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J. S. Lange30, P. Larin15, A. Lavania21, L. Lavezzi66A,66C , Z. H. Lei63,49, H. Leithoff28, M. Lellmann28, T. Lenz28, C. Li39,
C. H. Li32, Cheng Li63,49, D. M. Li71, F. Li1,49, G. Li1, H. Li63,49, H. Li43, H. B. Li1,54, H. J. Li16, J. L. Li41, J. Q. Li4,

J. S. Li50, Ke Li1, L. K. Li1, Lei Li3, P. R. Li31,m,n, S. Y. Li52, W. D. Li1,54, W. G. Li1, X. H. Li63,49, X. L. Li41,
Xiaoyu Li1,54, Z. Y. Li50, H. Liang1,54, H. Liang63,49, H. Liang27, Y. F. Liang45, Y. T. Liang25, G. R. Liao12, L. Z. Liao1,54,
J. Libby21, C. X. Lin50, B. J. Liu1, C. X. Liu1, D. Liu15,63, F. H. Liu44, Fang Liu1, Feng Liu6, H. B. Liu13, H. M. Liu1,54,

Huanhuan Liu1, Huihui Liu17, J. B. Liu63,49, J. L. Liu64, J. Y. Liu1,54, K. Liu1, K. Y. Liu33, L. Liu63,49, M. H. Liu9,h,
P. L. Liu1, Q. Liu68, Q. Liu54, S. B. Liu63,49, Shuai Liu46, T. Liu1,54, W. M. Liu63,49, X. Liu31,m,n, Y. Liu31,m,n, Y. B. Liu36,

Z. A. Liu1,49,54, Z. Q. Liu41, X. C. Lou1,49,54, F. X. Lu50, H. J. Lu18, J. D. Lu1,54, J. G. Lu1,49, X. L. Lu1, Y. Lu1,
Y. P. Lu1,49, C. L. Luo34, M. X. Luo70, P. W. Luo50, T. Luo9,h, X. L. Luo1,49, X. R. Lyu54, F. C. Ma33, H. L. Ma1, L. L.

Ma41, M. M. Ma1,54, Q. M. Ma1, R. Q. Ma1,54, R. T. Ma54, X. X. Ma1,54, X. Y. Ma1,49, F. E. Maas15, M. Maggiora66A,66C ,
S. Maldaner4, S. Malde61, A. Mangoni23B , Y. J. Mao38,j , Z. P. Mao1, S. Marcello66A,66C , Z. X. Meng57,

J. G. Messchendorp55, G. Mezzadri24A, T. J. Min35, R. E. Mitchell22, X. H. Mo1,49,54, Y. J. Mo6, N. Yu. Muchnoi10,c,
H. Muramatsu59, S. Nakhoul11,f , Y. Nefedov29, F. Nerling11,f , I. B. Nikolaev10,c, Z. Ning1,49, S. Nisar8,i, S. L. Olsen54,

Q. Ouyang1,49,54, S. Pacetti23B,23C , X. Pan9,h, Y. Pan58, A. Pathak1, P. Patteri23A, M. Pelizaeus4, H. P. Peng63,49,
K. Peters11,f , J. Pettersson67, J. L. Ping34, R. G. Ping1,54, S. Pogodin29, R. Poling59, V. Prasad63,49, H. Qi63,49, H. R. Qi52,

K. H. Qi25, M. Qi35, T. Y. Qi9, S. Qian1,49, W. B. Qian54, Z. Qian50, C. F. Qiao54, L. Q. Qin12, X. P. Qin9, X. S. Qin41,
Z. H. Qin1,49, J. F. Qiu1, S. Q. Qu36, K. H. Rashid65, K. Ravindran21, C. F. Redmer28, A. Rivetti66C , V. Rodin55,
M. Rolo66C , G. Rong1,54, Ch. Rosner15, M. Rump60, H. S. Sang63, A. Sarantsev29,d, Y. Schelhaas28, C. Schnier4,

K. Schoenning67, M. Scodeggio24A,24B , D. C. Shan46, W. Shan19, X. Y. Shan63,49, J. F. Shangguan46, M. Shao63,49,
C. P. Shen9, H. F. Shen1,54, P. X. Shen36, X. Y. Shen1,54, H. C. Shi63,49, R. S. Shi1,54, X. Shi1,49, X. D Shi63,49, J. J. Song41,

W. M. Song27,1, Y. X. Song38,j , S. Sosio66A,66C , S. Spataro66A,66C , K. X. Su68, P. P. Su46, F. F. Sui41, G. X. Sun1,
H. K. Sun1, J. F. Sun16, L. Sun68, S. S. Sun1,54, T. Sun1,54, W. Y. Sun34, W. Y. Sun27, X Sun20,k, Y. J. Sun63,49,

