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A. Sarantsev,27,e M. Savrié,24b K. Schoenning,56 W. Shan,19 X. Y. Shan,52,42 M. Shao,52,42 C. P. Shen,2 P. X. Shen,34

X. Y. Shen,1,46 H. Y. Sheng,1 X. Shi,1,42 J. J. Song,36 W.M. Song,36 X. Y. Song,1 S. Sosio,55a,55c C. Sowa,4 S. Spataro,55a,55c

G. X. Sun,1 J. F. Sun,16 L. Sun,57 S. S. Sun,1,46 X. H. Sun,1 Y. J. Sun,52,42 Y. K. Sun,52,42 Y. Z. Sun,1 Z. J. Sun,1,42 Z. T. Sun,1

Y. T. Tan,52,42 C. J. Tang,39 G. Y. Tang,1 X. Tang,1 M. Tiemens,29 B. Tsednee,25 I. Uman,45d B. Wang,1 B. L. Wang,46

C.W. Wang,33 D. Wang,35 D. Y. Wang,35 Dan Wang,46 K. Wang,1,42 L. L. Wang,1 L. S. Wang,1 M. Wang,36 Meng Wang,1,46

P. Wang,1 P. L. Wang,1 W. P. Wang,52,42 X. F. Wang,1 Y. Wang,52,42 Y. F. Wang,1,42,46 Z. Wang,1,42 Z. G. Wang,1,42

Z. Y. Wang,1 Zongyuan Wang,1,46 T. Weber,4 D. H. Wei,12 P. Weidenkaff,26 S. P. Wen,1 U. Wiedner,4 M. Wolke,56

L. H. Wu,1 L. J. Wu,1,46 Z. Wu,1,42 L. Xia,52,42 X. Xia,36 Y. Xia,20 D. Xiao,1 Y. J. Xiao,1,46 Z. J. Xiao,32 Y. G. Xie,1,42

Y. H. Xie,6 X. A. Xiong,1,46 Q. L. Xiu,1,42 G. F. Xu,1 J. J. Xu,1,46 L. Xu,1 Q. J. Xu,14 X. P. Xu,40 F. Yan,53 L. Yan,55a,55c

W. B. Yan,52,42 W. C. Yan,2 Y. H. Yan,20 H. J. Yang,37,h H. X. Yang,1 L. Yang,57 R. X. Yang,52,42 S. L. Yang,1,46 Y. H. Yang,33

Y. X. Yang,12 Yifan Yang,1,46 Z. Q. Yang,20 M. Ye,1,42 M. H. Ye,7 J. H. Yin,1 Z. Y. You,43 B. X. Yu,1,42,46 C. X. Yu,34

J. S. Yu,20 J. S. Yu,30 C. Z. Yuan,1,46 Y. Yuan,1 A. Yuncu,45b,a A. A. Zafar,54 Y. Zeng,20 B. X. Zhang,1 B. Y. Zhang,1,42

C. C. Zhang,1 D. H. Zhang,1 H. H. Zhang,43 H. Y. Zhang,1,42 J. Zhang,1,46 J. L. Zhang,58 J. Q. Zhang,4 J. W. Zhang,1,42,46

J. Y. Zhang,1 J. Z. Zhang,1,46 K. Zhang,1,46 L. Zhang,44 S. F. Zhang,33 T. J. Zhang,37,h X. Y. Zhang,36 Y. Zhang,52,42

Y. H. Zhang,1,42 Y. T. Zhang,52,42 Yang Zhang,1 Yao Zhang,1 Yu Zhang,46 Z. H. Zhang,6 Z. P. Zhang,52 Z. Y. Zhang,57

PHYSICAL REVIEW LETTERS 122, 061801 (2019)

0031-9007=19=122(6)=061801(8) 061801-1 Published by the American Physical Society



G. Zhao,1 J. W. Zhao,1,42 J. Y. Zhao,1,46 J. Z. Zhao,1,42 Lei Zhao,52,42 Ling Zhao,1 M. G. Zhao,34 Q. Zhao,1 S. J. Zhao,60

T. C. Zhao,1 Y. B. Zhao,1,42 Z. G. Zhao,52,42 A. Zhemchugov,27,b B. Zheng,53 J. P. Zheng,1,42 W. J. Zheng,36 Y. H. Zheng,46

