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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? - atr~rtn™ and D° — atr 7%7%(non-n). The fit fractions of individual components are obtained, and large
interferences among the dominant components of D° — a1(1260)w, D® — 7(1300)w, D® — p(770)p(770) and D° —
2(nm)s are found in both channels. With the obtained amplitude model, the C' P-even fractions of D° — 't 7~ 7 7~ and
D° = 771~ 7%72% (non-n) are determined to be (75.241. 1stat. 21.5syst. ) % and (68.941.5gtat. 2. 4syst. ) %, respectively. The
branching fractions of D° = 777~ 7+7~ and D° — 7T+71’77T071’0(Il01’1—77) are measured to be (0.688+0.010s¢a¢.40.010syst. ) %
and (0.951 +0.025¢at. :i:O.Oleyst.)%7 respectively. The amplitude analysis provides an important model for binning
strategy in the measurements of the strong phase parameters of D° — 47 when used to determine the CKM angle

~v(¢3) via the B~ — DK~ decay.

Key words BESIII, D° meson decays, amplitude analysis, C'P-even fraction

1 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 flavour physics. One
of the three angles of the unitarity triangle, v(¢s;) =
arg(—V,aV /VedVy), can be measured with the tree-
level decay B¥ — DK* through the interference between
B~ — D°K~ (b — cus) and B~ — D°K~ (b — ucs),
which is one of the most important measurements of
LHCDb and Belle II. Several approaches have been pro-
posed to measure the v angle via the decay BT —
DK#* [3-5]. Here, the relative magnitude and phase be-
tween the D° and D° decays into the same final states,
and the D° decay parameters (e.g. C P-even fraction F)
are the critical inputs. With more data collected by the
LHCb and Belle IT experiments in the coming years, the
decay parameters of D° (D°) will become the dominant
source of uncertainty in the 7 measurement. Therefore,
precision measurements of the D° decay parameters are
urgently required to improve the precision of the v mea-
surement.

The decay D° — 47 is regarded as a sensitive mode
to extract the v angle via B~ — DK ~. Their C'P-even
fractions (F,) and relative strong phase parameters in
the different phase space (PHSP) bins (¢;/s;) serve as
the direct inputs in the GLW [3] and GGSZ [5] meth-
ods, respectively. A reliable decay amplitude model of
D° — 47 is critical to precisely extract F'; and a model-
independent ¢;/s; [6], and to search for C'P violation in
D° — 4rx [7].
cays provide an excellent platform to study the two-body
decays D° — VV and D° — AP, where V, A, and P de-

note vector, axial-vector, and pseudo-scalar mesons, re-
4

Moreover, the four-body D° hadronic de-

spectively. These decays thus enhance the understanding
of the decay dynamics of the D° meson [8, 9].

Currently, there are only a limited number of experi-
mental studies of D° — 47. The FOCUS experiment per-
formed an amplitude analysis of D® — 7T 7~ w7~ based
on ~ 6000 candidate events with a background fraction of
~10% [10]. An amplitude analysis of D® — ntn~ntn~
was also carried out with the CLEO-c data, which con-
tain ~ 7000 candidate events with a background frac-
tion of ~ 20% [11]. However, no amplitude analysis
of D° - 7rr 70 has been performed yet. BESIII
has collected 2.93 fb™' of ete~ collision data at the
center-of-mass energy /s = 3.773 GeV, where the DD
is product by pair without any additional hadrons. This
data sample provide an ideal environment for study-
ing D meson decays with the double tag (DT) tech-
nique [12, 13]. In this method, a single tag (ST) can-
didate requires that only one D meson is reconstructed
via ST mode. A DT candidate requires that both of D
and D are reconstructed via signal mode and ST mode,
respectively. Based on this data sample and DT method
with three ST modes D° — K*n~, D° — K*n—7° and
D° - Ktn~ntm—, we report a joint amplitude analysis
of D° — nfr~ntn~ and D° — w7~ 7%7°(non-n). Fur-
thermore, we determine the model-dependent C'P-even
fractions, the absolute branching fractions, and the frac-
tions of individual components. Throughout this paper,
the charge-conjugated processes are always implied.

2 BESIII DETECTOR AND MONTE
CARLO SIMULATION

The BESIII detector [14] records symmetric e*e™ col-
lisions provided by the BEPCII storage ring [15] in the
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center-of-mass energy range from 2.0 to 4.95 GeV, with
a peak luminosity of 1x 10%® cm™2s™! achieved at /s =
3.77 GeV. BESIII has collected large data samples in this
energy region [16]. The cylindrical core of the BESIII de-
tector 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 en-
closed 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 identification modules interleaved with steel. The
charged-particle momentum resolution at 1 GeV/c is
0.5%, and the dE/dx resolution is 6% for electrons from
Bhabha scattering. 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 [17] Monte Carlo (MC) package, which includes
the geometric description [18] of the BESIII detector and
the detector response, are used to determine detection ef-
ficiencies and to estimate backgrounds. The simulation
models the beam energy spread and initial state radi-
ation (ISR) in the ete™ annihilations with the gener-
ator KKMC [19, 20]. The inclusive MC sample includ-
ing the production of DD pairs (including quantum co-
herence for the neutral D channels), the non-DD de-
cays of the 1(3770), the ISR production of the J/¢ and
1(3686) states, and the continuum processes incorpo-
rated in KKMC are generated to estimate the background
and ST efficiencies. All particle decays are modeled with
EVTGEN [21, 22] using branching fractions either taken
from the Particle Data Group (PDG) [23], when avail-
able, or otherwise estimated with LUNDCHARM [24, 25].
Final state radiation from charged final state particles
is incorporated using the PHOTOS package [26]. The
PHSP signal MC samples of D° — swfr~7nt7r~ and
D° - 77~ 7%7° are generated in PHSP uniformly and
are used to calculate the normalization factor of prob-
ability density function (PDF) in the amplitude analy-
sis. The signal MC samples of D° — wt7~7nT7r~ and
D° — 77~ 7%7%(non-n) are generated according to the
amplitude analysis results and are used to estimate the
DT efficiencies.

3 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 symmetry axis of the MDC. The distance of closest
approach of these charged tracks to the interaction point
must be less than 10cm along the z axis, and less than
1 cm in the transverse plane. Particle identification (PID)
for charged tracks combines measurements of the specific
ionization energy loss in the MDC (dE/dz) and the flight
5

time in the TOF to form likelihoods £(h) (h= K, ) for
each hadron h hypothesis. The charged kaons and pions
are identified by comparing the likelihoods for the kaon
and pion hypotheses, £(K) > L(7) and L(7) > 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 (|cosf| < 0.80) and
> 50 MeV in the end cap region (0.86 < |cosf| < 0.92).
To exclude showers that originate from charged tracks,
the angle subtended by the EMC shower and the posi-
tion of the closest charged track at the EMC must be
> 10° as measured from the interaction point. To sup-
press electronic noises and reject showers unrelated to
the event, the difference between the EMC time and the
event start time is required to be within [0, 700] ns. The
70 candidates are reconstructed from pairs of photon can-
didates with 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 7° mass [23] is performed, and the four-
momenta updated by this kinematic fit are used in the
following analysis.

The signal candidates of D° - nt7~7T7~ and D° —
7t 7% are selected with the DT method [12, 13].
First, the ST D° mesons are reconstructed with the three
hadronic decay modes D° — K+~ D° — Kt7~7°, and
D° - K*+m—ntn~. Two kinematic variables, the energy
difference with respect to the beam energy AFE and the
beam energy constrained mass M, are defined as

AE= Epo—Epcam, (1)

Mbc = Egcam _15250 ) (2)

where Fy..m is the beam energy, and Epo and ppo are
the energy and momentum of the ST D° candidate in
the ete~ center-of-mass frame. For multiple D° candi-
dates in each ST mode, only the one with the smallest
|AE| is kept for further analysis. To reject the back-
grounds from cosmic rays and Bhabha events in the
ST mode D° — K+t7~, the requirements described in
Ref. [27] are applied. To reject the peaking background
D° — K*K%n~ in the ST mode D° — K*r~nn~, the
events with |M(7T7~) —0.4976] < 0.03 GeV/c? are ve-
toed. To further reject combinatorial backgrounds, the
DP candidates are required to have AE within a given
interval defined in Table 1, about 3 times the resolu-
tion for each ST mode. In the sub-sample containing ST
candidates, the signal candidates of D° — ntw—wtn~
and D° — 7t7~ 77 are reconstructed with the 7% and
w0 candidates which have not been used in the ST side
(namely DT thereafter). Similar kinematic variables AE
and M, are formed for signal D° candidates, and the cor-
responding AFE requirements are listed in Table 1. For
multiple signal D° candidates, only the one giving the
smallest |[AE| is kept.