Y. K. Sun63,49, Y. Z. Sun1, Z. T. Sun1, Y. H. Tan68, Y. X. Tan63,49, C. J. Tang45, G. Y. Tang1, J. Tang50, J. X. Teng63,49,
V. Thoren67, W. H. Tian43, Y. T. Tian25, I. Uman53B , B. Wang1, C. W. Wang35, D. Y. Wang38,j , H. J. Wang31,m,n,
H. P. Wang1,54, K. Wang1,49, L. L. Wang1, M. Wang41, M. Z. Wang38,j , Meng Wang1,54, W. Wang50, W. H. Wang68,

W. P. Wang63,49, X. Wang38,j , X. F. Wang31,m,n, X. L. Wang9,h, Y. Wang50, Y. Wang63,49, Y. D. Wang37, Y. F. Wang1,49,54,
Y. Q. Wang1, Y. Y. Wang31,m,n, Z. Wang1,49, Z. Y. Wang1, Ziyi Wang54, Zongyuan Wang1,54, D. H. Wei12, F. Weidner60,

S. P. Wen1, D. J. White58, U. Wiedner4, G. Wilkinson61, M. Wolke67, L. Wollenberg4, J. F. Wu1,54, L. H. Wu1, L. J. Wu1,54,
X. Wu9,h, Z. Wu1,49, L. Xia63,49, H. Xiao9,h, S. Y. Xiao1, Z. J. Xiao34, X. H. Xie38,j , Y. G. Xie1,49, Y. H. Xie6,

T. Y. Xing1,54, G. F. Xu1, Q. J. Xu14, W. Xu1,54, X. P. Xu46, Y. C. Xu54, F. Yan9,h, L. Yan9,h, W. B. Yan63,49, W. C. Yan71,
Xu Yan46, H. J. Yang42,g, H. X. Yang1, L. Yang43, S. L. Yang54, Y. X. Yang12, Yifan Yang1,54, Zhi Yang25, M. Ye1,49,

M. H. Ye7, J. H. Yin1, Z. Y. You50, B. X. Yu1,49,54, C. X. Yu36, G. Yu1,54, J. S. Yu20,k, T. Yu64, C. Z. Yuan1,54, L. Yuan2,
X. Q. Yuan38,j , Y. Yuan1, Z. Y. Yuan50, C. X. Yue32, A. Yuncu53A,a, A. A. Zafar65, Zeng6, Y. Zeng20,k, A. Q. Zhang1,

B. X. Zhang1, Guangyi Zhang16, H. Zhang63, H. H. Zhang27, H. H. Zhang50, H. Y. Zhang1,49, J. J. Zhang43, J. L. Zhang69,
J. Q. Zhang34, J. W. Zhang1,49,54, J. Y. Zhang1, J. Z. Zhang1,54, Jianyu Zhang1,54, Jiawei Zhang1,54, L. M. Zhang52,
L. Q. Zhang50, Lei Zhang35, S. Zhang50, S. F. Zhang35, Shulei Zhang20,k, X. D. Zhang37, X. Y. Zhang41, Y. Zhang61,
Y. H. Zhang1,49, Y. T. Zhang63,49, Yan Zhang63,49, Yao Zhang1, Z. H. Zhang6, Z. Y. Zhang68, G. Zhao1, J. Zhao32,

J. Y. Zhao1,54, J. Z. Zhao1,49, Lei Zhao63,49, Ling Zhao1, M. G. Zhao36, Q. Zhao1, S. J. Zhao71, Y. B. Zhao1,49, Y. X. Zhao25,
Z. G. Zhao63,49, A. Zhemchugov29,b, B. Zheng64, J. P. Zheng1,49, Y. Zheng38,j , Y. H. Zheng54, B. Zhong34, C. Zhong64,
L. P. Zhou1,54, Q. Zhou1,54, X. Zhou68, X. K. Zhou54, X. R. Zhou63,49, X. Y. Zhou32, A. N. Zhu1,54, J. Zhu36, K. Zhu1,

K. J. Zhu1,49,54, S. H. Zhu62, T. J. Zhu69, W. J. Zhu9,h, W. J. Zhu36, Y. C. Zhu63,49, Z. A. Zhu1,54, B. S. Zou1, J. H. Zou1

ar
X

iv
:2

10
8.