B. Zhong,32 L. Zhou,1,42 Q. Zhou,1,46 X. Zhou,57 X. K. Zhou,52,42 X. R. Zhou,52,42 X. Y. Zhou,1 Xiaoyu Zhou,20 Xu Zhou,20

A. N. Zhu,1,46 J. Zhu,34 J. Zhu,43 K. Zhu,1 K. J. Zhu,1,42,46 S. Zhu,1 S. H. Zhu,51 X. L. Zhu,44 Y. C. Zhu,52,42 Y. S. Zhu,1,46

Z. A. Zhu,1,46 J. Zhuang,1,42 B. S. Zou,1 and J. H. Zou1

(BESIII Collaboration)

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

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

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

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

9Fudan University, Shanghai 200443, People’s Republic of China
10G.I. Budker Institute of Nuclear Physics SB RAS (BINP), Novosibirsk 630090, Russia
11GSI Helmholtzcentre for Heavy Ion Research GmbH, D-64291 Darmstadt, Germany

12Guangxi Normal University, Guilin 541004, People’s Republic of China
13Guangxi University, Nanning 530004, People’s Republic of China

14Hangzhou Normal University, Hangzhou 310036, People’s Republic of China
15Helmholtz Institute Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany

16Henan Normal University, Xinxiang 453007, People’s Republic of China
17Henan University of Science and Technology, Luoyang 471003, People’s Republic of China

18Huangshan College, Huangshan 245000, People’s Republic of China
19Hunan Normal University, Changsha 410081, People’s Republic of China

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

22Indiana University, Bloomington, Indiana 47405, USA
23aINFN Laboratori Nazionali di Frascati, I-00044, Frascati, Italy

23bINFN and University of Perugia, I-06100, Perugia, Italy
24aINFN Sezione di Ferrara, I-44122, Ferrara, Italy

24bUniversity of Ferrara, I-44122, Ferrara, Italy
25Institute of Physics and Technology, Peace Avenue 54B, Ulaanbaatar 13330, Mongolia

26Johannes Gutenberg University of Mainz, Johann-Joachim-Becher-Weg 45, D-55099 Mainz, Germany
27Joint Institute for Nuclear Research, 141980 Dubna, Moscow region, Russia

28Justus-Liebig-Universitaet Giessen, II. Physikalisches Institut, Heinrich-Buff-Ring 16, D-35392 Giessen, Germany
29KVI-CART, University of Groningen, NL-9747 AA Groningen, Netherlands

30Lanzhou University, Lanzhou 730000, People’s Republic of China
31Liaoning University, Shenyang 110036, People’s Republic of China

32Nanjing Normal University, Nanjing 210023, People’s Republic of China
33Nanjing University, Nanjing 210093, People’s Republic of China
34Nankai University, Tianjin 300071, People’s Republic of China
35Peking University, Beijing 100871, People’s Republic of China
36Shandong University, Jinan 250100, People’s Republic of China

37Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China
38Shanxi University, Taiyuan 030006, People’s Republic of China

39Sichuan University, Chengdu 610064, People’s Republic of China
40Soochow University, Suzhou 215006, People’s Republic of China
41Southeast University, Nanjing 211100, People’s Republic of China

42State Key Laboratory of Particle Detection and Electronics, Beijing 100049, Hefei 230026, People’s Republic of China
43Sun Yat-Sen University, Guangzhou 510275, People’s Republic of China

44Tsinghua University, Beijing 100084, People’s Republic of China
45aAnkara University, 06100 Tandogan, Ankara, Turkey

45bIstanbul Bilgi University, 34060 Eyup, Istanbul, Turkey
45cUludag University, 16059 Bursa, Turkey

45dNear East University, Nicosia, North Cyprus, Mersin 10, Turkey
46University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China

PHYSICAL REVIEW LETTERS 122, 061801 (2019)

061801-2



 

47University of Hawaii, Honolulu, Hawaii 96822, USA
48University of Jinan, Jinan 250022, People’s Republic of China
49University of Minnesota, Minneapolis, Minnesota 55455, USA

50University of Muenster, Wilhelm-Klemm-Strasse 9, 48149 Muenster, Germany
51University of Science and Technology Liaoning, Anshan 114051, People’s Republic of China
52University of Science and Technology of China, Hefei 230026, People’s Republic of China

53University of South China, Hengyang 421001, People’s Republic of China
54University of the Punjab, Lahore-54590, Pakistan