To improve the purity of signal candidates in the am-
plitude analysis, some further selection criteria are ap-



No. X

Amplitude Analysis of D9 - wt7x—nt 7~ and ntw—7O0n0 6

Table 1: The AFE requirements for different decay modes.

Decay mode

AFE (GeV)

D — K+tn—
D° — Ktg—7°

D’ s Ktn—ntn—

0.027,0.026
0.057,0.043

D’ sntn—gto~

D —»ntn—7O0xn0

0.032,0.028

(- )
(- )
(—0.020,0.018)
(- )
(—0.066,0.041)

plied. The studies based on the inclusive MC sample
indicate that most backgrounds from the continuum pro-
cess ete™ — ¢q include a K2 in the final state. Therefore,
common and secondary vertex fits are performed on all
7T~ pairs in the event to reconstruct the K3 candidate.
The candidate events are rejected if there exists any Kg
candidate with 77~ invariant mass within the interval
|M(mt7)—0.4976] < 0.03 GeV /c* with the decay length
greater than twice its resolution. The MC studies also
show that most backgrounds from e™e™ — DT D~ con-
tain the decay D™ — K™n~ 7~ due to its large branching
fraction and a similar topology as the signal. The candi-
date events are rejected if there exists any K7~ 7~ com-
binations with 1.863 < M. (KTn~7~) < 1.878 GeV/c?
and [AE(K*Tn~7n7)| <0.03 GeV. There is also the back-
ground from the process ete~ — D°D°. Events with any
ntn~ % combinations satisfying 1.859 < My, (nFn~n°) <
1.873 GeV/c? and —0.057 < AE(ntn~7%) < 0.043 GeV
are rejected to eliminate the background of D° — w7~ 7°
in the signal process D° — m* 7~ n%7°. All of the above
backgrounds do not form peaks in the M, distribution
of the signal side. There are also some backgrounds
which have the same final states as those in the sig-
nal mode and produce peaks in the My, distributions
of both the ST and signal sides. To reject the peaking
backgrounds D° — K2(— ntn~ )rtn~ and D° — K~ (—
7ta~m")rt in the signal process D° — wta wtn,
events with |M(nt7x~) — 0.4976] < 0.03 GeV/c* or
M(mTm=7m~) < 0.51 GeV/c? are vetoed. To reject the
peaking backgrounds D° — K§(— n°n°)ntn—, D° —
Ko(— ntn)n7° and D° —» K~ (= 777" n° in the
signal process D° — 7r7~7%7°, events with 0.4376 <
M(77°%) < 0.5276 GeV/c* or |M(rtn™) — 0.4976| <
0.03 GeV/c? or 0.4677 < M(m~7°) < 0.5067 GeV/c?
are vetoed. Since the interference between D® — 7%n(—
atr~ %) and D° — 7T 7~ 7070 is negligible, events with
M(rtn~n°) < 0.57 GeV/c? are also vetoed in the signal
process D — 7t~ 7%7%. Moreover, we reject events if
the energy of the photon from 7° decays is below 50 MeV,
as this indicates an incorrect choice of a soft photon.

4 BACKGROUND STUDY AND SIG-
NAL EXTRACTION

With all the above selection criteria, the two-

dimensional (2D) distributions of M® versus M:** of
6

the survived events are shown in the left columns of
Figs. 2 and 3, where M and M are for the sig-
nal and tag sides, respectively. Typically, the signal
events are accumulated around the intersection of M;'®
and M*® at the D° nominal mass. The background,
which arises from miscombinations both in the signal
and tag sides (namely BKGI thereafter), is located at
the diagonal band. There are also the backgrounds from
ete” — D°D° but with the wrong reconstruction of the
signal side (namely BKGII) or tag side (namely BKGIII),
distributed as the vertical and horizontal bands, respec-
tively. Detailed MC studies indicate that most of the
backgrounds from ete~ — D°D° do not form individual
peaks in the distribution of M;'¢ or M*¢. However, there
are backgrounds from ete™ — D°D° with D° — K+n—7°
(namely BKGIV) or D° — 7t~ 7% (namely BKGV)
with the wrong reconstruction of w°, which are exactly
the signal but with the wrong reconstruction of 7% and
produce a relatively broad peak in the M *® or M* dis-
tribution, respectively. There are also the backgrounds
of D° = Kirtn—, D° — K3n#° D° —» K-nt7® and
D° — K2n' (namely BKGVI), which have analogous fi-
nal states as the signal with the specific decay modes of
K —ntn, K§ - 77 K-> 7 7 and / = yrtn—.
These backgrounds are not directly distinguished from
the signal in the M and M *® distributions and are es-
timated 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 M*¢ of the remaining DT events in individ-
ual tag modes. In the fit to the M ** distribution, the sig-
nal shape is described by the MC simulated shape of the
truth-matched ST events, and the background shape is
described by an ARGUS function with the cut-off param-
eter fixed at 1.8865 GeV/c? [28]. For the D° — K*x~r°
tag mode, an additional peaking background is consid-
ered which represents the wrong reconstruction of 7° as
discussed above. This peaking background shape is de-
scribed by the MC-simulated shape of the truth-matched
ST events convolved with a bifurcated Gaussian function
with fixed parameters that are obtained from the fit to
the corresponding simulated background events. The re-
sults of the fits to the M;*® distributions are shown in
Fig. 1.
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Table 2: 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 L rt w00
Tag mode Ktrn~ Kta—a® | Kta nta K*trn~ Ktaa® | Kte—nta
N(KZntn™) | 24.742.3 | 424+4.3 22.94+2.6 12.6+£3.1 | 27.7+6.2 29.24+6.2
N(K2r°7°) - - - 17404 | 43409 | 2.4+06
N(K-7tx0) - - - 12.6+1.2 | 23.1+2.2 24.0+1.8
N(K%n) - - - 3.0£1.2 3.9+£1.7 2.8+£1.2

In the fit to the 2D distribution of M:# (labelled as
y1) versus M (labelled as y,), the signal is described
by

S(ylvy2)®G(y1§/‘y170y1)®G(y2;ﬂyzvay2)v

where S(y1,y») is the signal MC shape derived from the
truth-matched events, and G(u,0) is the Gaussian func-
tion describing the resolution difference between data and
MC simulation by fixing the parameters p,, ,, and oy,
to those from the fits on the one-dimensional M, distri-
butions.

The BKGI is described by

T(yr —yos 1,0 (Y1 +12),1) X A(yr;my,, 2, ,p),)

. ’ ’
X A<y2amyza'zy27py2)7

where T is the student’s function defined as T (y; u,0,n) =
%[1 + %(%)2]7%17 o(y1+y2) = oo+ o1(yr +
Y2 — My, —m,,) and A is the ARGUS function defined
as A(y;m, z,p) =y(1— i—i)”e“lf%). In the fit, only the
cut-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(y2(1)) by G(y2(1);/1/y2(1) ?Uyg(l) )]

X A(yl(Z);my1(2) 7Zy1(2) 7py1(2) )7

where A is the ARGUS function as described above,
S(yo(1y) is the projection of S(yi,y2) on Y1y and G is
the same Gaussian function as described above. In the
i 18 fixed to 1.8865 GeV/c?, p,, .
is fixed to the values obtained from the fits to the inclu-

fit, the parameter m

sive MC sample, and z,, 2 i a free parameter.
The BKGIV is described by

B1(y1,Y2) @ G(Y13 by 0y, ) @ G (Y23 fys s Tyy )

where Bi(y;,y,) is the truth-matched signal MC shape
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 Gaussian func-
tion are fixed to the values obtained from the fit to the
M;2# distribution of the corresponding simulated back-

ground events.
7

The BKGV in D° = 77~ 770 is described by

BZ(y1>y2) ®G(y1§:uy1 » Oyq ) ®G(y2§ ;U'y270y2)7

where By(y1,y2) is the truth-matched signal MC shape
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 Gaussian func-
tion 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>y2) ®G(y1§:uy1 y Oyq ) ®G(y2§ ;U'yzvayz)v

where Bs(y:,y) is the truth-matched MC shape con-
volved 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 corre-
sponding 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.