02
40

5v
1 

 [
he

p-
ex

] 
 5

 A
ug

 2
02

1



2

(BESIII Collaboration)

1 Institute of High Energy Physics, Beijing 100049, People’s Republic of China
2 Beihang University, Beijing 100191, People’s Republic of China

3 Beijing Institute of Petrochemical Technology, Beijing 102617, People’s Republic of China
4 Bochum Ruhr-University, D-44780 Bochum, Germany

5 Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
6 Central China Normal University, Wuhan 430079, People’s Republic of China

7 China Center of Advanced Science and Technology, Beijing 100190, People’s Republic of China
8 COMSATS University Islamabad, Lahore Campus, Defence Road, Off Raiwind Road, 54000 Lahore, Pakistan

9 Fudan University, Shanghai 200443, People’s Republic of China
10 G.I. Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia

11 GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany
12 Guangxi Normal University, Guilin 541004, People’s Republic of China

13 Guangxi University, Nanning 530004, People’s Republic of China
14 Hangzhou Normal University, Hangzhou 310036, People’s Republic of China
15 Helmholtz Institute Mainz, Staudinger Weg 18, D-55099 Mainz, Germany
16 Henan Normal University, Xinxiang 453007, People’s Republic of China

17 Henan University of Science and Technology, Luoyang 471003, People’s Republic of China
18 Huangshan College, Huangshan 245000, People’s Republic of China

19 Hunan Normal University, Changsha 410081, People’s Republic of China
20 Hunan University, Changsha 410082, People’s Republic of China
21 Indian Institute of Technology Madras, Chennai 600036, India

22 Indiana University, Bloomington, Indiana 47405, USA
23 INFN Laboratori Nazionali di Frascati , (A)INFN Laboratori Nazionali di Frascati, I-00044, Frascati, Italy; (B)INFN

Sezione di Perugia, I-06100, Perugia, Italy; (C)University of Perugia, I-06100, Perugia, Italy
24 INFN Sezione di Ferrara, (A)INFN Sezione di Ferrara, I-44122, Ferrara, Italy; (B)University of Ferrara, I-44122, Ferrara,

Italy
25 Institute of Modern Physics, Lanzhou 730000, People’s Republic of China

26 Institute of Physics and Technology, Peace Ave. 54B, Ulaanbaatar 13330, Mongolia
27 Jilin University, Changchun 130012, People’s Republic of China

28 Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany
29 Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia

30 Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany
31 Lanzhou University, Lanzhou 730000, People’s Republic of China

32 Liaoning Normal University, Dalian 116029, People’s Republic of China
33 Liaoning University, Shenyang 110036, People’s Republic of China

34 Nanjing Normal University, Nanjing 210023, People’s Republic of China
35 Nanjing University, Nanjing 210093, People’s Republic of China
36 Nankai University, Tianjin 300071, People’s Republic of China

37 North China Electric Power University, Beijing 102206, People’s Republic of China
38 Peking University, Beijing 100871, People’s Republic of China

39 Qufu Normal University, Qufu 273165, People’s Republic of China
40 Shandong Normal University, Jinan 250014, People’s Republic of China

41 Shandong University, Jinan 250100, People’s Republic of China
42 Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China

43 Shanxi Normal University, Linfen 041004, People’s Republic of China
44 Shanxi University, Taiyuan 030006, People’s Republic of China

45 Sichuan University, Chengdu 610064, People’s Republic of China
46 Soochow University, Suzhou 215006, People’s Republic of China

47 South China Normal University, Guangzhou 510006, People’s Republic of China
48 Southeast University, Nanjing 211100, People’s Republic of China

49 State Key Laboratory of Particle Detection and Electronics, Beijing 100049, Hefei 230026, People’s Republic of China
50 Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China

51 Suranaree University of Technology, University Avenue 111, Nakhon Ratchasima 30000, Thailand
52 Tsinghua University, Beijing 100084, People’s Republic of China

53 Turkish Accelerator Center Particle Factory Group, (A)Istanbul Bilgi University, 34060 Eyup, Istanbul, Turkey; (B)Near
East University, Nicosia, North Cyprus, Mersin 10, Turkey

54 University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China
55 University of Groningen, NL-9747 AA Groningen, The Netherlands

56 University of Hawaii, Honolulu, Hawaii 96822, USA
57 University of Jinan, Jinan 250022, People’s Republic of China

58 University of Manchester, Oxford Road, Manchester, M13 9PL, United Kingdom
59 University of Minnesota, Minneapolis, Minnesota 55455, USA



3

60 University of Muenster, Wilhelm-Klemm-Str. 9, 48149 Muenster, Germany
61 University of Oxford, Keble Rd, Oxford, UK OX13RH

62 University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
63 University of Science and Technology of China, Hefei 230026, People’s Republic of China

64 University of South China, Hengyang 421001, People’s Republic of China
65 University of the Punjab, Lahore-54590, Pakistan

66 University of Turin and INFN, (A)University of Turin, I-10125, Turin, Italy; (B)University of Eastern Piedmont, I-15121,
Alessandria, Italy; (C)INFN, I-10125, Turin, Italy

67 Uppsala University, Box 516, SE-75120 Uppsala, Sweden
68 Wuhan University, Wuhan 430072, People’s Republic of China

69 Xinyang Normal University, Xinyang 464000, People’s Republic of China
70 Zhejiang University, Hangzhou 310027, People’s Republic of China