55aUniversity of Turin, I-10125, Turin, Italy
55bUniversity of Eastern Piedmont, I-15121, Alessandria, Italy

55cINFN, I-10125, Turin, Italy
56Uppsala University, Box 516, SE-75120 Uppsala, Sweden

57Wuhan University, Wuhan 430072, People’s Republic of China
58Xinyang Normal University, Xinyang 464000, People’s Republic of China

59Zhejiang University, Hangzhou 310027, People’s Republic of China
60Zhengzhou University, Zhengzhou 450001, People’s Republic of China

(Received 8 November 2018; published 15 February 2019)

We report on new measurements of Cabibbo-suppressed semileptonic Dþ
s decays using 3.19 fb−1 of

eþe− annihilation data sample collected at a center-of-mass energy of 4.178 GeV with the BESIII detector
at the BEPCII collider. Our results include branching fractions BðDþ

s → K0eþνeÞ ¼ ½3.25� 0.38ðstatÞ �
0.16ðsystÞ� × 10−3 and BðDþ

s → K�0eþνeÞ ¼ ½2.37� 0.26ðstatÞ � 0.20ðsystÞ� × 10−3, which are much
improved relative to previous measurements, and the first measurements of the hadronic form-factor
parameters for these decays. For Dþ

s → K0eþνe, we obtain fþð0Þ ¼ 0.720� 0.084ðstatÞ � 0.013ðsystÞ,
and for Dþ

s → K�0eþνe, we find form-factor ratios rV ¼ Vð0Þ=A1ð0Þ ¼ 1.67� 0.34ðstatÞ � 0.16ðsystÞ
and r2 ¼ A2ð0Þ=A1ð0Þ ¼ 0.77� 0.28ðstatÞ � 0.07ðsystÞ.
DOI: 10.1103/PhysRevLett.122.061801

The study of Dþ
s semileptonic (SL) decays provides

valuable information about weak and strong interactions
in mesons composed of heavy quarks. (Throughout this
Letter, charge-conjugate modes are implied unless explic-
itly noted.) Measurement of the total SL decay width of the
Dþ

s , and comparison with that of the D mesons, can help
elucidate the role of nonperturbative effects in heavy-
meson decays [1,2]. The Cabibbo-suppressed (CS) SL
decays, including the branching fractions (BFs) for Dþ

s →
K0eþνe and Dþ

s → K�0eþνe [3], are especially poorly
measured. Detailed investigations of the dynamics of
these decays allow measurements of SL decay partial
widths, which depend on the hadronic form factors
(FFs) describing the interaction between the final-state
quarks. Measurements of these FFs provide experimental
tests of theoretical predictions of lattice QCD (LQCD).
Reference [4] predicts that the FFs have minimal depend-
ence on the spectator-quark mass, with values for Dþ

s →
K0lþνl and Dþ → π0lþνl differing by less than 5%.
Experimental verification of this predicted instance would

be a significant success for LQCD. A complementary
LQCD test is provided by comparing measured and
predicted FF parameters for Dþ

s → K�0lþνl and Dþ →
ρ0lþνl. The combination of these measurements has the
potential to verify LQCD FF predictions for SL charm
decays to both pseudoscalar and vector mesons, useful for
further applying the LQCD to SL B decays for precise
determination of Cabibbo-Kobayashi-Maskawa (CKM)
parameters [4–6].
In this Letter, we report on improved measurements of

the absolute BFs and first measurements of the FFs for the
decays Dþ

s → K0eþνe and Dþ
s → K�0eþνe. Our measure-

ments have been made with 3.19 fb−1 eþe− annihilation
data recorded with the BESIII detector at the BEPCII
collider. The center-of-mass energy for our data isffiffiffi
s

p ¼ 4.178 GeV. The cross section is ∼1 nb for the
production ofD�þ

s D−
s þ c:c: at this energy. Our data sample

is the largest collected by any experiment for Dþ
s studies in

the clean near-threshold environment.
Details about the BESIII detector design and perfor-

mance are provided in Ref. [7]. A GEANT4-based [8]
Monte Carlo (MC) simulation package, which includes
the geometric description of the detector and the detector
response, is used to determine signal detection efficiencies
and to estimate potential backgrounds. Signal MC samples
of eþe− → D�þ