5 AMPLITUDE FORMULA

To improve the resolutions of kinematic variables,
a one-constraint kinematic fit with the hypothesis of
D° — 47 by constraining the 47 invariant mass to the
known D° mass [23] is performed on the candidate events,
and the updated kinematic variables are used in the am-
plitude analysis. Using the GPUPWA framework [31], a
joint amplitude analysis is performed on the candidate
events of D° —» 7t r~wTw~ and D° — 7T 7n~7°7°(non-n).
The general amplitude of the D° — f decay is given by

As(p) = ZAiUi () , (3)

where U, is the amplitude of the i-th intermediate process
with a complex coupling factor A; and p is a set of four-
momenta of final states. For the D° decay amplitude,
assuming C' P conservation, the C' P-conjugate PHSP p is
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Figure 1: The M;?® distributions of the ST candidates for D° — K*n~ (left), D° — K*n~7° (middle) and
D° — K*m~mtm~ (right). The dots with error bars are data, the blue solid curves are the total fit results, and
the red and blue dashed curves are the signal and background, respectively.
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Figure 2: The 2D distributions (left) of M;*® versus M;® and the projections on M;** (middle) and M;* (right) of
the 2D fits on the DT events tagged by D° — K*7~ (first row), D° — K7~ 7° (second row), and D° — K+tr ntm~
(third row) in the D° — 7tn~ 77~ decay. The dots with error bars are data. The blue solid curves are the total fit

results, and the red dashed curves show the signal. The green, blue, orange, and magenta dashed curves are BKGI,
BKGIII, BKGVI, and the combination of BKGII and BKGV, respectively.
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Figure 3: The 2D distributions (left) of M*¢ versus M;:* and the projections on M** (middle) and M# (right) of the
2D fits on the DT events tagged by D° — K*+m~ (first row), D° — K*7~7° (second row) and D° — K+7~w+7~ (third
row) in the D — 77~ 7%7° decay. The dots with error bars are 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 D - K+r~ D° — K+r— 70 D Ktr—mwtn—
NST 549586 + 778 914531 +1321 600316+ 856
ST 0.6762+0.0004 0.2953 +0.0001 0.3365=0.0002
N2E 1719442 25604 56 1520443
e 0.2792+0.0006 0.1187+0.0002 0.1221+0.0003
NPT, (non-n) 721432 917439 562429
T o (non-n) 0.0818 +0.0003 0.0319+0.0001 0.033440.0001
2rfioss —0.11440.004 [29] | —0.06740.005 [30] | —0.0467301% [30]
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defined by interchanging the charge of the final state and
the reversal of three-momenta. Then, the amplitude of
the D° — f decay is given as

As(p) = ZAiUi ()= Z AUL(P) - (4)

Since the D°DP pair is produced in the (3770) de-
cay, quantum correlation between D° and D° needs to
be considered. By ignoring the effects of C'P violation
and D°-D° mixing, the observed differential cross section
|M;(p)|? of D° — f together with the tag mode D° — g
is

|4y (p) —rgRae™ " Ay (p)|* +r5(1-RY)|A;(p)I* . (5)

[ AL A de,
VI14g2de, [|A2de,
The values of r, R, ¢ for the three tag modes are summa-

rized in Table 4. In practice, the second term in Eq. (5)

2 _ [14g]%d%, —idg
where 7] = 7t and R e "9 =

is ignored due to the relatively small value of 72(1—R2).

The amplitude U; is constructed with the spin factor,
Blatt-Weisskopf barrier factors [32], and propagators of
resonances. To construct U; of the four-body D° decay,
the isobar model is applied in which the decay is factor-
ized into subsequent two-body decay amplitudes [33-35].
The general amplitude of the i-th intermediate process
in a four-body decay is given by

Ul(p) = Si(p)BLD (p)PRl (p)BLR1 (p)PRz (p)BLR2 (p) ) (6)

where S; is the spin factor of the i-th decay amplitude,
B;, (X =D, R, R,) are the Blatt-Weisskopf barrier fac-
tors for the D meson and the resonances R, and Ry, and
Pr, and Pg, are the propagators of R, and R,, respec-
tively. The amplitude is constructed with the exchange
symmetry for indistinguishable pions.

The spin factor is constructed with the covari-
ant Zemach (Rarita-Schwinger) tensor formalism [36-39]
by combining pure-orbital-angular-momentum covariant
tensors fffl) o and the momenta of parent particles to-
gether with Minkowski metric g,, and Levi-Civita sym-
bol €,.,,,. For a process a — be, the covariant tensors
fffl) ,, for the final states of pure orbital angular momen-
tum L are

~ L ’ !
tLL1>M = (_1)LPl51‘)“MLu'1'“#/L (pa)rul et (7)

— (L)
where r = p, —p. and Pm"'uLu’l"'u/L

jection operator of the particle a,

(pao) is the spin pro-

PO(p,) = 1, (8)
PapPap’
Pre) = =g+ (9)
1
Piours(Pa) = 5P (o) Pl (pa) + P (o) P (b))
1
—3 P (0a) Pl (pa) - (10)

Following the isobar model, the spin factors of the four-

body decay D° — P, P, P; P, are summarized in Table 5.
10

The Blatt-Weisskopf barrier factors By (¢q) are derived
by assuming a square well interaction potential as

Br-o(g)= 1 (11)

[ 2
Bi1(q) = P (12)
f 13
- o — 13
2 *+3¢%¢,+9q5, 13)

where ¢ is the momentum of daughter particle in the rest
frame of the mother particle, L is the orbital angular
momentum, and gz —1/R is a hadron “scale” parame-
ter (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

(
Br—s(

resonarnces.
Generally, the propagators of resonances are de-
scribed by a relativistic Breit-Wigner function
1

P(s) =
(s) m2—s—imyl(s) ’

(14)

where I'(s) is the energy dependent width and m, is the
nominal mass of the resonance. For a resonance decay-
ing into two scalar particles a — bc, the energy dependent
partial width ', ,,.(s) is given by

revirori-(2)" () () o

where I'§ ™" is the nominal width when s =mg 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 [40]. The propagator of f,(980) in the
decay a,(1420) — f,(980)7 is described by a Flatté
parametrization of 7w and KK coupled channels with
parameters from Ref. [41].

The K-matrix parametrization [42, 43] instead of the
Breit-Wigner formula is adopted for 7w S-wave. The P-
vector parametrization of the K-matrix for the 7m S-wave
with five coupled channels 7w, KK, mrow, nm, nn’ and
five poles is written as

Fu(s>:[I_iK<5)p(5)];1}PV(S) ) (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 u
and v denote the coupled channels (77w, KK, mrnmm, nn,
and nn’), and only F,(s) of the 7w component is used as
the propagator of the mm S-wave. The K-matrix is given
by

scatt

« 34 ] 178
K,.(s) = (Z e

2 __ __ oscatt
—mZ —s 5— 8§

)on(S) (A7)

which contains five poles (¢ =1 to 5). The parameters of
the K-matrix are fixed to those in Ref. [43]. The P-vector
is written as

5(193 . 1_8prod
Py<s>=<§j Pt )0

2
ma
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Table 4: The input values of r, R and § for the three tag modes.

Mode K7t K-ntn® K-ntn—nt
r(%) | 5.8640.02 [29] | 4.4140.11 [30] | 5.50£0.07 [30]
R 1 0.7940.04 [30] | 0.4470% [30]
5(°) 192.1%55, [29] | 1964+11 [30] 161735 [30]

Table 5: Summary of spin factors in this analysis, where S, P, V, A, T and PT denote scalar, pseudo-scalar, vector,
axial-vector, tensor, and pseudo-tensor mesons, respectively. [S], [P], and [D] represent orbital angular momenta L =
0, 1, and 2 in the decays, respectively.