71 Zhengzhou University, Zhengzhou 450001, People’s Republic of China

a Also at Bogazici University, 34342 Istanbul, Turkey
b Also at the Moscow Institute of Physics and Technology, Moscow 141700, Russia

c Also at the Novosibirsk State University, Novosibirsk, 630090, Russia
d Also at the NRC ”Kurchatov Institute”, PNPI, 188300, Gatchina, Russia

e Also at Istanbul Arel University, 34295 Istanbul, Turkey
f Also at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany

g Also at Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education; Shanghai Key Laboratory
for Particle Physics and Cosmology; Institute of Nuclear and Particle Physics, Shanghai 200240, People’s Republic of China
h Also at Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute of Modern Physics, Fudan

University, Shanghai 200443, People’s Republic of China
i Also at Harvard University, Department of Physics, Cambridge, MA, 02138, USA

j Also at State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing 100871, People’s Republic of
China

k Also at School of Physics and Electronics, Hunan University, Changsha 410082, China
l Also at Guangdong Provincial Key Laboratory of Nuclear Science, Institute of Quantum Matter, South China Normal

University, Guangzhou 510006, China
m Also at Frontiers Science Center for Rare Isotopes, Lanzhou University, Lanzhou 730000, People’s Republic of China
n Also at Lanzhou Center for Theoretical Physics, Lanzhou University, Lanzhou 730000, People’s Republic of China

Using a data sample corresponding to an integrated luminosity of 2.93 fb−1 collected at a center-
of-mass energy

√
s = 3.773 GeV by the BESIII detector, the decay D0 → ωφ is observed for the

first time. The branching fraction is measured to be (6.48±0.96±0.38)×10−4 with a significance of
6.3σ, where the first and second uncertainties are statistical and systematic, respectively. An angular
analysis reveals that the φ and ω mesons from the D0 → ωφ decay are transversely polarized.

Comprehensive studies of D meson decays into a pair1

of vector mesons (V ) provide crucial information to test2

different theoretical models [1–3], measure CP -violating3

parameters and strong phases [4, 5], and understand the4

dynamics of D0 − D̄0 mixing [6–8]. In particular, the5

polarization of vector mesons in D decays is an essen-6

tial measurement to reveal its decay mechanism. The7

two vector mesons in D0 → V V decay are produced8

in three polarization states corresponding to one longi-9

tudinal (H0) and two transverse (H±) partial-wave am-10

plitudes, where the longitudinal amplitude is CP -even,11

and the transverse amplitudes are superpositions of CP -12

even and CP -odd states. Throughout this Letter, the13

charge-conjugate modes are always implied. Näıvely,14

factorization models predict that the longitudinal and15

transverse polarizations are comparable in D0 → V V de-16

cays [7]. However, a previous measurement reveals that17

the decay D0 → K∗0ρ0 appears to be completely trans-18

versely polarized [9, 10], which is contrary to the case of19

B → ρρ [11] and D0 → ρ0ρ0 decays [12] where longitu-20

dinal polarization dominates.21

Until now, D0 → V V decays have not been well ex-22

plored and the polarization state of the resulting vector23

mesons is not known. The singly-Cabibbo-suppressed de-24

cay D0 → ωφ can occur via internal emission of a W+
25

boson, and its branching fraction (BF) is predicted to26

be (0.023 − 0.072)% by factorization approaches [1, 7],27

0.35× 10−4 assuming SU(3) symmetry with nonet sym-28

metry [1], (1.41±0.09)×10−3 by a factorization-assisted29

topological amplitude method [8], and (0.011 − 0.036)%30

by a heavy-quark effective Lagrangian and chiral pertur-31

bation theory [13]. To date, no signal for D0 → ωφ has32

been observed experimentally, and only an upper limit33

on the BF, B(D0 → ωφ) < 2.1× 10−3 [14], is available.34

The angular distributions of D0 → V V are sensitive
to spin correlations and final state interactions [15, 16].
In this analysis, we consider the decay D0 → ωφ with
the subsequent decays ω → π+π−π0 and φ → K+K−,
as shown in Fig. 1. The angular distribution is given by

1

Γ

d2Γ

d cos θωd cos θK
=

9

4
{1

4
(1− fL) sin2 θω sin2 θK

+fL cos2 θω cos2 θK}, (1)
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where fL = H2
0/(H

2
0 +H2

− +H2
+) is the longitudinal po-35

larization fraction, θω is the angle between pωπ+ × pωπ−36

and −pωD0 in the ω rest frame, and θK is the angle be-37

tween pφK− and −pφD0 in the φ rest frame. Here, pωπ+ ,38

pωπ− , pφK− , and p
ω/φ
D0 are the momenta of the π+, π−,K−

39

and D0, respectively, in the rest frame of either the ω or40

φ meson. By integrating over cos θω or cos θK from −141

to +1, Eq. (1) is simplified to42

1

Γ

dΓ

d cos θ
=

3

2
{1

2
(1− fL) sin2 θ + fL cos2 θ}, (2)

where θ can be either θω or θK .43

𝜽𝝎 𝜽𝑲

𝝅%

𝝅&

𝝅𝟎

𝑲&

𝑲%
𝒏)

𝑫𝟎𝝎 𝝓

𝝌

FIG. 1. The decay topology of D0 → ωφ and the definitions
of the decay angles.