s D−
s with a Dþ

s meson decaying to
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Kð�Þ0eþνe together with aD−
s decaying to the studied decay

modes used for this analysis are generated with CONEXC [9]
using EVTGEN [10], with the inclusion of initial-state
radiation (ISR) effects up to second-order correction
[9,11]. The final-state radiation (FSR) effects are simulated
via the PHOTOS package [12]. The interference effects
between ISR and FSR are ignored [13]. The simulation
of the SL decay Dþ

s → K�ð0Þeþνe is matched with the FFs
measured in this work. To study the backgrounds, inclusive
MC samples consisting of open-charm states, radiative
return to J=ψ and ψð2SÞ, and continuum processes of qq̄
(q ¼ u, d, s), along with Bhabha scattering μþμ−, τþτ−,
and γγ events are generated. All known decay modes of
open-charm and ψ states are simulated as specified by the
Particle Data Group [14], while the remaining unknown
decays are modeled with LUNDCHARM [15].
As described above, Dþ

s mesons are produced at
ffiffiffi
s

p ¼
4.178 GeV predominantly through D�þ

s D−
s [16], with 94%

of theD�þ
s decaying to γDþ

s . The first step of our analysis is
to select “single-tag” (ST) events with a fully reconstructed
D−

s candidate. The D−
s hadronic decay tag modes that are

used for this analysis are listed in Table I. In this ST sample,
we select the SL decay Dþ

s → Kð�Þ0eþνe plus an isolated
photon consistent with being from the D�

s → γDs transi-
tion. The selected events are referred to as the double-tag
(DT) sample. For a specific tag mode i, the STand DTevent
yields can be expressed as

Ni
ST ¼ 2NDsD�

s
Bi
STϵ

i
ST and Ni

DT ¼ 2NDsD�
s
Bi
STB

i
SLϵ

i
DT;

where NDsD�
s
is the number of DsD�

s pairs, Bi
ST and B

i
SL are

the BFs of the D−
s tag mode and the Dþ

s SL decay mode,
respectively, ϵiST is the efficiency for finding the tag
candidate, and ϵiDT is the efficiency for simultaneously
finding the tagD−

s and the SL decay. The DTefficiency ϵiDT

includes the BF for D�þ
s → γDþ

s . The BF for the SL decay
is given by

BSL ¼ NDTP
Ni

ST × ϵiDT=ϵ
i
ST

¼ NDT

NST × ϵSL
; ð1Þ

where NDT is the total yield of DT events, NST is the total
ST yield, and ϵSL ¼ ½ðPNi

ST × ϵiDT=ϵ
i
STÞ=ð

P
Ni

STÞ� is the
average efficiency for finding the SL decay weighted by the
measured yields of the tag modes in data.
Selection criteria for γ, π�, and K� are the same as

those used in Ref. [17]. The π0ðηÞ candidate is recon-
structed from the γγ combination with invariant mass
within ð0.115; 0.150Þ½ð0.50; 0.57Þ� GeV=c2. To improve
the momentum resolution, a kinematic fit is performed
to constrain γγ invariant mass to the nominal π0ðηÞmass [3]
with χ2 < 20. The fitted π0ðηÞ momenta are used for
further analysis. K0

S mesons are reconstructed from two
oppositely charged tracks with its invariant mass within
ð0.485; 0.510Þ GeV=c2. A vertex constraint is applied to
improve the K0

S signal significance as in Ref. [18]. We
select ρ− → π−π0 by requiring the invariant mass Mπ−π0 to
be within ð0.626; 0.924Þ GeV=c2 [3]. The decay modes
η0 → πþπ−η and η0 → γπþπ− are used to select η0 mesons,
with the invariant masses of the πþπ−η and γπþπ− required
to be within (0.940,0.976) and ð0.940; 0.970Þ GeV=c2,
respectively. Additionally, to suppress backgrounds from
D� decays, the momenta of the photons from η0 → γπþπ−
and all pions are required to be greater than 0.1 GeV=c.
For all events passing the ST selection criteria, we

calculate the recoil mass against the tag with the following
formula:

Mrec ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi� ffiffiffi

s
p

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jp⃗D−

s
j2 þm2

D−
s

q �
2
− jp⃗D−

s
j2

r
;

where mD−
s
and p⃗D−

s
are the known mass [3] and measured

momentum of the tag D−
s . We define ΔM ≡Mrec −mD�þ

s
,

where mD�þ
s

is the nominal D�þ
s mass [3]. Events within

−0.060 < ΔM < 0.065 GeV=c2 are accepted as D�þ
s D−

s
candidates. To extract the mode-by-mode ST yields, we
perform unbinned maximum likelihood fits to the distri-
butions of the D−

s invariant mass MD−
s
, as shown in Fig. 1.

