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Outline
• Amplitude analysis of charmed meson decays

• D0 -> K-p+p0p0; D+ -> K0sp
+p+p-; D+

s -> p+p0h
• D+ -> K-K+K+

• Two body decays of charmed mesons
• D+

s -> p n; D+
s -> wp+ and wK+ ; D+

s -> K0sK+ and K0
LK+

• Charmed baryon decays
• Lc

+ -> S+h and Lc
+ -> S+h’; Lc

+ -> Lhp+ andLc
+ -> S+(1385)h 

• ;
• Charmed baryons lifetimes

• Not covered in this talk:
• Mixing and CPV in charm (see Fabio Ferrari’s talk )
• Leptonic and semileptonic decays of charmed hadrons (See Sifan Zhang’s 

talk )
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⌅++
cc ! D+pK�⇡+

LHCb-PAPER-2019-011 (in preparation)

Trying for 3 in a row!

Searched for ⌅++
cc ! D+pK�⇡+ (CF), D+ ! K�⇡+⇡+ (CF) in 2016 data

Reasons motivated by experimental expectations:

I Excellent D+ ! K�⇡+⇡+ trigger

I Long lifetime of D+ (1 ps) =) flies further from ⌅++
cc decay point

I Could expect B(⌅++
cc ! D+pK�⇡+) ' B(⌅++

cc ! ⇤+
c K

�⇡+⇡+)

Selection of data designed similarly to ⌅++
cc ! ⇤+

c K
�⇡+⇡+ analysis;

performed blind and with use of multivariate machine learning techniques

Murdo Traill (University of Glasgow) Doubly charmed baryons, La Thuile 13.03.19 9 / 13
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Observation of the doubly
Cabibbo-suppressed decay ⌅+

c ! p�

LHCb collaboration†

This paper is dedicated to the memory of our friend and colleague Yury Shcheglov.

Abstract

The doubly Cabibbo-suppressed decay ⌅+
c ! p� with �! K+K� is observed for

the first time, with a statistical significance of more than fifteen standard deviations.
The data sample used in this analysis corresponds to an integrated luminosity of
2 fb�1 recorded with the LHCb detector in pp collisions at a centre-of-mass energy
of 8TeV. The ratio of branching fractions between the decay ⌅+

c ! p� and the
singly Cabibbo-suppressed decay ⌅+

c ! pK�⇡+ is measured to be

B(⌅+
c ! p�)

B(⌅+
c ! pK�⇡+)

= (19.8± 0.7± 0.9± 0.2)⇥ 10�3,

where the first uncertainty is statistical, the second systematic and the third due to
the knowledge of the � ! K+K� branching fraction.

Submitted to JHEP

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

†Authors are listed at the end of this paper.
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Strong Phase δKπ

15

PLB734, 227 (2014)
 (BESIII: 2.92 fb-1 )

LHCb : RS: D0 o K-S+S+S- and WS: D0 o K+S-S-S+ 

• 3fb-1 @ 7 and 8 TeV
• Reconstruct B o D*(2010)+ [D0S+ ]P X 

as a clean source of D0 mesons for 
further analysis. 

RS: 890,000 sig. evts, >99% purity
WS: 3,000 sig. evts, 80% purity 56 time of that from BESIII  (~16000)

EPJC 78, 443 (2018)
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Charm Production at Threshold

future tau-charm factory, Orsay 7

Double Tag (DT) techniques
• 100% of beam energy converted to D pair (Clean environment, 

kinematic constrains n Recon.  )
• D(S) generated in pair Þ absolute Branching fractions
• Fully reconstruct about 15% of D(S) decays

  

ΔE = ED − EBeam

MBC = EBeam
2 − pD

2

u Double tag techniques: Hadronic tag on one side, 
on the other side for missing-mass studies 
(Double tag efficiency is high.)

LXR

• Single tag: fully reconstruct the signal D(S), Lc

• Double tag:
• Fully reconstruct the tag D(S), Lc taking advantage of kinematic constrains
• Search for the signal mode in the recoil system
• Possible to measure absolute Branching Fraction

5/9/19 3

Strong Phase δKπ
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Charm Production in the Forward Region
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LHCb : RS: D0 o K-S+S+S- and WS: D0 o K+S-S-S+ 

• 3fb-1 @ 7 and 8 TeV
• Reconstruct B o D*(2010)+ [D0S+ ]P X 

as a clean source of D0 mesons for 
further analysis. 
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Charm and beauty production into forward region

01.03.2019 A.Dzyuba @ PhiPsi-2019 6

• Gluon fusion is main production mechanism for 
pairs of heavy (c & b) quark-antiquark pairs

• Produced charmed hadrons go together in 
forward direction (LHCb acceptance 2<η<5)

• Lorentz boost provides signature for c- & b-
hadrons selection

• Tagging for prompt-c and c-from-b

Charm and beauty production into forward region
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• Gluon fusion is main production mechanism for 
pairs of heavy (c & b) quark-antiquark pairs