In this Letter, we present the first measurement of44

D0 → ωφ using a ψ(3770) data sample corresponding45

to an integrated luminosity of 2.93 fb−1 collected by the46

BESIII detector [17]. The measurement is performed us-47

ing the single-tag technique, where only one D0 meson48

in the ψ(3770) → D0D̄0 decays is reconstructed in the49

mode of interest. Thus, the BF of D0 → ωφ is calculated50

using51

B =
Nsig

2 ·ND0D̄0 · ε · Bsub
, (3)

where Nsig is the signal yield extracted from data,52

ND0D̄0 = (10597± 28± 89)× 103 is the total number of53

ψ(3770)→ D0D̄0 decays [18], ε is the detection efficiency,54

and Bsub is the product of BFs for the intermediate-state55

decays.56

A detailed description of the design and performance57

of the BESIII detector can be found in Ref. [19]. A Monte58

Carlo (MC) simulation tool based on Geant4 [20] is im-59

plemented, in which the e+e− annihilation is simulated60

with the KKMC generator [21] incorporating the effects61

of beam-energy spread and initial-state-radiation (ISR).62

An inclusive MC sample, composed of DD̄ and non-DD̄63

events, ISR production of both ψ(3686) and J/ψ, and64

continuum processes e+e− → qq̄ (q = u, d, s), is used to65

study the potential background. In the MC sample, the66

known decay modes are generated with EvtGen [22] us-67

ing BFs from the Particle Data Group (PDG) [23], and68

the remaining unknown decays are generated with Lund-69

charm [24]. The signal sample of D0 → φω decays70

is modeled by a scalar meson decaying into two vector71

mesons with transverse polarization using EvtGen [22].72

The φ and ω candidates are reconstructed from their73

dominant decays φ→ K+K− and ω → π+π−π0, respec-74

tively, where the π0 is identified by a photon pair. The75

charged tracks must be within the main drift chamber76

(MDC) acceptance region by requiring the polar angle77

| cos θ| < 0.93, and must originate from the interaction78

point (IP) with a distance of closest approach within ±179

cm in the plane perpendicular to the beam and ±10 cm80

along the beam direction. Particle identification (PID) is81

performed by requiring Lπ > LK and LK > Lπ for the82

π± and K± candidates, respectively, where Lπ and LK83

are the likelihoods for the pion and kaon hypotheses cal-84

culated by combining the time-of-flight (TOF) informa-85

tion from the TOF detector and the dE/dx information86

from the MDC.87

Photon candidates are selected from neutral show-88

ers deposited in the electromagnetic calorimeter (EMC)89

with energies larger than 25 MeV in the barrel region90

(| cos θ| < 0.80) and 50 MeV in the end-cap regions91

(0.86 < | cos θ| < 0.92). The EMC timing is required92

to be within 700 ns relative to the event start time to93

suppress electronic noise and deposited energy unrelated94

to the collision events. Furthermore, a photon candidate95

is required to be at least 10
◦

away from any charged96

tracks to avoid any overlap between them. A π0 can-97

didate is formed by a photon pair with invariant mass98

within (0.115, 0.150) GeV/c2. To improve the resolution,99

a kinematic fit is imposed on the selected photon pair100

by constraining their invariant mass at the nominal π0
101

mass [23], and the resultant kinematic variables are used102

in the subsequent analysis.103

To identify the D0 signal, the energy difference ∆E =104

ED − Ebeam and the beam-constrained mass MBC =105 √
E2

beam/c
4 − p2

D/c
2 are calculated, where Ebeam is the106

beam energy, and ED (pD) is the reconstructed energy107

(momentum) of the D0 candidate in the e+e− center-of-108

mass system. The D0 signal peaks around zero in the109

∆E distribution and around the nominal D0 mass (mD)110

in the MBC distribution. The D0 → ωφ signal is recon-111

structed from all possible π+π−π0K+K− combinations.112

If there is more than one combination, the one with a113

minimum value of |∆E| is selected. A D0 candidate is114

required to satisfy MBC > 1.84 GeV/c2 and −0.03 <115

∆E < 0.02 GeV. The ∆E requirement corresponds to an116

interval of 4 standard deviations from the peak position.117

The asymmetric boundaries stem from the photon energy118

detection in the EMC. A prominent peak corresponding119

to the K0
S in the Mπ+π− distribution, arising from the120

background process D0 → K0
S + anything, is rejected by121

removing the mass range (0.490, 0.503) GeV/c2.122
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Figure 2 shows the MBC distribution for the sur-123