Signals are modeled with the MC-simulated signal shape
convoluted with Gaussians to account for the resolution
differences between data and MC simulation, while the
combinatorial backgrounds are parametrized with second-
or third-order polynomial functions. Because of the mis-
identification of π− as K−, the backgrounds from D− →
K0

Sπ
− form a broad peak near the D−

s nominal mass for
D−

s → K0
SK

−. In the fit, the shape of this background is
described by using the MC simulation and its size is set as a
free parameter. For each tag mode, the ST yield is obtained
by integrating the signal function over the D−

s mass signal

TABLE I. MD−
s
windows and ST yields in data.

ST mode MD−
s
(GeV=c2) Ni

ST

K0
SK

− (1.945, 1.990) 25858� 217

KþK−π− (1.945, 1.990) 130666� 575

K0
SK

−π0 (1.940, 1.990) 10807� 398

K0
SK

0
Sπ

− (1.945, 1.990) 3810� 131

KþK−π−π0 (1.940, 1.990) 35091� 702

K0
SK

−πþπ− (1.945, 1.990) 7722� 235

K0
SK

þπ−π− (1.945, 1.990) 14802� 259

πþπ−π− (1.945, 1.990) 36258� 832
π−η (1.940, 1.990) 17535� 400
ρ−η (1.940, 1.990) 30114� 886
π−η0ðη0 → πþπ−ηÞ (1.940, 1.990) 7704� 152
ρ−η0ðη0 → πþπ−ηÞ (1.940, 1.990) 3039� 226
π−η0ðη0 → γπþπ−Þ (1.940, 1.990) 17919� 481
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region specified in the second column of Table I, which
also includes the ST yields for all tag modes. The total
reconstructed ST yield in our data sample is NST ¼ 341,
325� 1, 764.
In signal events, the system recoiling against the D−

s tag
consists of the SL decayDþ

s → K0eþνe orDþ
s → K�0eþνe.

We select these from the additional tracks accompanying
the tag, that is, a K0 → K0

S → πþπ− with the ST criteria
already described, and K�0 → Kþπ−, therefore, requiring
that there be exactly three tracks in the event and with
the invariant mass MKþπ− required to be within ð0.801;
0.991Þ GeV=c2. Detection and reconstruction of the posi-
tron follow the procedures in Refs. [19,20]. Backgrounds
from Dþ

s → K0πþ reconstructed as Dþ
s → K0eþνe and

Dþ
s → Kþπþπ− reconstructed as Dþ

s → K�0eþνe are
rejected by requiring the K0eþ or K�0eþ invariant mass
to be less than 1.78 GeV=c2. Backgrounds associated with
fake photons are suppressed by requiring Eγmax, the largest
energy of any unused photon, to be less than 0.20 GeV.
To identify a photon produced directly from D��

s ,
we perform two kinematic fits for each γ candidate, one
assuming that the γ combines with the tag to form a D�−

s
and the other assuming that the SL decay comes from aD�þ

s

parent. We require the D∓
s D��

s pair to conserve energy and
momentum in the center-of-mass frame, and the D�

s
candidates are constrained to the known mass. The neutrino
is treated as a missing particle. When we assume the tag to
be the daughter of a D�−

s , we constrain the mass of the

photon plus tag candidate to be consistent with the expected
D�−

s mass; otherwise, we constrain the mass of the photon
plus SL decay to be consistent with the D�þ

s mass. Finally,
we select the photon and hypothesis with the smallest
kinematic fit χ2.
We obtain information about the undetected neutrino

with the missing-mass squared (MM2) of the event calcu-
lated from the energies and momenta of the tag (ED−

s
, p⃗D−

s
),

the transition photon (Eγ, p⃗γ), and the detected SL
decay products (ESL ¼ EKð�Þ0 þ Eeþ , p⃗SL ¼ p⃗Kð�Þ0 þ p⃗eþ)
as follows:

