0.1/0.0 0.4/0.7 0.4/0.5 0.0/0.1 0.6/0.5 0.1 £0.8/0.2+ 1.0
FF(D° — a;(1640)*7™) 0.7/0.8 0.2/0.2 0.2/0.1 0.6/0.9 1.1/1.1 0.2/0.2 1.2/1.3 0.8 +1.7/0.8 + 1.9

Continued on next page
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Table 15-continued from previous

1 2 3 4 5 6 7 Total
FF(D° - a;(1640)" 1) 0.1/0.1 0.1/0.1 0.0/0.0 0.4/0.2 0.6/0.6 0.2/0.2 0.9/1.0 0.1 +12/0.1 £1.2
FF(D° — a»(1320)*77) 0.1/0.2 0.2/0.2 0.3/0.3 0.5/0.4 0.2/0.1 0.1/0.1 0.3/0.2 0.4 +0.6/0.4 £ 0.5
FF(D° — ay(1320)" %) 0.1/0.0 0.0/0.0 0.1/0.1 0.7/0.3 0.5/0.6 0.1/0.1 0.4/0.5 0.1 £ 1.0/0.1 £ 0.8
FF(D° — hy(1170)°2%) /0.7 —/0.1 —/0.2 —/1.1 /0.7 —/0.0 —/1.0 —/0.7 + 1.6
FF(D° — (1300)*77) 0.6/0.9 0.1/0.1 0.0/0.0 0.9/1.0 1.1/1.2 0.2/0.1 0.6/0.2 0.6 = 1.6/0.9 + 1.6
FF(D° — #(1300)"7*) 0.1/0.4 0.2/0.2 0.0/0.1 1.1/1.4 1.2/1.5 0.1/0.1 0.5/0.1 0.2 + 1.7/0.5 + 2.1
FF(D® — 7(1300)°2%) /0.5 —/0.2 —/0.0 /0.9 —/0.6 /0.0 /0.2 —/0.5 = 1.1
FF(D° — m,(1670)°7°) —/0.8 —/0.1 —/0.1 —/0.3 —/0.4 —/0.1 —/1.4 —/0.8 + 1.5
FE(D® — p(770)°p(770)) 0.3/- 0.0/- 0.0/- 1.5/- 0.2/- 0.1/- 0.6/—- 0.3 £ 1.6/~
FF(D° — p(770)°p(770)°[S 1) 0.1/- 0.0/— 0.1~ 0.7/- 0.3/~ 0.1/~ 0.3/~ 0.1 +£0.8~
FF(D° — p(770)°p(770)°[P]) 0.0/ 0.0/- 0.4/ 0.5/ 0.5/- 0.3/ 0.1/- 0.4 £ 0.8
FF(D° — p(770)°p(770)°[D]) 0.3/—- 0.0/— 0.2/— 0.9/~ 0.3/~ 0.1/~ 0.5/~ 04+ 1.1~
FF(D° — p(770)°p(1450)°) 0.0/ 0.0/- 0.0/- 0.7/- 0.7/- 0.1/- 0.8/—- 0.0 + 1.3/~
FF(D° — p(770)°p(1450)°[P]) 0.1/- 0.2/ 0.2/— 1.3/~ 0.6/~ 0.3/~ 0.1/~ 0.3 + 1.5~
FF(D® — p(770)°p(1450)°[D]) 0.1/ 0.1/- 0.1/- 0.2/- 0.9/- 0.1/- 0.8/—- 0.2+ 1.2/-
FE(D° — p(770)*p(770)") /0.9 —/0.0 —/0.3 —/1.3 /0.5 —/0.1 /1.0 —0.9 = 1.7
FE(D° — p(770)*p(770)~[S 1) —/0.6 —/0.1 —/0.1 —/1.1 —/0.6 /0.0 —/1.0 —/0.6 = 1.6
FF(D° — p(770)*p(770)"[P]) —/1.0 —/0.2 —/0.1 /0.5 /0.4 —/0.1 /0.8 —/1.0 = 1.0
FE(D® — p(770)*p(770)~[D]) —/0.1 —/0.1 —/0.2 —/0.4 —/0.3 —/0.1 —/0.6 —/0.2 £ 0.8
FF(D° — p(770)*p(1450)~[D]) /0.7 —/0.1 —/0.4 —/1.9 /0.8 —/0.1 /0.7 —/0.8 2.2