vived events of data and the background predictions124

from various MC samples with the K+K− invariant mass125

MK+K− < 1.05 GeV/c2 and the π+π−π0 invariant mass126

Mπ+π−π0 > 0.65 GeV/c2, where the clear peak around127

mD in data refers to the signal of D0 → π+π−π0K+K−.128

1.84 1.86 1.88
)2 (GeV/cBCM

100

200

)2
E

nt
rie

s/
(0

.0
01

 G
eV

/c

 MCqq→-e+e
 MC

0
D0D→(3770)ψ

Combined MC
data

 MC
0

D0(3686), non-Dψ/ψJ/γ, 
-

D+D→-e+e

FIG. 2. Fit to the MBC distribution of the candidate events
for D0 → π+π−π0K+K−. Black dots with error bars are
data, dashed cyan curve for combinatorial background, long
dashed-dotted pink curve for the D0 signal, the solid blue
curve for the total fit, and shadow histograms for the non-D0

background predictions from various MC samples. The two
black and two pink (red) arrows represent the MBC signal and
low (high)-sideband regions, respectively.

The D0 → ωφ signal is evident in Fig. 3, where the dis-129

tribution of Mπ+π−π0 versus MK+K− as well as their cor-130

responding projection plots are shown for events in the131

MBC signal region (1.859, 1.871) GeV/c2 and sideband132

region (1.840, 1.855) ∪ (1.873, 1.890) GeV/c2. A cluster133

of events around the intersection of the ω and φ nomi-134

nal masses in the MBC signal region indicates the signal135

D0 → ωφ. There is no corresponding cluster of events136

in the sideband plot. Clear φ signal events are observed137

in the MBC sideband region, indicating the contribution138

of the φ meson from non-D0 decays. Prominent ω signal139

events are present in the MBC signal region but absent140

in the corresponding sideband region, indicating the con-141

tribution of the ω meson from D0 decays.142

To extract the signal yield, a two-dimensional (2D)143

unbinned maximum likelihood fit is performed on the144

Mπ+π−π0 versus MK+K− distributions. This fit is per-145

formed simultaneously in both the MBC signal and side-146

band regions, where the sideband events are used to con-147

strain the background from non-D0 decays. The fit in-148

cludes a signal component, SIGNAL, which has both ω149

and φ intermediate states, and three backgrounds, BKGI,150

BKGII, and BKGIII. The BKGI (BKGII) contains only151

the ω (φ) intermediate state, and BKGIII includes nei-152

ther the ω nor φ intermediate states. It is worth noting153

that the above four components may exist in both D0
154
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FIG. 3. (Top) the distributions of MK+K− versus Mπ+π−π0

in the MBC signal (left) and sideband (right) regions, and
(middle and bottom) the corresponding 1-D projection plots
of Mπ+π−π0 (left) and MK+K− (right). The middle and bot-
tom plots are produced in the MBC signal and sideband re-
gions, respectively. In the projection plots, the black dots
with error bars are data, the solid blue, dashed red, dot-
ted green, dashed-dotted blue, and long dashed-dotted cyan
curves represent total fit results, SIGNAL, BKGI, BKGII, and
BKGIII, respectively.

and non-D0 decays. The yield of the signal D0 → ωφ155

is extracted from the MBC signal region by subtracting156

the contribution from non-D0 decays estimated from the157

MBC sideband region.158

The SIGNAL is described by a distribution obtained159

from a 2D kernel estimation [25] of the unbinned signal160

MC samples. BKGI is parameterized with the product of161

a distribution obtained from a 1D kernel estimation [25]162

of the ω signal MC for the Mπ+π−π0 distribution and163

a reversed ARGUS function [26] defined by the formula164

of Eq.(4) in Ref. [27] for the MK+K− distribution. Vice165

versa, BKGII is described with the product of an ARGUS166

function for the Mπ+π−π0 distribution and a distribution167

obtained from a 1D kernel estimation of the φ signal MC168

for the MK+K− distribution. BKGIII is the product of169

an ARGUS function for the Mπ+π−π0 distribution and a170

reversed ARGUS function for the MK+K− distribution.171

To compensate for the resolution difference between data172

and simulation, the shapes derived from simulation are173

convolved with (1D or 2D) Gaussian functions, which174

share the same parameters between different fit compo-175

nents and these parameters are floated during the fit.176

The endpoints of the ARGUS functions are fixed to the177
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corresponding threshold values of (mD−mφ) and 2mK± ,178