MM2 ¼ ð ffiffiffi
s

p
− ED−

s
− Eγ − ESLÞ2 − ðjp⃗D−

s
þ p⃗γ þ p⃗SLjÞ2:

Figure 2 shows the MM2 distributions of the accepted
candidate events for Dþ

s → K0eþνe and Dþ
s → K�0eþνe in

data. The signal DTyieldNDT is obtained by performing an
unbinned maximum likelihood fit to MM2. In the fit, the
signal is described with a MC-derived signal shape con-
volved with a Gaussian, and the background is described
by a shape obtained from the inclusive MC sample, in
which no peaking backgrounds are observed. We obtain
117.2� 13.9 and 155.0� 17.2 events for Dþ

s → K0eþνe
and Dþ

s → K�0eþνe, respectively, where the uncertainties
are statistical only. No peaking backgrounds are observed
in Kð�Þ0 mass sideband.
The BFs of Dþ

s → K0eþνe and Dþ
s → K�0eþνe are

determined by Eq. (1), where the detection efficiencies
εSL are estimated to be ð10.57� 0.04Þ% and ð19.15�
0.06Þ% for Dþ

s → K0eþνe and Dþ
s → K�0eþνe, respec-

tively. (These efficiencies include the BFs for K0 → πþπ−

and K�0 → Kþπ−.) Finally, we obtain BðDþ
s →K0eþνeÞ¼

ð3.25�0.38Þ×10−3 and BðDþ
s → K�0eþνeÞ ¼ ð2.37�

0.26Þ × 10−3, where the uncertainties are statistical only.
With the DT technique, the BF measurements are

insensitive to the systematic uncertainties of the ST
selection. The uncertainties of the eþ tracking and particle
identification (PID) efficiencies have all been determined
to be 1.0% [20], while the uncertainty of the Kð�Þ0
reconstruction is 1.5 (2.3)%. The uncertainty associated
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backgrounds, and solid curves (red) are the total fits. The long-
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with the MM2 fit is estimated to be 3.5 (3.8)% by varying
the fitting ranges and the signal and background shapes.
The uncertainty due to the selection of the γ is estimated to
be 2.0% based on selecting the best photon candidate in a
control sample of eþe− → Dþ�

s D−
s events with two had-

ronic tags, Dþ
s → K0

SK
þ and D−

s → KþK−π−. The uncer-
tainties due to the Eγmax and MKð�Þ0eþ requirements are
estimated to be 1.7 (1.7)% and 0.7 (0.9)% by comparing the
nominal BF with that measured with alternative require-
ments. The uncertainty due to the MC signal modeling is
estimated to be 0.9 (1.8)% by varying the input FF
parameters by �1σ as determined in this work. We also
consider the systematic uncertainties of NST (0.5%) evalu-
ated by using alternative signal shapes when fitting theMD−

s

spectra and of the MC statistics (0.4%). The uncertainty
due to different tag dependences between data and MC
simulation is estimated to be 0.8 (0.3)%. Additionally, for
Dþ

s → K�0eþνe decay, the systematic uncertainty for the
possible S-wave component in the Kπ system is esti-
mated to be 6.0% according to Refs. [21,22]. Adding
these contributions in quadrature gives total systematic
uncertainties of 5.1% and 8.3% for BðDþ

s → K0eþνeÞ and
BðDþ

s → K�0eþνeÞ, respectively.
The Dþ

s → K0eþνe differential decay width with respect
to the mass squared (q2) of the eþνe system is expressed
as [23]

dΓðDþ
s → K0eþνeÞ
dq2

¼ G2
FjVcdj2
24π3

p3
K0 jfKþðq2Þj2: ð2Þ

In this equation, pK0 is the K0 momentum in the rest frame
of the Dþ

s , GF is the Fermi constant [3], jVcdj is the CKM
matrix element, and fKþðq2Þ is the hadronic FF. To extract
the FF parameters, we fit to the differential decay rates ΔΓi

measured in the q2 bins of [0.00, 0.35), [0.35, 0.70), [0.70,
1.05), [1.05, 1.40), and ½1.40; 2.16Þ GeV=c2 by using the
three theoretical parametrizations in Table II. A least-χ2 fit
is performed accounting for correlations among q2 bins.
We fix the pole mass mpole at the D�þ nominal mass [3].
The fits to the differential decay rate and projections of the
fits onto fþðq2Þ for Dþ

s → K0eþνe are shown in Figs. 3(a)
and 3(b), and the FF fit results are summarized in the
third column of Table II. The systematic uncertainties in
the extracted parameters are estimated as in Ref. [24].
These include the same systematic effects as the BF

measurements, along with the Dþ
s -lifetime uncertainty.