Decay chain Spin factor

D[S]— P P, P[S]|—=S P, S[S]|—=P;, P, 1

D[S]|— P P,, P[P|—V P, V[P]—Ps P, t,(P)t(V)

D[S]|—P P\, PID|]—T P,, T[D] — P; P, tu (Pt (T)

D[P|— A P, A|S|—»V P,, V[P]— P3; P, t,(D)P (A)t, (V)

DIPl—= A P, AID]—>V P,, VIP]>P; P, t. (D)t (A, (V)

D[P]|— A P, A[P]— S P,, S[S]— Ps P, t,(D)t"(A)

DIP|— A P, A[P]—»T P,, T[D]— P; P, t.(D)t, (A)Pree(A)t,,(T)
D[P]| = Vi Py, Vi[P] =V, Py, Vo[P] = P3 Py t,(D)P (Vy)e u)\aapvlt)\(‘/l)gd(%)
D[D]|— PT P, PT[S|—=T P, T[D]—P; P, tu (D) PP P (PT)t\5(T
D[D]— PT P,, PT[P]—=V P,, V[P]=>P; P, L, (D) P8 (PT)t, (PT)ts(V)
D|D]|— PT P, PT[D]— S P, S[S]—P; P, t,, (D)t (PT)

D[D|—=T P, T[D] =V P,, V[P]—>P; P, W(D)P‘“"’B( )e Mapp"ng(T)P”(T)fW(V)
D[D] =T, Py, T\[P] =T, P>, T,[D] — P; P, E;w(D)PMMB(Tl)eawﬁp;lp(Tl)gg(TQ)

DI[S] =S, S,, S,[S]— P, P,, S,[S]— Ps P, 1
DIP|-»V S, VI[P|—= P, P, S[S]|—>P; P, t, (D)t*(V)
D[S] = Vi Vi, Vi[P] = P, Py, V3[P] = Py Py t, (V) (Va)
D[P] =V, Vi, Vi[P] = P, Py, Vo[P]— P P, EpvasDplt (D) (V1)1 (V)
D[D]—=Vi Vo, Vi[P] = P, P, Vo[P] = P Py b (D)E (V1) (Va)
D[D|—T S, T[D]— P, P,, S[S]— P; P, tu, (D)t (T)
D[P] =TV, T[D]— P, P,, VI[P] = P; P, t, (D)t (T)t, (V)
DDl =TV, T[D]—= P, P, V[P] =P P, GuuaﬁpﬁD{W(D)tNZ(T)~a(V)
D[S| =T, Ty, T\[D] = P, P,, Ty[D]— P; P, t, (T)) 14 (Ty)
D[P =T, Ty, T\[D] = P, P,, Ty[D]— P; P, €vapP M (D)EP (T1) 10 (Ty)
D[D]) =T, Ty, T\[D] = P, P,, Ty[D] = P; P, b (D) (T1) 84 (T)

11
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where the poles are the same as for the K-matrix. The
parameters f., f2°¢,
In practice, there are two mm S-waves in the decay

D°— §,5,, and the corresponding propagator is

prod

and s§'°° are free in the fit.

F),(s1,82) = [I—iK(Sl)P(Sl)];,} I —iK (s2)p(s2)],0
XPP0(51752) ) (19)

where s; and s, are the invariant masses squared of 7,
P,
vectors P,(s;) and P,(ss), and the corresponding coef-
ficients of each term are taken to be independent param-
eters in the fit. Benefiting from the exchange symmetry

of two mm S-waves in the amplitude, P,,(s;,s2) can be

(s1,82) is the expansion of the product of two P-

written as
asp o, B
9,9
P, (51,5 = Qo L
p ( 19 2) QZB ’ﬁ{(mi—sl)(mg—&)

9592 ]
(m%—sl)(m2 —32)

rod

g (1—s5")

+Zbﬂ P prod)(m2 *82)
gp(lfs}?“d)

+me

FClp,0]

—550)(m2 — s1)
(1 Sgrod)g

(S S}O)rod)(s sgrod)

(20)

where ¢j, 5] = ¢p,» +Co,p, and ¢, ) With p > o is fixed to
zero in the fit. Similar to one w7 S-wave, only (77, 7m)
component of F,

The propagators of the resonances a, (1260), a,(1640),
h1(1170) and 7(1300) decaying into 37 are described
by relativistic Breit-Wigner functions with energy de-
pendent widths with the coupled channel 37, where the

is used.

AD" —afn™) = A(phs, -7

AD° = aln®) = —Alpl o, 7)+A(po, 7T

AP sarmt) = —A(pRe, 7

AD° = nin®) = —A(pl, o7 ,7°)

A(D" > £ f)

AD° = p°f) = 24(p%s s rtn ) H APt s from0).

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 which is deter-

mined in the amplitude analysis.

6 AMPLITUDE FIT PROCESS AND
RESULT

In the amplitude fit, the sPlot technique [46] is ap-
plied to deal with the effect of background. In the sPlot
method, the four-momenta of final states are chosen as

. 5i ta . .
control variables x, M; & and M,5® are chosen as discrim-
12

)+ A(pr, on’, ) = cRA(frra-mt T

—Alp, 77T = c2A(frtp-m ")
A, 7 )+ AR, 707,
4A(f7r+ﬂ'*7f7/r+7r*)+2[A(f‘rr+ﬂ'*af7r07r0)+A(f7707\'07 7r+7r*)]+A(f7r07TOaf7er7rU)a

widths are obtained by integrating the amplitude squared
over PHSP

Paoea(s) o [ S laaalids (21

spin

based on the amplitudes Ag_ 3, obtained in this analy-
sis. For other resonances decaying into 3w, a relativis-
tic Breit-Wigner function with a constant width is used.
The parameters of a,(1260) and 7(1300) are determined
in the fit and others are fixed to their respective PDG
values. [23] Due to its small contribution, the a,(1420) is
described as a relativistic Breit-Wigner function with a
constant width, even though it has been regarded as the
effect of the Triangle Singularity [44]. Only the decay of
a;(1420) — f,(980) is taken into account, and the cor-
responding resonant parameters are taken from Ref. [45].

To take into account the resolution effect for the
narrow resonances ¢(1020) and w(782), the shapes of
corresponding relativistic Breit-Wigner functions in the
M (mt7m~x°) distribution are convolved with a Gaussian
function. The parameters of this Gaussian function are
obtained by the fit to the i peak in the M (7 "7~ 7°) dis-
tribution with the Breit-Wigner function of n convolved
with the same Gaussian function.

In this analysis, two decay topologies, D — R; R, and
D — Rym — Rymm, are considered. Meanwhile, isospin
symmetry is considered by applying the Clebsch-Gordan
(CG) coefficients between the isospin processes. The
isospin states for u and d quarks are

) 15050, 82 =15,= 5 ld):15,—5), 1) 15 5)- (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

A(fromomt,m7)],
A(fromom®,70)],
+

A(f.,ro.,roﬂ'i,’fr+)],

)+
) - C[2A(f7r+7f_7T WO) +

(
(
(
(
(
(

inating variables y, and the weight for each candidate
event is obtained by an unbinned maximum likelihood fit
on the 2D distribution of M® versus M;*#, as described
in Sec. 4.

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

ZZNJF](y)+ZkN/éFkI:(y)’
where the index s denotes the signal, F;.(y) are the
PDFs 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 N, and N, are

W.(y) = (29)
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Table 6: The quark components and isospin states for different hadrons used in the analysis.

bt pTat w0, b0, p°, a® T,b7,p",a"

I=11 |ud):[1,1) wizddy: —[1,0) | |du):—[1,-1)
h,w, o, f
I=0 |(uii+dd)+ g(s5)) : —|0,0)

the corresponding yields for each component. The inverse
of covariance matrix Vj; is calculated with

1 Fz(yn)F‘](y”)
Vit= 2 (2 NeFi(ya) + 22, N FY ()

ne€Data

(30)

where the summations for indices k£ and [ run over all
the components of Fj(y) and F/(y) as described above,
respectively. The summation for index m 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 the
fixed number of events. To take into account these ef-
fects, the coeflicients ¢; are calculated as

Ci:ZVsjVij, (31)
j

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

V.. = Z Fz,(yn)Fj(yn)
? (Zk N’“Fk(y">+ZzNz/Fz/(yn))2'

n€Data

(32)

With the obtained W (y) and ¢;, the = 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,

Z N!P/(x (33)

where P,(z) and P/(z) are the x distributions of the sig-
nal 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

€ (p)|M;(p)[*¢4(p)
P.(p)= Te(p |J(4f )2d®,

(34)

where €,(p) is the signal efficiency, |M;(p)|* is the differ-
ential cross section as discussed in Sec. 5, and ¢, (p) is the
PHSP density. The normalization factor is calculated by
MC integration with the PHSP signal MC sample after
event selection,

/ M PABx > M (3)
=t 13

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

Z W, (y:)InP,(p;)

i€Data

Z Z w,InP,(p;)|, (36)

j i1€BMC;

where the second term in the bracket is the contribution
from the peaking background, which is estimated with
the corresponding simulated background MC. The nor-
malization factor w; is given by

w; = ¢; Ngre, /Naxa, - (37)

Here, ¢; is obtained from Eq. (31), and Nggt and Ngi&
are the background yields in data and simulated back-
ground events, respectively. The factor f in Eq. (36),

ZiGData W (yZ) + Z]’ ijlgAI?Gj
ZiGData W52 (yl) + Zj WJQ‘N]%(CGJ ’

is the global factor to correct the statistical bias in the

f= (38)

weighted maximum likelihood fit.