respectively, where mφ (mK±) is the nominal mass of the179

φ (K±) meson [23].180

Detailed MC studies show that the non-peaking back-181

ground shapes in the MK+K− distributions are identical182

in both the MBC signal and sideband regions, but slightly183

different for Mπ+π−π0 distributions due to the threshold184

effect of kinematics. Thus, the reversed ARGUS param-185

eterizations of the MK+K− distributions share the same186

parameters in both MBC signal and sideband regions, but187

no constraint is implemented for the ARGUS functions188

for the Mπ+π−π0 distributions in different MBC regions.189

We float SIGNAL, BKGI, BKGII, and BKGIII compo-190

nents in both MBC signal and sideband regions during191

the fit. The final signal yield is also constrained to be192

NSG = Nsig + f ·NSB, where NSG and NSB are the num-193

bers of the SIGNAL component in the MBC signal and194

sideband regions, respectively, as shown in Fig. 3. The195

factor f is the ratio of the corresponding yields from the196

non-D0 decay in the MBC signal and sideband regions,197

and its value is determined to be (44.3± 0.9)% by fitting198

the MBC distribution, as shown in Fig. 2. In this fit,199

the D0 signal is described by the simulated signal shape200

convolved with a Gaussian function while the non-D0
201

background by an ARGUS function [26]. The 2D simul-202

taneous fit yields Nsig = 195.9 ± 29.1, which includes203

the uncertainties from NSB and NSG. The detection effi-204

ciency is calculated to be (3.32± 0.04)% by the same 2D205

simultaneous fit approach with an inclusive MC sample,206

which is a mixture of the signal MC sample generated207

by considering the polarization of D0 → ωφ as discussed208

below, and various backgrounds. The BF of D0 → ωφ is209

determined to be (6.48 ± 0.96 ± 0.38) × 10−4 according210

to Eq. (3), where the first and second uncertainties are211

statistical and systematic, respectively. The correspond-212

ing significance is 6.3 σ calculated by
√
−2 ln(L0/Lmax)213

including both statistical and systematic unncertainties,214

where Lmax and L0 are the likelihood values for the nomi-215

nal fit and the alternative fit with zero signal assumption,216

respectively. Different contributions to the systematic217

uncertainty will be described later.218

To study the polarization in the D0 → ωφ decay,219

the efficiency-corrected signal yields are evaluated in five220

equal bins of | cos θω| and | cos θK | as shown in Fig. 4.221

Here, we extract the signal yield in each bin using a pro-222

cedure similar to the 2D simultaneous fit approach dis-223

cussed above. The corresponding detection efficiency is224

obtained using a simulated signal sample generated uni-225

formly over phase space (PHSP). A joint χ2 fit on the226

| cos θω| and | cos θK | distributions of data is performed227

with Eq. (2), where fL is floated between [−1, 1]. The228

fit yields fL = 0.00 ± 0.10 ± 0.08, which corresponds to229

fL < 0.24 at 95% confidence level computed by integrat-230

ing the likelihood versus fL curve from zero to 95% of the231

total curve after including the systematic uncertainty as232

described below. This result indicates that the vector233

mesons are transversely polarized in the D0 → ωφ decay.234

|ωθ|cos
0 0.5 1

E
ve

nt
s

0

500

1000

1500

2000

|Kθ|cos
0.5 1

E
ve

nt
s

0

500

1000

1500

2000

FIG. 4. The distribution of the background-subtracted sig-
nal yield corrected by the efficiency versus | cos θω| (left) and
| cos θK | (right). The black dots with error bars are data with
both statistical and systematic uncertainties, and the solid
black curves are the fit results. The distributions with the
longitudinal polarization and PHSP assumptions are shown
as the dotted dashed green and dashed cyan curves, respec-
tively.