Using jVcdj ¼ 0.22492� 0.00050 [3], we obtain fKþð0Þ
as shown in the last column of Table II.
The differential decay rate of Dþ

s → K�0eþνe depends
on five variables: Kπ mass squared (m2

Kπ), eþνe mass
squared (q2), the angle between theKþ andDþ

s momenta in
the Kπ rest frame (θK), the angle between the νe and Dþ

s
momenta in the eþνe system (θe), and the acoplanarity
angle between the Kπ and eþνe decay planes (χ).
The differential decay rate can be expressed in terms of
three helicity amplitudes [27,28]: H�ðq2Þ ¼ ðMDþ

s
þ

mKπÞA1ðq2Þ ∓ ½ð2MDþ
s
PKπÞ=ðMDþ

s
þ MKπÞ�Vðq2Þ and

H0ðq2Þ¼ð1=2mKπqÞ½ðM2
Dþ

s
−m2

Kπ−q2ÞðMDþ
s
þmKπÞA1ðq2Þ−

½ð4M2
Dþ

s
p2
KπÞ=ðMDþ

s
þMKπÞ�A2ðq2Þ�, where pKπ is the

)4/c2 (GeV2q
0 0.5 1 1.5 2

)
4 c

-2
G

eV
-1

 (
ns

2
/d

q
Γd

2

4

6

8
data
simple pole
modified pole
z series (2 par.)

(a)

)4/c2 (GeV2q
0 0.5 1 1.5 2

)
2

(q
+f

1

1.5

2

data
simple pole
modified pole
z series (2 par.)

(b)

)2 (GeV/c-π+
KM

0.85 0.9 0.95

2
E

ve
nt

s/
0.

01
 G

eV
/c

10

20

30 (c)

)4/c2 (GeV2q
0 0.5 1

4
/c

2
E

ve
nt

s/
0.

12
 G

eV

10

20

30

40 (d)

eθcos
-1 -0.5 0 0.5 1

E
ve

nt
s/

0.
2

10

20

30

40 (e)

Kθcos
-1 -0.5 0 0.5 1

E
ve

nt
s/

0.
2

20

40

(f)

 (radians)χ
-2 0 2

π
E

ve
nt

s/
0.

2

10

20

30

40 (g)

FIG. 3. (a) Fits to the differential decay rates and (b) projections
onto fKþðq2Þ for Dþ

s → K0eþνe. Projections onto (c) MKþπ− ,
(d) q2, (e) cos θe, (f) cos θK , and (g) χ for Dþ

s → K�0eþνe. Dots
with error bars are data. Curves in (a),(b) give the best fits with
different FF parametrizations. Solid and shadowed histograms in
(c)–(g) are the MC-simulated signal plus background and the
MC-simulated background.

TABLE II. FF results from fits to Dþ
s → K0eþνe, where the first errors are statistical and the second systematic.

Parametrizations fKþð0ÞjVcdj fKþð0Þ
Simple pole [25] 0.172� 0.010� 0.001 0.765� 0.044� 0.004
Modified pole [25] 0.163� 0.017� 0.003 0.725� 0.076� 0.013
z series (two-parameter) [26] 0.162� 0.019� 0.003 0.720� 0.084� 0.013
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momentum of the Kπ system in the rest frame of the Dþ
s ,

and Vðq2Þ and A1=2ðq2Þ are the vector and axial FFs,
respectively. Because A1ðq2Þ is common to all three
helicity amplitudes, it is natural to define the FF ratios rV ¼
Vð0Þ=A1ð0Þ and r2 ¼ A2ð0Þ=A1ð0Þ. The A1=2ðq2Þ and
Vðq2Þ are assumed to have simple pole forms, A1=2ðq2Þ ¼
A1=2ð0Þ=ð1 − q2=M2