• Produced charmed hadrons go together in 
forward direction (LHCb acceptance 2<η<5)

• Lorentz boost provides signature for c- & b-
hadrons selection

• Tagging for prompt-c and c-from-b

• Gluon fusion is main production mechanism for heavy 
(c & b) quark-antiquark pairs 

• Produced charmed hadrons go together in forward 
direction (LHCb acceptance 2<η<5) 

• Lorentz boost provides signature for c-& b- hadrons 
selection 

• Tagging for prompt-c production gives the highest 
tagging rate

• Tagging for c from b decays gives the most efficient 
triggering



Amplitude Analysis of 
Charmed Meson Decays
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Amplitude Analysis of D0 -> K-p+p0p0
11

TABLE III. FFs, phases, and significances of the optimal set of amplitude modes. The first and second uncertainties are
statistical and systematic, respectively. The details of systematic uncertainties are discussed in Section VIA.

Amplitude mode FF (%) Phase (�) Significance (�)
D ! SS
D ! (K�⇡+)S-wave(⇡

0⇡0)S 6.92± 1.44± 2.86 �0.75± 0.15± 0.47 > 10
D ! (K�⇡0)S-wave(⇡

+⇡0)S 4.18± 1.02± 1.77 �2.90± 0.19± 0.47 6.0
D ! AP,A ! V P
D ! K�a1(1260)

+, ⇢+⇡0[S] 28.36± 2.50± 3.53 0 (fixed) > 10
D ! K�a1(1260)

+, ⇢+⇡0[D] 0.68± 0.29± 0.30 �2.05± 0.17± 0.25 6.1
D ! K1(1270)

�⇡+,K⇤�⇡0[S] 0.15± 0.09± 0.15 1.84± 0.34± 0.43 4.9
D ! K1(1270)

0⇡0,K⇤0⇡0[S] 0.39± 0.18± 0.30 �1.55± 0.20± 0.26 4.8
D ! K1(1270)

0⇡0,K⇤0⇡0[D] 0.11± 0.11± 0.11 �1.35± 0.43± 0.48 4.0
D ! K1(1270)

0⇡0,K�⇢+[S] 2.71± 0.38± 0.29 �2.07± 0.09± 0.20 > 10
D ! (K⇤�⇡0)A⇡

+,K⇤�⇡0[S] 1.85± 0.62± 1.11 1.93± 0.10± 0.15 7.8
D ! (K⇤0⇡0)A⇡

0,K⇤0⇡0[S] 3.13± 0.45± 0.58 0.44± 0.12± 0.21 > 10
D ! (K⇤0⇡0)A⇡

0,K⇤0⇡0[D] 0.46± 0.17± 0.29 �1.84± 0.26± 0.42 5.9
D ! (⇢+K�)A⇡

0,K�⇢+[D] 0.75± 0.40± 0.60 0.64± 0.36± 0.53 5.1
D ! AP,A ! SP
D ! ((K�⇡+)S-wave⇡

0)A⇡
0 1.99± 1.08± 1.55 �0.02± 0.25± 0.53 7.0

D ! V S
D ! (K�⇡0)S-wave⇢

+ 14.63± 1.70± 2.41 �2.39± 0.11± 0.35 > 10
D ! K⇤�(⇡+⇡0)S 0.80± 0.38± 0.26 1.59± 0.19± 0.24 4.1
D ! K⇤0(⇡0⇡0)S 0.12± 0.12± 0.12 1.45± 0.48± 0.51 4.1
D ! V P, V ! V P
D ! (K⇤�⇡+)V ⇡0 2.25± 0.43± 0.45 0.52± 0.12± 0.17 > 10
D ! V V
D ! K⇤�⇢+[S] 5.15± 0.75± 1.28 1.24± 0.11± 0.23 > 10
D ! K⇤�⇢+[P ] 3.25± 0.55± 0.41 �2.89± 0.10± 0.18 > 10
D ! K⇤�⇢+[D] 10.90± 1.53± 2.36 2.41± 0.08± 0.16 > 10
D ! (K�⇡0)V ⇢+[P ] 0.36± 0.19± 0.27 �0.94± 0.19± 0.28 5.7
D ! (K�⇡0)V ⇢+[D] 2.13± 0.56± 0.92 �1.93± 0.22± 0.25 > 10
D ! K⇤�(⇡+⇡0)V [D] 1.66± 0.52± 0.61 �1.17± 0.20± 0.39 7.6
D ! (K�⇡0)V (⇡+⇡0)V [S] 5.17± 1.91± 1.82 �1.74± 0.20± 0.31 7.6
D ! TS
D ! (K�⇡+)S-wave(⇡

0⇡0)T 0.30± 0.21± 0.30 �2.93± 0.31± 0.82 5.8
D ! (K�⇡0)S-wave(⇡

+⇡0)T 0.14± 0.12± 0.10 2.23± 0.38± 0.65 4.0
TOTAL 98.54

discussed in Section VIB. This correction is applied to
obtain the corrected DT e�ciency to be (8.50± 0.04)%.