According to Eq. (3), the systematic uncertainties for235

the BF measurement include those from the reconstruc-236

tion efficiency, MC modeling, signal yield, number of237

D0D̄0 events, and the BFs of the intermediate-state de-238

cays. The uncertainties associated with the reconstruc-239

tion efficiency include tracking and PID of the charged240

tracks, π0 reconstruction, ∆E requirement, and K0
S veto.241

The uncertainty associated with the tracking efficiency242

is studied using a control sample of ψ(3770) → DD̄243

with hadronic D decays via a partial reconstruction244

method [28, 29], where a small deviation between data245

and simulation is present for kaon tracks with momenta246

less than 0.35 GeV/c. The kaons from φ decay in the247

signal are of low momentum. Consequently, a correction248

factor of 1.06 for K+K− is applied in the detection ef-249

ficiency, and an uncertainty of 0.5% is assigned for each250

kaon or pion. The correction factor is the ratio of the effi-251

ciencies of data and simulation weighted according to the252

kaon momentum distribution. We also utilize this con-253

trol sample to compute the uncertainties associated with254

PID (0.5%) and π0 reconstruction efficiency (2.0%) [30].255

The uncertainty originating from the ∆E requirement256

is studied using a control sample of D0 → 2(π+π−)π0
257

decays, which has a similar final state as the signal ex-258

cept with a pion pair instead of a kaon pair. The control259

sample is selected by a relatively loose ∆E requirement,260

i.e., ∆E < 0.1 GeV, and the corresponding signal yield261

is extracted by fitting the MBC distribution. The nomi-262

nal ∆E requirement is then implemented on the control263

sample, and the resultant ratio of signal yields is taken264

as the efficiency. The approach is implemented for both265

data and inclusive MC samples, and the resultant differ-266

ence in the data and MC efficiencies, 1.4%, is taken as267

the uncertainty.268

The uncertainty from the K0
S veto is studied by vary-269



7

ing the K0
S mass window requirement within ±1σ, and270

the larger difference in the BF, 0.8%, is taken as the un-271

certainty.272

The uncertainties from the MC modeling includes273

those from the MC statistics (0.8%), ω → π+π−π0 mod-274

eling, quantum correlation (QC) [31] effect, and the lon-275

gitudinal polarization fraction fL. The uncertainty due276

to the ω → π+π−π0 modeling is assigned to be 0.5% on277

the basis of two MC samples generated with two different278

models [32, 33]. From the analysis, the decay D0 → ωφ279

appears to be transversely polarized, thus it is a mixture280

of CP -even and CP -odd components. The uncertainties281

associated with the polarization is studied by an alterna-282

tive signal MC sample generated with 1σ upper bound283

uncertainty, fL = 0.10, and the resultant change in the284

efficiency, 2.7%, is taken as the uncertainty.285

The systematic uncertainty due to the 2D simulta-286

neous fit includes those from signal and background287

probability density functions (PDFs), the ratio of back-288

ground between the MBC signal and sideband regions289

(f), and the fit bias. The uncertainty arising from the290

signal PDF, 1.2%, is evaluated with an alternative fit,291

in which the signal PDFs are described using a differ-292

ent non-parameterized modeling of the simulated shape,293

convolved with a Gaussian function. The uncertainty of294

the background PDF, 0.4%, is determined by replacing295

the ARGUS function [26] with a modified one as used in296

Ref. [27]. The uncertainty from f is 0.1%, evaluated by297

varying its value within 1 σ when calculating the signal298

yield. The uncertainty due to the choice of the MBC sig-299

nal region is evaluated to be 2.7% by enlarging its region300

by 2 MeV/c2, which is the resolution of theMBC distribu-301

tion. The fit bias, 1.0%, is estimated with a large number302

of pseudo-experiments. Each pseudo-experiment sample303

is a composition of the signal generated according to the304

signal PDF and background expectations from the inclu-305

sive MC sample. The resultant pull distribution for the306

BF is consistent with a normal distribution, and we con-307

sider the average fit bias as the uncertainty. The uncer-308

tainties of ND0D̄0 and the BFs of the intermediate-state309

decays are from Ref. [18] and PDG [23], respectively.310

The total systematic uncertainty is 5.9% calculated by311

summing all individual uncertainties quadratically and312

assuming them to be independent.313

The systematic uncertainty for the fL measurement314

includes those from MC modeling, MBC signal region,315

background fraction f , different bin size of cos θω,K , and316

signal and background PDFs. We replace the PHSP317

signal sample with a MC sample generated under the318

hypothesis of transverse polarization to evaluate the ef-319

ficiency in each bin of the cos θω and cos θK distribu-320

tions. We also extract the signal yields with the alterna-321

tive MBC signal region, background fraction f , different322

bin size of cos θω and cos θK , and signal and background323

PDFs as done for the BF measurement. A joint χ2 fit324

is performed to each set of the efficiency corrected sig-325

nal yields versus cos θω and cos θK data, and the resul-326

tant change in fL is considered as a systematic uncer-327

tainty. Total systematic uncertainty is 0.08 calculated as328

the quadratic sum of the individual ones.329

In summary, the decay D0 → ωφ is observed for the330

first time with a significance of 6.3 σ by analyzing the331

ψ(3770) data taken by the BESIII experiment, corre-332

sponding to an integrated luminosity of 2.93 fb−1. The333

measured BF is (6.48±0.96±0.38)×10−4, which is con-334

sistent with the factorization model predictions [1, 7],335

but inconsistent with predictions based on SU(3) sym-336

metry with nonet symmetry [1], the factorization-assisted337

topological-amplitude method [8], and the heavy quark338

effective Lagrangian and chiral perturbation theory [13].339

Our angular distribution study reveals that the ω and φ340

in the decay D0 → ωφ are transversely polarized, which341

contradicts the prediction from the näıve factorization342

model [7].343
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