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

ML= Y (mm”’”*”’ +1nL:*"’”°”“), (39)
ictag
and the free parameters are optimized via a maximum
likelihood fit using the MINUIT [47] package.

Generally, all the possible intermediate processes in-
cluding the resonances listed in Table 7 and based on
JFC conservation are considered in the fit. The only ex-
ception are D° decays, where parity conservation is not
required. 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 (x%y,,,,) 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 3o are also
kept. For the P-vector of the mm S-wave, only the param-
eters before the 1st, 2nd poles and 7w, K K non-resonant
terms are considered, and the others are fixed to zero in
the nominal fit. Meanwhile, only those with significance
greater than 30 are kept. We assume the same values of
the parameter s5°¢ in the P-vector of all 77 S-waves and
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Table 7: Resonances considered in this analysis.

JP=0t JP=0- JP=1t JP=1- JP=2+ JP=2-
| s p(770)  £»(1270)
p(1450)
7(1300) a,(1260) w(782)  as(1320) ,(1670)
a1(1420)  $(1020)
T
a1(1640)  ,(1400)
h.(1170)  m,(1600)

fix them to —5 GeV?/c* since they are insensitive to any
choice if s8¢ < —5 GeV?/ct.

To find the optimal solution, the baseline model which
contains the processes from Refs. [10, 11] is built up first.
Next, starting from the baseline model, the significance
of each possible process is tested and the most significant
one 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,
the significances of individual processes in the existing
model are tested again and those that do not satisfy the
significance requirement are removed. The above steps
are repeated until all the processes in the model satisfy
the significance requirement and no further ones can be
added.

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

f|AiUi(p)‘2d¢)

FF, = . (40)
J152,0,U5(p)Pd®
The C'P-even fraction F is calculated as
At (p)|Pd®

T J1AF ()P +]A; (p)Pd2’

where A} (p) = %[Af(p):tflf (p)] is the amplitude of the
D° — f decay in a C' P-even or C P-odd state. The FF re-
sults of different amplitudes are summarized in Tables 8,
9 and 10. The resonant parameters, masses, and widths
of a;(1260) and 7(1300) are determined by the parameter
scans as shown in Fig. 4. The fit results show large in-
terferences among the dominant intermediate processes
D° — a,(1260)7, D° — ©(1300)7, D° — p(770)p(770),
and D° — 2(7m)g. The results for F), obtained in this
analysis are presented in Table 11, which show good
agreement with other measurements. In all above tables,
the mean values are obtained based on the output from
the MINUIT fit, while the corresponding statistical un-
certainties are estimated by the bootstrap method [48]
based on data, since the weighted maximum likelihood
fit is used, and the statistical uncertainties given by the
inverse second derivative of the negative logarithmic like-
lihood are no longer asymptotically correct [49]. In the
bootstrap method, the bootstrap samples are generated

by repeatedly resampling the data set with replacement
14

for thousand times, and both sPlot and amplitude anal-
ysis are performed for these samples. The width of the
distribution of estimated parameter values is used as es-
timator for the parameter uncertainty. The comparisons
between data and MC projection based on the nominal
model for various invariant mass and angle distributions
are shown in Figs. 5 and 6. To determine the quality
of the fit, the goodness of fit is calculated for the ampli-
tude analysis. Here the adaptive bins (with more than
25 events and the sum of weights greater than 0 in each
bin) in five-dimensional PHSP {M (rt7t), M(r~7"),
cosfy 4, cosO_ _, ¢, __} and {M(xTnw~), M(x°x°),
cosf, _, cosby o, ¢4 0o} are defined for D° — rtr—7wta™
and D° — 7T~ 7w%7°, respectively, where 0 is the helicity
angle of 7 in the corresponding 77 system, ¢ is the angle
between two w7 decay planes in the D° rest frame and
the indices +, — and 0 in subscript represent 7+, 7= and
70, respectively. The x? of the amplitude analysis fit is
calculated as

XZ _ Z ( (w}Data — wli\/IC)z , (42)

w%)ata)Q + (wliwc)2

where the summation runs over all the bins in the ten
variables, w* and (w")? are the sum and quadrature sum
of weights in the i-th bin, respectively. The goodness of
fit is calculated to be x?/NDF = 382/396 = 0.96, where
NDF is equal to (Npin — Npara —6).

7 SYSTEMATIC UNCERTAINTY OF
THE AMPLITUDE ANALYSIS

The systematic uncertainties of the amplitude anal-
ysis come from two aspects. One is the experimental
systematic uncertainty which includes those from back-
ground estimation and detection efficiency over PHSP.
Another is the model-dependent uncertainty which in-
cludes those from resonance line shape, radii of Blatt-
Weisskopf barrier factors, quantum correlation parame-
ters, extra amplitudes, and fit bias. To estimate these
uncertainties for each source, the fit is performed with
alternative conditions, and the deviations from the nom-
inal results are taken as the corresponding uncertainties.
Table 12 summarizes the systematic uncertainties on the
FFs, resonance parameters, and C P-even fractions in the
unit of the statistical uncertainty, where the total system-
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Table 8: The fit parameters, FFs and significances of individual amplitudes, where the first uncertainties are statistical
and the second in FFs are systematic.

Amplitude Magnitude | Phase (rad) FF (%) Significance (o)
Tt 7t 7 0n0
a, (1260) "7 100(fixed) 0(fixed) 82.243.3+£16.0 | 57.4+2.7+7.3 >20
a,(1260)~ 7t 35.3+2.7 0.23+0.07 10.3£1.5£25 72+1.1£22 15.6
a,(1260)°7° 50.9+£3.1 —2.9940.06 - 32.9+3.2+8.6 >20
a,(1420) Y7~ 19.0+3.6 2.70+0.18 0.6+0.24+0.2 0.3+£0.1£0.1 6.0
a,(1640) 7~ 20.1+3.0 —2.07+0.16 1.7+£0.5+0.9 1.1+0.3£0.7 7.3
a,(1640)~ 7+ 10.5£2.8 —1.26+0.29 0.5£0.3+0.3 0.3£0.24+0.2 5.2
ay(1320) T 7~ 0.23£0.07 —2.9240.30 0.24+0.1£0.1 0.24+0.1£0.1 4.6
ay(1320)~ 7t 0.30£0.05 —0.474+0.21 0.4£0.14+0.1 0.3£0.14+0.1 6.4
hy1(1170)07° 9.7£2.2 —0.59+0.27 - 1.3+£0.6x1.1 6.5
m(1300) 7~ 76.3+£3.6 | —2.325+0.044 | 32.3£2.6+4.5 | 15.6+1.4+2.6 >20
m(1300) 7" 65.1+3.4 | —2.631+£0.045 | 23.54+2.3+4.1 | 11.4+1.1£2.2 19.0
m(1300)°7° 61.1+3.2 0.61£0.05 - 23.2+£2.8+3.5 16.8
m5(1670)°7° 12.2£1.5 —1.11+0.14 - 1.1+0.2+04 6.9
(770 p(770)° - . 28.0-£1.9+3.2 ; 20
p(770)°p(770)°[S] 6.1+1.1 | —3.10£0.17 | L7+0.6+0.5 - 6.5
p(T70)°p(T70)°[P] | 6.17+0.36 1.6240.07 | 9.84+1.040.9 - 19.5
p(T70°p(770°[D] | 4544022 | —3.064£0.05 | 23.14+2.1+2.4 - >20
p(770)°p(1450)° - : 25+0.9+1.1 - 8.0
p(770)°p(1450)°[P] | 13.9+2.5 0.684£0.20 | 1.0+£0.4+0.5 - 6.4
p(770)°p(1450)°[D] | 5.6+1.3 3.0840.20 | 1.5+0.9+1.1 - 5.0
p(T70)* p(770)~ - . - 90.9+£3.9+7.9 ~20
p(T70) p(770)7[S] | 13.7+1.2 3.0340.09 - 13.0£2.0£3.5 13.0
p(770)"p(770)"[P] | 7.10£0.36 | —1.69+0.07 - 19.6+1.34£2.0 >20
p(770)Tp(770)~ D] 4.59+0.22 0.06£0.05 - 36.0£3.0+£2.5 >20
p(770)*p(1450)~[D] | 81+1.7 | —1.0140.18 - 1.69+£0.8+1.7 6.3
p(770)° (7)) 5 - - 2.7£0.6£1.8 1.0+£0.2+0.4 12.8
B 8.44+3.6 —1.6840.50 - - -
fprod 407450 | —0.5040.14 - - -
prod 121425 1.7340.23 - - -
(rtn)s(mm)s - : 62.844.6+£9.6 | 37.443.0+5.1 >20
a1 2224435 | —1.04440.019 - - -
a2 7287 +62 1.72740.009 - - -
ba 8816120 | —1.1074+0.014 - - -
Conmm] 2433496 | 1.796-0.043 - ; .
Clnm, KK] 5417+477 2.68+0.10 - - -
f2(1270)°(77r) s - - 1.84+044+1.2 1.14+0.2+0.8 9.1
fprod 183418 | —1.3940.10 - - -
prod 56410 2.2940.20 - - -
w(782)7° 1.58£0.30 —0.50+0.44 - 0.9£0.440.2 6.1
¢(1020)7° 0.4440.06 2.514+0.41 - 1.54+£0.440.3 7.4
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Table 9: The fit parameters, FFs and significance for the three-body decays of a;(1260), a;(1420), a,(1640), a,(1320),