D. Result of Branching Fraction

Inserting the values of the DT and ST data yields,
the ST e�ciency, and the corrected DT e�ciency into
Eq. (28), we determine the BF of the K�⇡+⇡0⇡0 de-
cay, B(D0 ! K�⇡+⇡0⇡0) = (8.86 ± 0.13(stat) ±
0.19(syst))%. The systematic uncertainties are discussed
in Section VIB.

VI. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties of the PWA and BF mea-
surement are discussed in Sections VIA and VIB, respec-
tively.

A. Uncertainties for Amplitude Analysis

The systematic uncertainties for our amplitude analy-
sis are studied in four categories: amplitude model, back-
ground, experimental e↵ects, and fit bias. The contribu-
tions from the di↵erent categories to the systematic un-
certainties for the FFs and phases are given in Tables IV
and V, respectively. The uncertainties of these categories
are added in quadrature to obtain the total systematic
uncertainties.
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FIG. 2. Projections of the data sample and the PWA signal MC sample on the (a)-(d) invariant masses squared and the (e)-(h)
cosines of helicity angles for the K�⇡+, K�⇡0, ⇡+⇡0 and ⇡0⇡0 systems. The (red) solid lines indicate the fit results, while the
(black) dots with error bars indicate data.

Double	tag	analysis:	tag	mode:																														signal	mode:
6100	events	with	99%	purity	used	for	amplitude	analysis
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arXiv:	1903.06316
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Amplitude Analysis of D+ -> K0sp+p+p-

5/9/19 7

• Improved precision for sub decay modes
• Agreement with previous measurement
• Comparison with neutral mode D" → 𝐾%𝜋'𝜋'𝜋%

• D' → 𝐾() 1400 "𝜋' larger

Strong Phase δKπ

15

PLB734, 227 (2014)
 (BESIII: 2.92 fb-1 )

arXiv:	1902.05936

Double tag analysis: tag mode  𝐷% → 𝐾'𝜋%𝜋%

4559 events with 97.5% purity used for amplitude analysis



Amplitude Analysis of D+
s -> p+p0h
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arXiv:	1903.04118

Double tag analysis: 
tag modes

1239 events with 97.7% purity used for amplitude analysis
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than 5σ are considered, where σ is the standard devi-
ation. In addition to the D+

s → ρ+η amplitude, both
D+

s → a0(980)+π0 and D+
s → a0(980)0π+ amplitudes

are found to be significant. However, the latter two am-
plitude phases are found to be approximately 90% cor-
related with one another; their fitted cn are found to
be consistent with each other while a difference in φn is
found to be close to π, which indicates there is no sig-
nificant a0(980)0− f0(980) mixing in D+

s → a0(980)0π+.
Consequently, in the nominal fit, we set the values of cn of
these two amplitudes to be equal with a phase difference
of π. We refer to the coherent sum of these two ampli-
tudes as “D+

s → a0(980)π”. The non-resonant process
D+

s → (π+π0)V η is also considered, where the subscript
V denotes a vector non-resonant state of the π+π0 com-
bination. We consider other possible amplitudes that in-
volve ρ(1450), a0(1450), π1(1400), a2(1320), or a2(1700),
as well as the non-resonant partners; none of these am-
plitudes has a statistical significance greater than 2σ, so
they are not included in the nominal model. In the fit,
the values of cn and φn for the D+

s → ρ+η amplitude are
fixed to be one and zero, respectively, so that all other
amplitudes are measured relative to this amplitude. The
masses and widths of the intermediate resonances used
in the fit, except for those of the a0(980), are taken from
Ref. [5].

For D+
s → ρ+η, D+

s → (π+π0)V η, and D+
s →

a0(980)π, the resulting statistical significances are
greater than 20σ, 5.7σ, and 16.2σ, respectively. Their
phases and fit fractions (FFs) are listed in Table I. Here
the FF for the nth intermediate process is defined as

FFn =
∫
|An|

2dΦ3∫
|M|2dΦ3

, where dΦ3 is the standard element

of the three-body phase space. The Dalitz plot of M2
π+η

versus M2
π0η for data is shown in Fig. 2(a). The projec-

tions of the fit on Mπ−π0 , Mπ+η and Mπ0η are shown
in Figs. 2(b-d). The projections on Mπ+η and Mπ0η

for events with Mπ+π0 > 1.0 GeV/c2 are shown in
Figs. 2(e,f), in which a0(980) peaks are observed. The fit
quality is determined by calculating the χ2 of the fit us-
ing an adaptive binning of the M2

π+η versus M2
π0η Dalitz

plot that requires each bin contains at least 10 events.
The goodness of fit is χ2/NDOF=82.8/77.