FE(D° = p(770)°(nn)s ) 0.5/0.3 0.0/0.0 0.2/0.2 2.7/1.8 0.1/0.1 0.0/0.0 1.0/0.7 0.5+29/04+19
FF(D° — (x* 77 )s (n7)s ) 0.1/0.6 0.0/0.0 0.1/0.2 2.0/1.3 0.6/0.8 0.1/0.0 0.3/0.5 0.1 £2.1/0.6 + 1.6
FF(D° - £(1270)°(nm)s ) 0.0/0.1 0.0/0.0 0.1/0.1 2.6/2.9 1.1/1.0 0.0/0.0 1.4/1.6 0.1 £3.2/0.1 +£3.5
FF(D° - w(782)7%) —/0.1 —/0.0 —/0.1 —/0.3 —/0.1 —/0.0 —/0.4 —/0.1 £ 0.5
FF(D° — $(1020)7°) /0.2 —/0.1 —/0.4 -/0.3 —/0.2 —/0.1 —/0.5 —/0.5 + 0.6
FF(a1(1260)* — p(770)7[S 1) 0.8/0.8 0.1/0.1 0.1/0.0 1.2/1.2 0.4/0.4 0.1/0.1 0.6/0.6 0.8 +1.4/0.8 +14
FF(a1(1260)* — p(770)7[D]) 0.1/0.1 0.0/0.0 0.2/0.2 2.2/2.1 0.5/0.4 0.0/0.0 0.1/0.1 0.2 +£2.3/0.2 + 2.1
FF(a1(1260)* — f2(1270)x[P]) 0.7/0.7 0.0/0.0 0.1/0.1 0.4/0.3 1.2/1.2 0.1/0.1 0.3/0.3 0.7 +1.3/0.7+ 1.3
FF(a;(1260)* — (x*77)s7[P]) 0.8/0.9 0.1/0.0 0.2/0.2 1.0/1.6 0.3/0.1 0.2/0.1 0.9/0.8 0.8 +1.4/0.9 + 1.8
FF(a;(1260)° — p(770)7[S 1) /0.7 —/0.1 —/0.0 —/1.4 /0.3 —/0.1 /0.6 —/0.7 = 1.6
FF(a1(1260)° — p(770)7[D]) —/0.1 —/0.0 —/0.2 2.2 —/0.4 —/0.0 —/0.1 —0.2 £2.2
FF(a1(1260)° — f2(1270)x[P]) —0.7 0.0 —/0.1 —/0.4 /1.4 -/0.1 -/0.3 0.7+ 15
FF(a1(1260)° — (7% 77)s 7[P]) —/0.8 /0.0 /0.3 —/1.6 /0.1 /0.1 /0.8 -/0.9 £ 1.8
FE(n(1300)* — p(770)7) 0.0/0.2 0.1/0.1 0.3/0.3 2.0/0.8 2.2/33 0.1/0.1 0.4/0.3 03 +3.004+34
FE(x(1300)* — (7" 77 )s7) 0.1/0.1 0.1/0.1 0.3/0.4 1.8/1.2 2.3/2.9 0.1/0.1 0.3/0.2 0.3 +£29/04 +3.1
FF(7(1300)° — p(770)r) /0.2 —/0.1 —/0.2 /1.0 /3.3 —/0.1 —/0.4 —/0.3 £ 3.5
FF(7(1300)° — (x*77)s7) /0.0 —/0.1 —/0.4 —/1.9 —/2.6 —/0.1 —/0.1 —/0.4 £ 3.2
Ma, (1260) 0.5 0.1 0.0 4.0 1.2 0.1 1.6 0.5+45
Ty, (1260 1.7 0.2 0.0 32 23 0.4 1.7 1.7+43
Mr(1300) 0.8 0.1 0.0 1.1 1.1 0.0 1.0 08+ 1.8
Tx(1300 0.7 0.1 0.0 2.9 0.4 0.2 0.5 0.7 +3.0
F* 0.7/1.0 0.0/0.2 0.1/0.1 0.7/0.8 0.3/0.8 0.1/0.1 1.0/0.6 0.7+ 13/1.0+1.3
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Table 16. Branching fractions of D° — 7777~ and D° — 7% 7~ 7%2° (non-#) from this work compared to the PDG [25] values, where