h1(1170), 7(1300) and 7, (1670). The first uncertainties are statistical and the second in FFs are systematic.
Relative FF (%)
Amplitude Magnitude | Phase (rad) atr ntn~ mtr om0 Significance (o)
charge =+1 charge =+1 charge =0
a1(1260) — p(770)x[S] 1(fixed) O(fixed) | 79.742.243.5 | 81.242.0+£3.2 | 78.9+2.2+3.8 >20
a,(1260) — p(770)7[D] 0.060+0.009 | —0.01£0.17 | 1.3+£0.3£0.8 1.2+0.3£0.7 1.3£0.3+0.8 7.5
a,(1260) — f»(1270)7[P] | 0.311+£0.033 | —1.58+0.11 | 1.84+0.4+0.6 0.8£0.2+0.2 1.2+0.2+£04 10.6
a1(1260) — (7t 7~ ) g7 [P ; ; 5440.6+1.0 | 3.14£04+0.8 | 3.940.5+0.9 15.8
By 0.83+0.13 —2.18£0.14 - - - -
frrod 247+0.16 | 0.34-0.08 - - ; -
prod 6.5940.84 1.76£0.12 - - - -
7(1300) — p(770)7 1(fixed) O(fixed) | 53.842.9+8.8 | 79.042.0£6.8 | 73.6£2.6+8.9 >20
m(1300) = (7t 7 ) e - - 51.1+£2.94+8.7 | 26.2+£2.1£6.5 | 36.7£2.6+8.6 14.4
oh 5.0+0.5 —0.64+0.10 - - - -
prod 43.84+2.8 0.34+0.06 - - - -
a1(1420) = £,(980)7[P] 1(fixed) 0(fixed) 100 100 - 6.0
a1(1640) — p(770)x[S] 1(fixed) 0(fixed) 100 100 - 9.1
a3(1320) — p(770)7[D] 1(fixed) 0(fixed) 100 100 - 7.3
ha(1170) — p(770)7[S] 1(fixed) 0(fixed) - - 100 6.5
75(1670) — £,(1270)7[S] | 1(fixed) 0(fixed) - ] 100 6.9

Table 10: Masses and widths of a,(1260) and 7(1300) obtained via parameter scans and presented in the PDG [23].

This work PDG
Mass (GeV/c?) Width (GeV) Mass (GeV/c?)  Width (GeV)
a;(1260) | 1.193+0.005+0.023  0.487+0.009+£0.041 1.230£0.040 0.250—-10.600
m(1300) | 1.5344+0.011+0.022 0.61040.030+0.093 1.30040.100 0.200—0.600
-4764F —a764f -4764F
-4765F -a764]- —a765 -4765 —
2 4766, = I 2 _a766] 2 —a7e6)
; 4766 i
-a767- i 4767} -4767-
-4768L. . . -a768L_, . . . -4768% . . , 47685 , .
118 119 12 046 048 05 052 15 152 154 156 055 06 065

M, (1260) (GeV/C?) 2 1260) (G€V) My1300) (GEV/C?)

Figure 4: Likelihood scans for masses and widths of a,(1260) and 7w (1300).

I razo0) (GEV)

Table 11: The C'P-even fractions obtained in this work and comparisons with the CLEO-c and prior BESIII measure-
ments.

ta—ata— Fr—m0n0
FI Tt FI ™ ﬂw(non_n)

(752411400, £ 1.5,,00 )% (68.9% 150, £2.400 )%
(72.940.9,00r. £ 1540 £ 1.0m0q01) % [11] -
(73.742.8)% [50] -
(76.94 2.1 00 + 1.0, £0.25c, vero)% [6] -
(73441540, +0.8,,5.)% [51] (68.2+£7.7)% [52]

This work (model-dependent)
CLEO-c (model-dependent)
CLEO-c (model-independent, global)
CLEO-c (model-independent, binned)
BESIII (model-independent, global)
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Figure 5: The mass and angular distributions for D° — nt7~ 77—, where 6°° is the helicity angle of a in the ab
system, ¢ap .4 is the angle between the decay planes of ab and cd systems in the D° rest frame.

atic uncertainties are the square roots of the quadrature
sums of the individual contributions. The individual un-
certainties 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
magnitudes of peaking backgrounds in BKGVT in
the 2D fit on the M{** versus M;*¢ distribution.
To estimate the corresponding uncertainties, an al-
ternative fit on the M *® versus M;*® distribution
is performed by varying the means and widths of
two Gaussian functions by +1o for signal, varying
the fixed parameters of the ARGUS function by
+1o0 for BKGI and BKGII, changing the Student’s
function to the bifurcated Student’s function with
different n and o on the left and right sides of the
maximum value and two ARGUS functions to one
ARGUS function on the (M **++M **) dimension for
BKGIII, varying the means and widths of the bifur-
cated Gaussian functions by +1o¢ for BKGIV and
BKGYV and varying the fixed peaking background
yields by +10. The output results are used in the
sPlot technique and amplitude analysis.

e Detection efficiency

The systematic uncertainties due to detection effi-
ciencies are from the 7% tracking/PID and 7° re-
construction. The corresponding uncertainties are
obtained by weighting the PHSP signal MC sam-
ple with a factor ep.i./€éxc when normalizing the
PDF in the amplitude analysis, where €ep,.;, and
emc are the efficiencies of data and MC simulation,
respectively. The 7% tracking/PID efficiencies are
quoted from Ref. [53], while the efficiency of the 7°

reconstruction is studied with the control samples
17

of D° = K—ntn® and D° — nt7n~n% versus three
tag modes used in this analysis.

The parameters and models of resonances

The systematic uncertainties associated with the
masses and widths of resonances in the amplitude
analysis are estimated by shifting the correspond-
ing fixed PDG [23] values or optimized values by
+10. The systematic uncertainties associated with
the model of mm S-wave are estimated by replac-
ing the K-matrix formula with the sum of three
independent resonances of f;(500), f,(980), and
f0(1370), which are described with the formula in
Ref. [54], a Flatté parametrization, and a rela-
tive Breit-Wigner function with energy dependent
width. The overall uncertainties are the square
roots of the quadrature sums of the individual con-
tributions.

Radii of Blatt-Weisskopf barrier factors

The systematic uncertainties due to 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.

Quantum correlation correction

The systematic uncertainty due to the quantum
correlation correction is estimated by varying the
input quantum correlation parameters by +1o in
the amplitude analysis.

Extra amplitudes

The systematic uncertainties due to the ex-
tra amplitudes are estimated with the alter-
native fits with the models including an ad-
ditional amplitude of f5(1270)f,(1270)[D] or
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Figure 6: The mass and angular distributions in D — 777~ 7%7%, where 62° is the helicity angle of a in the ab system
and ¢u; .4 18 the angle between the decay planes of ab and cd systems in the D° rest frame.
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1 [p(770) 7~ [S]]nrm® (“NR”  represents non-
resonant contribution), which are of 30 to 5o sig-
nificance based on the nominal model. The square
root of the quadrature sum of the individual effects
is taken as the uncertainty.

e Fit bias

The sPlot technique, MC integration, detection res-
olution, and many other potential problems from fit
tools may lead to fit bias. To estimate this fit bias,
100 sets of samples with the same size and signal
purity as the data are generated, where the signal
events are generated according to the the nominal
model and the background events are from the in-

clusive MC sample. The amplitude fit is performed
on these samples, and the average deviations of the
fitted parameters from their input values are taken
as uncertainties due to fit bias.