TABLE I. Significance, φn, and FFn for the intermediate pro-
cesses in the nominal fit. The first and second uncertainties
are statistical and systematic, respectively.

Amplitude φn (rad) FFn

D+
s → ρ+η 0.0 (fixed) 0.783 ± 0.050 ± 0.021

D+
s → (π+π0)V η 0.612 ± 0.172 ± 0.342 0.054 ± 0.021 ± 0.025

D+
s → a0(980)π 2.794 ± 0.087 ± 0.044 0.232 ± 0.023 ± 0.033

Systematic uncertainties for the amplitude analysis are
considered from five sources: (I) line-shape parameteri-
zations of the resonances, (II) fixed parameters in the
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FIG. 2. (a) Dalitz plot of M2
π+η versus M2

π0η for data, the
projections of the fit on (b) Mπ−π0 , (c) Mπ+η and (d) Mπ0η,
and the projections on (e) Mπ+η and (f) Mπ0η after requiring
Mπ+π0 > 1.0 GeV/c2. In (b-f), the dots with error bars
and the solid line are data and the total fit, respectively; the
dashed, dotted, and long-dashed lines are the contributions
from D+

s → ρ+η, D+
s → (π+π0)V η, and D+

s → a0(980)π,
respectively. The (red) hatched histograms are the simulated
background.

amplitudes, (III) the background level and distribution
in the Dalitz plot, (IV) experimental effects, and (V) the
fitter performance. We determine these systematic un-
certainties separately by taking the difference between
the values of φn, and FFn found by the altered and nom-
inal fits. The uncertainties related to the assumed res-
onance line-shape are estimated by using the following
alternatives: a Gounaris-Sakurai function [19] for the ρ+

propagator and a three-channel-coupled Flatté formula,
which adds the πη′ channel [17], for the a0(980) propa-
gator. Since varying the propagators results in different
normalization factors, the effect on all FFs is considered.
The uncertainties related to the fixed parameters in the
amplitudes are considered by varying the mass and width
of ρ+ by ±1σ [5], the mass and coupling constants of
a0(980) by the uncertainties reported in Ref. [17], and the
effect of varying the radii of the non-resonant state and
Ds meson within ±2 GeV−1. In addition, for the ρ+ res-
onance, the effective radius reported in Ref. [5] is used as
an alternative. The uncertainty related to the assumed
background level is determined by changing the back-
ground fraction within its statistical uncertainty. The
uncertainty related to the assumed background shape is
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We present the first amplitude analysis of the decay D+
s → π+π0η. We use an e+e− collision data

sample corresponding to an integrated luminosity of 3.19 fb−1 collected with the BESIII detector
at a center-of-mass energy of 4.178 GeV. We observe for the first time the pure W -annihilation
decays D+

s → a0(980)
+π0 and D+

s → a0(980)
0π+. We measure the absolute branching fractions

B(D+
s → a0(980)

+(0)π0(+), a0(980)
+(0)

→ π+(0)η) = (1.46 ± 0.15stat. ± 0.23sys.)%, which is larger
than the branching fractions of other measured pure W -annihilation decays by at least one order
of magnitude. In addition, we measure the branching fraction of D+

s → π+π0η with significantly
improved precision.

PACS numbers: 13.25.Ft, 12.38.Qk, 14.40.Lb

The theoretical understanding of the weak decay of
charm mesons is challenging because the charm quark
mass is not heavy enough to describe exclusive processes
with a heavy-quark expansion. The W -annihilation
(WA) process may occur as a result of final-state-
interactions (FSI) and the WA amplitude may be com-
parable with the tree-external-emission amplitude [1–4].
However, the theoretical calculation of the WA amplitude
is currently difficult. Hence measurements of decays in-
volving a WA contribution provide the best method to
investigate this mechanism.

Among the measured decays involving WA contribu-
tions, two decays with V P mode, D+

s → ωπ+ and
D+

s → ρ0π+, only occur through WA, which we re-
fer to as ‘pure WA decay’. Here V and P denote vec-
tor and pseudoscalar mesons, respectively. The branch-
ing fractions (BFs) of these pure WA decays are at the
O(0.1%) [5]. These BF measurements allow the deter-
mination of two distinct WA amplitudes for V P mode.
In addition, they improve our understanding of SU(3)-
flavor symmetry and CP violation in the charm sector [4].
However, for SP mode, where S denotes a scalar meson,
there are neither experimental measurements nor theo-
retical calculations of the BFs.