the first uncertainties are statistical and the second are systematic.

This work PDG
D — (0.688+0.010+£0.010)% (0.756 +0.020)%
D — 77~ 7%2% (non-n) (0.951+0.025+0.021)% (1.005 0.090)%

Table 17. Branching fractions of the intermediate processes with FFs>1% in D° — n*n~7*2~ and D° — n*2~n%2°. The first uncertain-
ties are the statistical uncertainties, the second are the systematic uncertainties from the total branching fraction measurements, and the
third are the systematic uncertainties of the FFs from the amplitude analysis.

Branching fraction (%)

Component
JiaF v oF o ata 7070
D — a;(1260)* 7~ 0.566 +0.024 +0.008 £0.110 0.546 +0.027 £ 0.011 +0.069
DO — a;(1260)" 7+ 0.071 £0.010+0.001 +£0.017 0.068 £0.011 +0.001 +0.021
D° — a;(1260)°7° - 0.313+£0.031+0.007 +0.082
DO — a;(1640)* 7~ 0.012 +0.003 +0.000 + 0.006 0.010 +0.003 + 0.000 + 0.007
DY — 1 (1170)°72° - 0.012 +0.006 + 0.000 +0.010

D° — n(1300)*n~ 0.222+0.018 +0.003 +£0.031

DO — 7(1300)" 7+ 0.162+0.016 +£0.002 £ 0.028

DY — 7(1300)°7° -

0.148 £0.014 +0.003 £ 0.025
0.108+£0.011 +0.002 +0.021
0.221+0.027 +0.005 £ 0.033

D — 75(1670)°7° - 0.010 +0.002 +0.000 + 0.004

DY — p(770)°p(770)° 0.193 +0.013 £0.003 +0.022 -

DY — p(770)°p(770)°[S ] 0.012 +0.004 + 0.000 + 0.003 -
DO — p(770)°p(770)°[P] 0.067 £0.007 +0.001 + 0.006 -
D — p(770)°p(770)°[D] 0.159+0.015+0.002+0.017 -

D — p(770)°p(1450)° 0.017 +0.006 + 0.000 + 0.008 -
DY — p(770)°p(1450)°[P] 0.007 +0.003 + 0.000 + 0.003 -
D — p(770)°p(1450)°[D] 0.010 +0.006 + 0.000 + 0.008 -

DO — p(770)* p(770)~ - 0.864 £0.040 +0.018 £ 0.075
D° — p(770)* p(770)7[S] - 0.124£0.019 +0.003 +0.033
DO — p(770)* p(770)"[P] - 0.186+0.013 +0.004 +0.019
DO — p(770)*p(770)"[D] - 0.342 £0.029 +0.007 £ 0.024

DO — p(770)* p(1450)~[D] - 0.016 £ 0.008 +0.000 £ 0.016
DO — p(770)°(n7)s 0.019 +0.004 £ 0.000 +0.012 0.010+0.002 + 0.000 + 0.004

DO — (ntn)s (nm)s 0.432 £0.032 +0.006 + 0.066 0.356 +0.029 +0.007 + 0.049
DO — £,(1270)°(nr)s 0.012 +0.003 +0.000 + 0.008 0.010+0.002 +0.000 + 0.008
DO — w(782)n° - 0.009 + 0.004 = 0.000 + 0.002