8 MEASUREMENT OF BRANCHING
FRACTIONS

The absolute branching fractions of D® = w7 ntn—
and D° — 7t 7~ 7%7%(non-n) are measured with the DT
method. The numbers of ST events (NJ") for the tag
mode g and DT events (NP') for the self-conjugated sig-
nal model f with the tag mode g are given by

N5T= 2NpopoBye; " (1+y3) (1472 —2r,Ryypcosd,), (43)

DT _
Nfg -

Here, Npopo is the total number of D°DP pairs in data,
B; and B, are the branching fractions of the signal mode
f and tag mode g, respectively, €} and €7 are the cor-
responding ST and DT efficiencies, and yp is the D°-D°
mixing parameter. By combining Eqs. (43) and (44) and
ignoring the term 2r,R,ypcosd, in Eq. (43), the branch-

ing fraction of D° — f is given by
2, Ny
5, NST(eRT /e5T) [1 - 2raflacgsda (9 — 1)

2
1+'rg

By = (45)

As described in Sec. 4, the ST and DT yields are ex-
tracted by performing an unbinned maximum likelihood
fit on the M® distribution and the 2D distribution of
M2 versus Mp®, respectively. The corresponding ST
and DT efficiencies are obtained with the similar fit pro-
cesses on the signal MC sample as described in Sec. 2.
The corresponding ST and DT yields as well as the ST
and DT efficiencies are summarized in Table 3. Accord-
ing to Eq. (45) and the values in Table 3, the branching
fractions of D° —» 7T r~ 7wt 7~ and D° — 7t 7~ 7%7° (non-
n) are calculated and summarized in Table 13. Accord-
ing to the FFs obtained in the amplitude analysis, the
branching fractions of the intermediate processes are also
determined. The obtained results are summarized in Ta-
ble 14.

Benefiting from the DT method, most of the system-
atic uncertainties associated with the ST selection are
cancelled. The relative systematic uncertainties in the
branching fraction measurement are summarized in Ta-
ble 15, where the total uncertainties are the square roots
of the quadrature 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. [53]. The systematic uncertainties are assigned
19

2Npopo BByl (1+y3) [+ 72 —2r, R cosé, (2F —1)]. (44)

by re-weighting the data-MC difference in 7% track-
ing efficiencies according to the momentum distri-
bution of 7+ in the signal MC sample. They are
assigned to be 0.4% and 0.2% for D° — ntar—wtn~
and D° — 7t~ 770, respectively.

e PID efficiency

The PID efficiency of m* has been studied in
Ref. [53]. The systematic uncertainties are assigned
by re-weighting the data-MC difference in 7% PID
efficiencies according to the momentum distribu-
tion of 7% in the signal MC sample. They are as-
signed to be 1.2% and 0.6% for D° — nrr—wtmr—
and D° — nt7~ 7970, respectively.

e 70 reconstruction efficiency

The 7° reconstruction efficiency is studied by
the control samples D° — K*tr~, K*tn x°,
Ktn—atn~ versus D° — K-t x0, ata= 7% The
corresponding systematic uncertainty for D° —
ntr =770 is assigned to be 1.3%, by re-weighting
the data-MC difference in 7° reconstruction effi-
ciencies according to the momentum distribution
of 7¥ in the signal MC sample.

e AF requirement in signal side

To study the systematic uncertainty from the AE
requirement of the signal side, the AFE of the sig-
nal MC sample is smeared by a Gaussian function,
while the mean and width are obtained by per-
forming a fit to the AFE distribution of data with
the signal MC shape convolved with a Gaussian
function. The resultant changes of the efficiencies
with respect to the nominal values, 0.1% for both
D » ntr~ntr~ and D° — 77~ w070, are taken
as the systematic uncertainties.

e ST fit
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Table 12: Systematic uncertainties in the FFs, resonance parameters and C'P-even fractions in units of statistical

standard deviations.

1: Background estimation. 2: Detection efficiency. 3: Resonance parameters.

4: Radii of

Blatt-Weisskopf barrier factors. 5: Quantum correlation correction. 6: Extra amplitudes. 7: Fit bias. For the items

with /7, the quantities before and after “/” are for D° = nTn~nt7~ and D° — w7~ 7%, respectively.
1 2 3 4 5 6 7 Total
FF(D° — a,(1260)*7~) 0.6/1.1 0.0/0.1 38/05 3.0/21 00/01 02/1.1 03/0.1 4.9/2.7
FF(D° — a,(1260)~7+) 0.1/01 0.1/0.1 0.7/15 14/1.2 0.1/01 0.7/07 02/02 1.7/2.1
FF(D° — a,(1260)°7°) /04 -0l -/18 /LT -/0.0  -/09  -/02  -/2.6
FF(D° — a,(1420) " 1) 0.1/0.2 0.0/0.0 0.4/0.7 0.4/0.5 0.0/0.1 0.6/0.5 0.1/0.0 0.8/1.0
FF(D° — a,(1640)*7~) 0.7/08 02/02 06/0.9 11/11 02/0.2 12/1.3 02/0.1 1.9/2.1
FF(D° — a, (1640) 1) 0.1/0.1 0.1/0.1 04/02 0.6/0.6 02/0.2 09/1.0 0.0/0.0 1.2/1.2
FF(D° — a,(1320)*7~) 0.1/02 02/02 05/04 0.2/0.1 0.1/0.1 0.3/0.2 0.3/0.3 0.7/0.6
FF(D° — a5(1320)7+) 0.1/0.0 0.0/0.0 0.7/0.3 05/0.6 0.1/0.1 0.4/0.5 0.1/0.1 1.0/0.9
FF(D° — h, (1170)°7°) /o7 -jo1 /11 -/07  -/0.0 /10 -/02  -/L8
FF(D° — (1300)+7~) 0.6/0.9 0.1/01 09/1.0 1.1/1.2 02/0.1 0.6/02 0.0/0.0 1.7/1.8
FF(D° — 7(1300)~7+) 0.1/04 02/02 11/14 1.2/L5 0.1/0.1 0.5/01 0.0/0.1 1.8/2.1
FF(D° — 7(1300)°7°) 05 -/02  -/0.9  -/0.6  -/0.0  -/02  -/0.0  -/1.2
FF(D° — 7,(1670)°7°) /08 -/01  -/03  -/04  -/01  -/14  -/01  -/1.7
FF(D° — p(770)° p(770)°) 0.3/- 00/~ 15/ 02/~ 01/~ 06/~ 00/  17/-
FE(D° — p(770)° p(770)°[S]) 0.1~ 00/ 07/ 03/~ 01/~ 03/~ 01/  08-
FF(D° — p(770)° p(770)°[P]) 0.0/~ 00/ 05/~ 05/~ 03/~ 01/~ 04/~ 0.9/
FF(D° — p(770)° p(770)°[D]) 0.3/- 00/~ 09/~ 03/~ 01/  05/- 02/~ 11/
FF(D° — p(770)° p(1450)°) 0.0/~ 00/~ 07/ 07/~ 01/~ 08/~ 00/ 1.2/-
FE(D° = p(770)°p(1450)°[P]) | 0.1/-  0.2/-  1.3/-  06/- 03/- 01/~ 02/- 1.5/
FF(D° — p(770)°p(1450)°[D]) | 0.1/- 0.1/~ 02/~ 09/~ 01/~ 08/~ 01/~ 1.2/
FF(D° — p(770)* p(770)") 09 -/00  -/L3  -/05  -/01  -/1.0  -/0.3  -/2.0
FF(D° - p(T70)"p(770)7[S]) | -/0.6  -/01  -/11  -/0.6  -/0.0  -/L.0  -/0.1  -/1.7
FE(D° = p(770)*p(770)~[P]) | -/L.0  -/0.2  -/0.5  -/04  -/0.1  -/0.8  -/0.1  -/15
FF(D° — p(770)*p(770)"[D]) | -/0.1  -/01  -/04  -/0.3  -/01  -/0.6  -/02  -/0.8
FF(D® = p(770)*p(1450)-[D]) | -/0.7  -/01  -/19  -/0.8  -/01  -/0.7  -/04  -/23
FF(D° — p(770)°(77)s) 05/0.3 0.0/00 2.7/1.8 01/01 0.0/0.0 1.0/07 0.2/0.2 3.0/2.0
FF(D° = (nt7)s(m)s) 0.1/0.6 0.0/0.0 2.0/1.3 0.6/0.8 0.1/0.0 0.3/0.5 0.1/02 2.1/1.7
FF(D° — f,(1270)°(77)s) 0.0/0.1 0.0/0.0 2.6/2.9 1.1/1.0 0.0/0.0 1.4/1.6 0.1/0.1 3.1/3.5
FF(D° — w(782)7°) Jo1 /00 -/03  -/o1  -/0.0  -/04  -/01  -/05
FF(D° — ¢(1020)7°) o2 o1 -/03  -/02 -0l  -/0.5  -/04  -/0.8
FF(a,(1260)% — p(770)7[S]) | 0.8/0.8 0.1/0.1 1.2/1.2 0.4/0.4 0.1/0.1 0.6/0.6 0.1/0.0 1.6/1.6
FF(a,(1260)* — p(770)x[D]) | 0.1/0.1 0.0/0.0 2.2/21 0.5/04 0.0/0.0 0.1/0.1 02/02 2.2/22
FF(a,(1260)* — f,(1270)x[P]) | 0.7/0.7 0.0/0.0 0.4/0.3 1.2/1.2 0.1/0.1 0.3/0.3 0.1/0.1 15/15
FF(a,(1260)* — (m+7-)s7[P]) | 0.8/0.9 0.1/0.0 1.0/1.6 0.3/0.1 0.2/0.1 0.9/0.8 02/02 1.6/2.0
FF(a,(1260)° — p(770)7[S]) .07 -/01  -/14  -/0.3  -/01  -/0.6  -/0.0  -/1.T
FF(a, (1260)° — p(770)x[D]) /01 /00 -/22  -/04  -/0.0  -/01  -/02  -/22
FF(a,(1260)° — f,(1270)x[P]) | -/0.7  -/0.0  -/0.4  -/14  -/01  -/0.3  -/0.1  -/1.7
FF(a,(1260)° — (r* 7 )sn[P]) | -/0.8  -/0.0 /1.6  -/01  -/01  -/0.8  -/0.3  -/2.0
FF(n(1300)% — p(770)7) 0.0/02 0.1/0.1 2.0/0.8 2.2/33 0.1/0.1 0.4/0.3 0.3/0.3 3.1/3.4
FF((1300)* — (7+ 7 )s7) 0.1/0.1 0.1/0.1 1.8/1.2 2.3/29 01/0.1 0.3/0.2 0.3/04 3.0/3.1
FF((1300)° — p(770)7) o2 -0l /10 -/33  -/01  -/04  -/02  -/35
FF(n(1300)° — (7t 7 )57) 200 -/01  -/19  -/26  -/01  -/01  -/04  -/3.3
M, 1260, 0.5 0.1 4.0 1.2 0.1 1.6 0.0 45
T, (260 1.7 0.2 3.2 2.3 0.4 1.7 0.0 4.6
M (1300) 0.8 0.1 1.1 1.1 0.0 1.0 0.0 2.0
T, (1300) 0.7 0.1 2.9 0.4 0.2 0.5 0.0 3.1
Ft 0.7/1.0 0.0/02 0.7/0.8 0.3/0.8 0.1/0.1 1.0/0.6 0.1/0.1 1.4/1.6
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Table 13: Branching fractions of D° - 7t7~7"7~ and D° — nt7~7°7°(non-n) from this work compared to PDG [23]