Two decays with SP mode D+
s → a0(980)+π0 and

D+
s → a0(980)0π+ are pure WA decays if a0(980)0-

f0(980) mixing is ignored. Their decay diagrams are
shown in Fig. 1. In this Letter, we search for them with
an amplitude analysis of D+

s → π+π0η. We also present
improved measurements of the BFs of D+

s → π+π0η and
D+

s → ρ+η decays. Throughout this Letter, charge con-
jugation and a0(980) → πη are implied unless explicitly

c

s̄

W+
u

d̄

d̄
d

a0(980)
+(π+)

π0(a0(980)
0)

D+
s

c

s̄

W+
u

d̄

ū
u

π0(a0(980)
0)

a0(980)
+(π+)

D+
s

FIG. 1. D+
s → a0(980)

+(0)π0(+) decay topology diagrams,
where the gluon lines can be connected with the quark lines in
all possible cases and the contributions from FSI are included.

stated.

We use a data sample corresponding to an integrated
luminosity of 3.19 fb−1, taken at a center-of-mass en-
ergy of 4.178 GeV with the BESIII detector located at
Beijing Electron Position Collider [7]. The BESIII de-
tector and the upgraded multi-gap resistive plate cham-
bers used in the time-of-flight systems are described in
Refs. [6] and [8], respectively. We study the background
and determine tagging efficiencies with a generic Monte
Carlo (GMC) sample that is simulated with geant4 [9].
The GMC sample includes all known open-charm de-
cay processes, which are generated with conexc [10]
and evtgen [11], initial-state radiative decays to the
J/ψ or ψ(3686), and continuum processes. We deter-
mine signal efficiencies from Monte Carlo (MC) samples
of D+

s → π+π0η decays that are generated according to
the amplitude fit results to data reported in this Letter.

In the data sample, the Ds mesons are mainly pro-
duced via the process of e+e− → D∗−

s D+
s , D∗−

s →
γD−

s ; we refer to the γ directly produced from the
D∗−

s decay as γdirect. To exploit the dominance of
the e+e− → D∗−

s D+
s process, we use the double-tag

(DT) method [14]. The single-tag (ST) D−
s mesons

5

than 5σ are considered, where σ is the standard devi-
ation. In addition to the D+

s → ρ+η amplitude, both
D+

s → a0(980)+π0 and D+
s → a0(980)0π+ amplitudes

are found to be significant. However, the latter two am-
plitude phases are found to be approximately 90% cor-
related with one another; their fitted cn are found to
be consistent with each other while a difference in φn is
found to be close to π, which indicates there is no sig-
nificant a0(980)0− f0(980) mixing in D+

s → a0(980)0π+.
Consequently, in the nominal fit, we set the values of cn of
these two amplitudes to be equal with a phase difference
of π. We refer to the coherent sum of these two ampli-
tudes as “D+

s → a0(980)π”. The non-resonant process
D+

s → (π+π0)V η is also considered, where the subscript
V denotes a vector non-resonant state of the π+π0 com-
bination. We consider other possible amplitudes that in-
volve ρ(1450), a0(1450), π1(1400), a2(1320), or a2(1700),
as well as the non-resonant partners; none of these am-
plitudes has a statistical significance greater than 2σ, so
they are not included in the nominal model. In the fit,
the values of cn and φn for the D+

s → ρ+η amplitude are
fixed to be one and zero, respectively, so that all other
amplitudes are measured relative to this amplitude. The
masses and widths of the intermediate resonances used
in the fit, except for those of the a0(980), are taken from
Ref. [5].

For D+
s → ρ+η, D+

s → (π+π0)V η, and D+
s →

a0(980)π, the resulting statistical significances are
greater than 20σ, 5.7σ, and 16.2σ, respectively. Their
phases and fit fractions (FFs) are listed in Table I. Here
the FF for the nth intermediate process is defined as

FFn =
∫
|An|

2dΦ3∫
|M|2dΦ3

, where dΦ3 is the standard element

of the three-body phase space. The Dalitz plot of M2
π+η

versus M2
π0η for data is shown in Fig. 2(a). The projec-

tions of the fit on Mπ−π0 , Mπ+η and Mπ0η are shown
in Figs. 2(b-d). The projections on Mπ+η and Mπ0η

for events with Mπ+π0 > 1.0 GeV/c2 are shown in
Figs. 2(e,f), in which a0(980) peaks are observed. The fit
quality is determined by calculating the χ2 of the fit us-
ing an adaptive binning of the M2

π+η versus M2
π0η Dalitz

plot that requires each bin contains at least 10 events.
The goodness of fit is χ2/NDOF=82.8/77.

TABLE I. Significance, φn, and FFn for the intermediate pro-
cesses in the nominal fit. The first and second uncertainties
are statistical and systematic, respectively.