D — $(1020)7° - 0.014 +0.004 +0.000 + 0.003

sample is smeared by a Gaussian function, while the
mean and width are obtained by performing a fit to the
AE distribution of the data with the signal MC shape con-
volved with a Gaussian function. The resultant changes of
the efficiencies with respect to the nominal values, 0.1%
for both D° — n*n~n*n~ and D° — n*n~n°7°, are taken as
the systematic uncertainties.

e ST fit

The systematic uncertainty of the ST fit is studied by
changing the signal and background shapes. The signal
shape is changed by replacing the Gaussian resolution
with a Crystal Ball function [57]. The background shape
is changed with a floating cut-off parameter for the AR-
GUS function. The square root of the quadrature sum of
the relative change of the ST yields, which gives 0.5%, is
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Table 18. Relative systematic uncertainties (%) of the meas-
ured branching fractions.

Source BD® - rtrata) BD® - nta7070)
7~ tracking 0.4 0.2
7= PID 1.2 0.6
7° reconstruction - 1.3
AFE cut in signal side 0.1 0.1
ST fit 0.5 0.5
DT fit 0.6 1.4
Amplitude model 0.3 0.6
Quantum correlation correction 0.3 0.4
MC statistics 0.1 0.2
Total 1.5 22

taken as the systematic uncertainty.

e DT fit

As described in Sec. VII, the systematic uncertainties
of the DT fit are obtained by varying the signal and back-
ground shapes and the yields of the peaking backgrounds
in BKGVI in the fit. The square roots of the quadrature
sums of the relative changes of the DT yields in the indi-
vidual changes are 0.6% and 1.4% for D° — n*n ntn™
and D° — n*n 7%, respectively, which are taken as the
systematic uncertainties.

e Amplitude model

The DT efficiencies are obtained by varying the para-
meters of the amplitude model within their uncertainties.
The resultant standard deviations of the DT efficiencies,
which are 0.3% and 0.6% for D°— r*n n*n~ and
D° - n*nn’z°, respectively, are taken as the systematic
uncertainties.

e Quantum correlation corrections
The uncertainties associated with the input paramet-
ers of quantum correlation (7, R, J, and F.) are 0.3% and

0.4% for D° > r*nn*n~ and D° — n*nn’z°, respect-
ively, which are assigned according to uncertainty
propagation.

e MC statistics

The systematic uncertainties related with the limited
statistics of the signal MC samples are 0.1% and 0.2% for
D° - ntrntx~ and D° — n*n n%7°, respectively.

IX. SUMMARY

Using 2.93 fb~! of the e*e™ collision data taken at
Vs =3.773 GeV with the BESIII detector, a joint amp-
litude analysis of D° - n*antn~ and D° — ntn n'n®
(non-x) is performed. Large interferences between the
dominant amplitudes of D° — a,(1260)x, D° — n(1300)x,
D" — p(770)p(770), and D° — 2(nmr)s are observed. Based
on the amplitude model, the model dependent CP-even
fractions of D° — n*a n*n~ and D° — ntn 7°7%(non-7)
are determined to be (752 + L1y + 1.54) % and
(68.9 + 1.54 + 2.4 )%, respectively, consistent with
the previous measurements performed by the CLEO [6,
13, 52] and BESIII [53, 54] collaboration. The branching
fractions of D’ — n*n n*n~ and D° —x*n 7°2°(non-7)
are measured to be (0.688 + 0.0104,. + 0.0104)% and
(0.951 + 0.0254,. + 0.0214 )%, respectively, where the
former is 30~ lower than the PDG [25] value. This 30 de-
viation may be due to amplitude model variations, which
affect the global reconstruction efficiency. These results
provide essential information to the search for CP viola-
tion [9] and measurements of the binned strong phase
parameter [6], which are important inputs in the y meas-
urement via the B~ — DK~ decay.
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