values, where the first uncertainties are statistical and the second systematic.

Table 14: Branching fractions of the intermediate processes with FFs>1% in D° = ntn~7nt7~ and D° — w7~ n0nO.

This work

PDG

D s rntn—mtm—

D° — ntr~ 77 (non-n)

(0.6884+0.010+0.010)%
(0.951+0.025+0.021)%

(0.756 £0.020)%
(1.005+0.090)%

Component

Branching fraction (%)

I ot

atrmon°

D° — a,(1260) "7~
D ay(1260) "7+
D° — a,(1260)°7°

D° = 4y (1640) 7
D° =5 hy (1170)07°
DO — 7(1300) 7
D — 1(1300) 7+
D° — 7(1300)°7°

D° — 7,(1670)%7°

D — (rtr™)g(mm)s
D°— £,(1270)°(77r) s
D° — w(782)m°

DO =5 $(1020)7°

0.566+0.024+0.110
0.071+£0.010£0.017

0.012£0.003 +£0.006
0.2224+0.018+0.031
0.1624+0.016 +0.028

0.193+0.013+0.022
0.01240.004 £0.003
0.067£0.007+0.006
0.1594+0.015+0.017
0.01740.006 £0.008
0.00740.003£0.003
0.010£0.006 +£0.008

0.0194+0.004£0.012
0.4324+0.032+0.066
0.01240.00340.008

0.546+0.027+0.070
0.068+0.0114+0.021
0.313+0.03140.082
0.010£0.003+0.007
0.0124+0.006 £0.010
0.148+0.014+0.025
0.108+0.011+£0.021
0.2214+0.02740.034
0.010+0.00240.004

0.864+0.040+0.077
0.1244+0.0194£0.033
0.186+0.0134+0.019
0.34240.02940.025
0.016+0.008 +£0.016
0.010+0.00240.004
0.356+0.029+0.049
0.01040.00240.008
0.009+0.004 £0.002
0.014+0.004£0.003
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The systematic uncertainty of the ST fit is studied
by changing fit range, signal shape and background
shape. The fit range is enlarged by 0.005 GeV/c?.
The signal shape is changed by replacing the Gaus-
sian resolution with a Crystal Ball function [55].
The background shape is changed with a floating
cut-off parameter for the ARGUS function. The
square root of the quadrature sum of the relative
change of ST yields, which gives 0.5%, is taken as
the systematic uncertainty.

e DT fit

As described in Sec. 7, the systematic uncertainties
of the DT fit are obtained by varying the signal and
background shapes, and the yields of peaking back-
grounds in BKGVI in the fit. The square roots of
the quadrature sums of the relative changes of DT
yields in the individual changes are 0.6% and 1.4%
for D° — rtr~ntw~ and D° — nt7~ w70, respec-
tively, which are taken as the systematic uncertain-
ties.

e Amplitude model

The DT efficiencies are obtained by varying the
parameters of the amplitude model within their
uncertainties. The resultant standard deviations
of DT efficiencies, which are 0.3% and 0.6% for
D - ntr—mta—

tively, are taken as the systematic uncertainties.

and D° — 7ta~ 770, respec-

e Quantum correlation corrections

The uncertainties associated with the input pa-
rameters of quantum correlation (r, R, 0, and
F,) are 0.3% and 0.4% for D° — n*n~ntn~ and
D° — 77~ 707%, respectively, which are assigned
according to uncertainty propagation.

22

o MC statistics

The systematic uncertainties related with the lim-
ited statistics of the signal MC samples are 0.1%
and 0.2% for D° — atr—wtn~ and D° —
mt =770, respectively.

9 SUMMARY

Using 2.93 fb~! of ete™ collision data taken at /s =
3.773 GeV with the BESIII detector, a joint amplitude
analysis of D° - 7777~ and D° — 77~ 77 (non-n)
is performed. Large interferences between the dominant
amplitudes of D° — a,(1260)7, D° — 7(1300)w, D° —
p(770)p(770) and D° — 2(wm)s are observed. Based
on the amplitude model, the model dependent C'P-even
fractions of D° — 7T 7w~ 7wTw~ and D° — 777~ 7°7°(non-
n) are determined to be (75.2+ 1.14., £ 1.5, )% and
(68.9 & 155000, & 2.44,00. )%, respectively, which are con-
sistent with the previous measurements carried out by
the CLEO [6, 11, 50] and BESIII [51, 52] collabora-
tion. The branching fractions of D° — 7F7r~ 77~ and
D° — 7rr~w°7°(non-n) are measured to be (0.688 +
0.0104¢a5.20.0104,4¢ )% and (0.95140.0254,, £0.021 00 ) %,
respectively, where the former one is 30 lower than the
PDG [23] value. This 30 deviation may be due to the
differences in the amplitude models which affect the
global reconstruction efficiency. These results provide
essential information for search of C'P violation [7] and
measurements of the binned strong phase parameter [6],
which are important inputs in the v measurement via the
B~ — DK~ decay.

The BESIII Collaboration thanks the staff of BEPCII,
the IHEP computing center and the supercomputing cen-
ter of the University of Science and Technology of China
(USTC) for their strong support.
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Table 15: Relative systematic uncertainties (%) of the measured branching fractions.

Source B(D® = atr—ntn™) | B(D®—ntn non0)
7F tracking 0.4 0.2
7% PID 1.2 0.6
0 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 2.2
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