Amplitude φn (rad) FFn

D+
s → ρ+η 0.0 (fixed) 0.783 ± 0.050 ± 0.021

D+
s → (π+π0)V η 0.612 ± 0.172 ± 0.342 0.054 ± 0.021 ± 0.025

D+
s → a0(980)π 2.794 ± 0.087 ± 0.044 0.232 ± 0.023 ± 0.033

Systematic uncertainties for the amplitude analysis are
considered from five sources: (I) line-shape parameteri-
zations of the resonances, (II) fixed parameters in the
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FIG. 2. (a) Dalitz plot of M2
π+η versus M2

π0η for data, the
projections of the fit on (b) Mπ−π0 , (c) Mπ+η and (d) Mπ0η,
and the projections on (e) Mπ+η and (f) Mπ0η after requiring
Mπ+π0 > 1.0 GeV/c2. In (b-f), the dots with error bars
and the solid line are data and the total fit, respectively; the
dashed, dotted, and long-dashed lines are the contributions
from D+

s → ρ+η, D+
s → (π+π0)V η, and D+

s → a0(980)π,
respectively. The (red) hatched histograms are the simulated
background.

amplitudes, (III) the background level and distribution
in the Dalitz plot, (IV) experimental effects, and (V) the
fitter performance. We determine these systematic un-
certainties separately by taking the difference between
the values of φn, and FFn found by the altered and nom-
inal fits. The uncertainties related to the assumed res-
onance line-shape are estimated by using the following
alternatives: a Gounaris-Sakurai function [19] for the ρ+

propagator and a three-channel-coupled Flatté formula,
which adds the πη′ channel [17], for the a0(980) propa-
gator. Since varying the propagators results in different
normalization factors, the effect on all FFs is considered.
The uncertainties related to the fixed parameters in the
amplitudes are considered by varying the mass and width
of ρ+ by ±1σ [5], the mass and coupling constants of
a0(980) by the uncertainties reported in Ref. [17], and the
effect of varying the radii of the non-resonant state and
Ds meson within ±2 GeV−1. In addition, for the ρ+ res-
onance, the effective radius reported in Ref. [5] is used as
an alternative. The uncertainty related to the assumed
background level is determined by changing the back-
ground fraction within its statistical uncertainty. The
uncertainty related to the assumed background shape is

3

e Also at the NRC ”Kurchatov Institute”, PNPI, 188300, Gatchina, Russia
f Also at Istanbul Arel University, 34295 Istanbul, Turkey

g Also at Goethe University Frankfurt, 60323 Frankfurt am Main, Germany
h 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

i Government College Women University, Sialkot - 51310. Punjab, Pakistan.
j Key Laboratory of Nuclear Physics and Ion-beam Application (MOE) and Institute of Modern Physics, Fudan University,

Shanghai 200443, People’s Republic of China
k Currently at: Center for Underground Physics, Institute for Basic Science, Daejeon 34126, Korea

(Dated: March 12, 2019)

We present the first amplitude analysis of the decay D+
s → π+π0η. We use an e+e− collision data

sample corresponding to an integrated luminosity of 3.19 fb−1 collected with the BESIII detector
at a center-of-mass energy of 4.178 GeV. We observe for the first time the pure W -annihilation
decays D+

s → a0(980)
+π0 and D+

s → a0(980)
0π+. We measure the absolute branching fractions

B(D+
s → a0(980)

+(0)π0(+), a0(980)
+(0)

→ π+(0)η) = (1.46 ± 0.15stat. ± 0.23sys.)%, which is larger
than the branching fractions of other measured pure W -annihilation decays by at least one order
of magnitude. In addition, we measure the branching fraction of D+

s → π+π0η with significantly
improved precision.

PACS numbers: 13.25.Ft, 12.38.Qk, 14.40.Lb

The theoretical understanding of the weak decay of
charm mesons is challenging because the charm quark
mass is not heavy enough to describe exclusive processes
with a heavy-quark expansion. The W -annihilation
(WA) process may occur as a result of final-state-
interactions (FSI) and the WA amplitude may be com-
parable with the tree-external-emission amplitude [1–4].
However, the theoretical calculation of the WA amplitude
is currently difficult. Hence measurements of decays in-
volving a WA contribution provide the best method to
investigate this mechanism.

Among the measured decays involving WA contribu-
tions, two decays with V P mode, D+

s → ωπ+ and
D+

s → ρ0π+, only occur through WA, which we re-
fer to as ‘pure WA decay’. Here V and P denote vec-
tor and pseudoscalar mesons, respectively. The branch-
ing fractions (BFs) of these pure WA decays are at the
O(0.1%) [5]. These BF measurements allow the deter-
mination of two distinct WA amplitudes for V P mode.
In addition, they improve our understanding of SU(3)-
flavor symmetry and CP violation in the charm sector [4].
However, for SP mode, where S denotes a scalar meson,
there are neither experimental measurements nor theo-
retical calculations of the BFs.