AÞ and Vðq2Þ ¼ Vð0Þ=ð1 − q2=M2
VÞ,

with pole masses MV ¼ MD�ð1−Þ ¼ 2.01 GeV=c2 and
MA ¼ MD�ð1þÞ ¼ 2.42 GeV=c2 [3].
We perform a five-dimensional maximum likelihood fit

in the space of M2
Kþπ− , q

2, cos θe, cos θK , and χ for the
Dþ

s → K�0eþνe events within −0.15<MM2<0.15GeV2=c4

in a similar manner as Refs. [27,28]. We ignored the
possible S-wave component in the Kπ system due to
limited statistics. The projections of the fit onto M2

Kþπ− ,
q2, cos θe, cos θK , and χ are shown in Figs. 3(c)–3(g).
In this fit, the K�0 Breit-Wigner function follows
Ref. [27], with a mass and width fixed to those reported
in Ref. [3]. We obtain rV ¼ 1.67� 0.34ðstatÞ and r2 ¼
0.77� 0.28ðstatÞ. The fit procedure has been validated by
analyzing a large inclusive MC sample, and the pull
distribution of each fitted parameter was consistent with
a normal distribution. The systematic uncertainties in the
FF ratio measurements are estimated by comparing the
nominal values with those obtained after varying one
source of uncertainty, as described in Ref. [22]. The
systematic uncertainties in measuring rV (r2) arise mainly
from the uncertainties related to tracking, PID, and photon
detection (1.8%), the K�0 mass window (1.8%), the MM2

signal region (8.7%), the Eγmax requirement (1.2%), the
MK�0eþ requirement (0.6%), background estimation (1.8%),
and the K�0 Breit-Wigner line shape (0.3%). Combining all
of these in quadrature, we find the systematic uncertainties
in rV and r2 of Dþ

s → K�0eþνe to be 9.3% and 8.7%,
respectively.
In summary, using 3.19 fb−1 data collected at

ffiffiffi
s

p ¼
4.178 GeV by the BESIII detector, we measure the
absolute BFs of Dþ

s →K0eþνe and Dþ
s → K�0eþνe to be

BðDþ
s →K0eþνeÞ¼ ½3.25�0.38ðstatÞ�0.16ðsystÞ�×10−3

and BðDþ
s →K�0eþνeÞ¼ ½2.37�0.26ðstatÞ�0.20ðsystÞ�×

10−3. These are the most precise measurements to date.
Theoretical predictions of these BFs range from 2.0 × 10−3

to 3.9 × 10−3 [23,29–33] forDþ
s → K0eþνe and 1.7 × 10−3

to 2.3 × 10−3 [23,30–34] for Dþ
s → K�0eþνe, respectively.

Since the predicated BF 2.0 × 10−3 in Refs. [29,33]
obtained from a double-pole model are more than 2
standard deviations away from the mean value of our
measured BðDþ

s → K0eþνeÞ, thus, at a confidence level of
95%, our measurement disfavors this prediction.
By analyzing the dynamics ofDþ

s → K0eþνe andDþ
s →

K�0eþνe decays for the first time, we determine the FF of
Dþ

s → K0eþνe to be fKþð0Þ ¼ 0.720� 0.084ðstatÞ �
0.013ðsystÞ and the FF ratios of Dþ

s → K�0eþνe to be

rV ¼1.67�0.34ðstatÞ�0.16ðsystÞ and r2 ¼ 0.77�
0.28ðstatÞ � 0.07ðsystÞ. With the FF of Dþ → π0eþνe
measured by BESIII [24] and that of Dþ → ρ0eþνe by
CLEO [27], we calculate the ratios of the FFs of Dþ

s →
K0eþνe to Dþ → π0eþνe and Dþ

s → K�0eþνe to Dþ →
ρ0eþνe decays, as shown in Table III, which are consistent
with LQCD predictions [4] and the expectation of U-spin
(d ↔ s) symmetry [35]. These measurements provide a
first test of the LQCD prediction that the FFs are insensitive
to spectator quarks, which has important implications when
considering the corresponding B and Bs decays [4–6].
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TABLE III. The ratios of the from factors.

Values

fD
þ
s →K0

þ ð0Þ=fDþ→π0þ ð0Þ 1.16� 0.14ðstatÞ � 0.02ðsystÞ
rD

þ
s →K�0

V =rD
þ→ρ0

V 1.13� 0.26ðstatÞ � 0.11ðsystÞ
rD

þ
s →K�0

2 =rD
þ→ρ0

2 0.93� 0.36ðstatÞ � 0.10ðsystÞ
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