Two decays with SP mode D+
s → a0(980)+π0 and

D+
s → a0(980)0π+ are pure WA decays if a0(980)0-

f0(980) mixing is ignored. Their decay diagrams are
shown in Fig. 1. In this Letter, we search for them with
an amplitude analysis of D+

s → π+π0η. We also present
improved measurements of the BFs of D+

s → π+π0η and
D+

s → ρ+η decays. Throughout this Letter, charge con-
jugation and a0(980) → πη are implied unless explicitly
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FIG. 1. D+
s → a0(980)

+(0)π0(+) decay topology diagrams,
where the gluon lines can be connected with the quark lines in
all possible cases and the contributions from FSI are included.

stated.

We use a data sample corresponding to an integrated
luminosity of 3.19 fb−1, taken at a center-of-mass en-
ergy of 4.178 GeV with the BESIII detector located at
Beijing Electron Position Collider [7]. The BESIII de-
tector and the upgraded multi-gap resistive plate cham-
bers used in the time-of-flight systems are described in
Refs. [6] and [8], respectively. We study the background
and determine tagging efficiencies with a generic Monte
Carlo (GMC) sample that is simulated with geant4 [9].
The GMC sample includes all known open-charm de-
cay processes, which are generated with conexc [10]
and evtgen [11], initial-state radiative decays to the
J/ψ or ψ(3686), and continuum processes. We deter-
mine signal efficiencies from Monte Carlo (MC) samples
of D+

s → π+π0η decays that are generated according to
the amplitude fit results to data reported in this Letter.

In the data sample, the Ds mesons are mainly pro-
duced via the process of e+e− → D∗−

s D+
s , D∗−

s →
γD−

s ; we refer to the γ directly produced from the
D∗−

s decay as γdirect. To exploit the dominance of
the e+e− → D∗−

s D+
s process, we use the double-tag

(DT) method [14]. The single-tag (ST) D−
s mesons

First observation of D+s -> a0 p+, 16.2s significance
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Figure 1: Invariant-mass spectrum of the K�K+K+ candidates with the fit result overlaid (solid
blue line). The orange and green dashed lines indicate the two Gaussian functions representing
the signal and the red dashed line is the background.
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Figure 2: (left) Dalitz plot of the selected sample, including background. (right) Dalitz plot
projections for candidates from regions I (blue) and II (red), above and below sK�K+ =1.5GeV2.
The interference between the S- and P-wave amplitudes cause the asymmetry in the number of
candidates in the two regions, as well as the shift in the peak position. Both figures include all
candidates in the selected mass range.

4 E�ciency and background model

4.1 E�ciency variation over the Dalitz plot

In the fit to the Dalitz plot distribution, the variation of the total e�ciency across the phase
space must be taken into account. The total e�ciency is determined from a combination
of simulation and methods based on data, and includes the geometrical acceptance of the
detector and the reconstruction, selection, PID and trigger e�ciencies.
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Figure 1: Invariant-mass spectrum of the K�K+K+ candidates with the fit result overlaid (solid
blue line). The orange and green dashed lines indicate the two Gaussian functions representing
the signal and the red dashed line is the background.
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Figure 2: (left) Dalitz plot of the selected sample, including background. (right) Dalitz plot
projections for candidates from regions I (blue) and II (red), above and below sK�K+ =1.5GeV2.
The interference between the S- and P-wave amplitudes cause the asymmetry in the number of
candidates in the two regions, as well as the shift in the peak position. Both figures include all
candidates in the selected mass range.

4 E�ciency and background model

4.1 E�ciency variation over the Dalitz plot

In the fit to the Dalitz plot distribution, the variation of the total e�ciency across the phase
space must be taken into account. The total e�ciency is determined from a combination
of simulation and methods based on data, and includes the geometrical acceptance of the
detector and the reconstruction, selection, PID and trigger e�ciencies.

4

Region	I

Region	II

Dalitz plot analysis  performed with the isobar model and a 
phenomenological model based on an effective chiral lagrangian
(Triple M amplitude).
Possible contributions in the Isobar Model:

Isoscalars: f0(980),f0(1370), f0(1500)
Isovector a0(980), a0(1450)
Vector f(1020)
Tensor f2(1270)

Different Diagrams contibute to
Triple M Amplitude:

PRD	98,056021(2018)	

In the Triple-M, the three-kaon system can be produced in two ways, as illustrated in
the diagrams in Fig. 10. Diagram (a) represents the production of the three kaons directly
from the weak vertex, whereas in diagram (b) two of the three kaons result from the decay
of a bare intermediate resonance. Final state interactions are introduced in diagrams
(c) and (d). The full black circles indicate the unitarised scattering amplitudes, AJI

K+K� ,
representing the scattering ab ! K+K� with the coupled channels ab = K+K�, ⇡⇡, ⌘⇡
and ⌘⌘ in a well-defined spin and isospin state. The nonresonant component corresponds
to diagram (a). Due to the existence of two identical kaons, diagrams (b), (c) and (d) are
symmetrised. As in the isobar analysis, contributions of D-wave are expected to be very
small and are not included.

The Triple-M decay amplitude therefore has five components,

T = TNR +
X

J,I

T JI , J, I = 0, 1. (9)

The free parameters in the Triple-M amplitude are the couplings and masses of the chiral
Lagrangian. There are four couplings, cd, cm, c̃d, c̃m in the scalar part, contributing
to T 00 and T 01 terms; two masses, mSo, mS1, for the scalar-isoscalar, T 00 contribution
and one, ma0 , in the scalar-isovector T 01 components; one coupling, GV , for the vector
components, T 10 and T 11, and one mass, m�, in the vector-isoscalar component. In the fit
to the data, the combination G� ⌘ GV sin ✓!��/F is used as free parameter, where ✓!��

is the ! � � mixing angle. The parameter F is the SU(3) pseudoscalar decay constant,
common to all components. For convenience, the formulae of the various components of
the Triple-M amplitude are reproduced from Ref. [3] in Appendix B.

Figure 10: Diagrams contributing to the amplitude T for the decay D+ ! K�K+K+: (a) the
final state kaons are produced directly from the weak vertex; (b) a bare resonance is produced
directly from the weak vertex; (c) particles produced at the weak vertex undergo final state
interactions; (d) final state interactions endow finite widths to the resonances. The full circle
represents the unitary ab ! K+K� scattering amplitude with angular momentum J and isospin
I, and ab = KK, ⇡⇡, ⌘⇡ and ⌘⌘.
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LHCb : RS: D0 o K-S+S+S- and WS: D0 o K+S-S-S+ 

• 3fb-1 @ 7 and 8 TeV
• Reconstruct B o D*(2010)+ [D0S+ ]P X 

as a clean source of D0 mesons for 
further analysis. 

RS: 890,000 sig. evts, >99% purity
WS: 3,000 sig. evts, 80% purity 56 time of that from BESIII  (~16000)

EPJC 78, 443 (2018)
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Isobar model: several variation of the decay amplitude give 
similar fit results
Baseline result includes f(1020) K+, f0(980) K+, f0(1370) K+

Triple M amplitude has a non resonant component plus the 
minimal SU(3) content corresponding to f(1020), a(980), 
f0(980), f0(1370) K+

Both approaches give a good description of data

Resonance structure is largely dominated by S-wave 
component with a 7% contribution from f(1020) K+
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Figure 6: Projections of the Dalitz plot onto (top left) sK+K� , (top right) sK+K+ , (bottom

left) shighK+K� and (bottom right) slowK+K� axes, with the fit result with model A overlaid (red
histogram). The histogram in magenta represents the contribution from the background, whereas
the dashed green line is the phase-space distribution weighted by the e�ciency.
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Figure 7: (left) Normalised residuals �i across the Dalitz plot, from the result of isobar fit.
(right) Distribution of the normalised residuals with the fit result overlaid. The distribution
is fitted with a Gaussian function and the fit result is consistent with the standard normal
distribution.
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Figure 6: Projections of the Dalitz plot onto (top left) sK+K� , (top right) sK+K+ , (bottom

left) shighK+K� and (bottom right) slowK+K� axes, with the fit result with model A overlaid (red
histogram). The histogram in magenta represents the contribution from the background, whereas
the dashed green line is the phase-space distribution weighted by the e�ciency.
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Figure 7: (left) Normalised residuals �i across the Dalitz plot, from the result of isobar fit.
(right) Distribution of the normalised residuals with the fit result overlaid. The distribution
is fitted with a Gaussian function and the fit result is consistent with the standard normal
distribution.
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D+
s -> p n

5/9/19 12

• The only kinematic allowed baryonic charm decay mode
• At short-distance level, Br. expected to be ~10-6(chiral suppression 

by the factor (mS/mDs)4)
• Long distance effect may enhance Br: ~10-3  

• First evidence by CLEO-c:                                            (PRL 100, 181802(2008)) 

BESIII: 𝑫𝒔
+→ 𝒑 𝒏

> 10 V

Short-distance (~10-6) Long-distance effect

• Weak annihilation process is not 
the driving mechanism

• The hadronization process driven
by non-perturbative dynamics 
determines underlying physics

BESIII preliminary
Statistical error only.

[PLB 663, 326(2008)]

47

At short distance BR expected to be 0(10-6), due to the chiral suppression factor (mp/mDs)4

Long distance effect can enhance BR up to O(10-3)

First evidence by CLEO-c: PRL	100,	181802(2008)	
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Short Distance                                           Long Distance

• Double tag analysis: D+s -> p n is reconstructed in the recoil 
of a fully reconstructed Ds

• Signal yield from unbinned likelihood fit to the missing mass
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properties of the backgrounds are validated by studying
the generic MC samples.

FIG. 2. (Color online) Fit to the Mmiss distribution. The
dots with error bars represent data, the (green) shaded his-
togram shows the events in the Mtag sideband region. The
(red) solid line is the overall fit, the (violet) dotted line is
the signal component, and the (blue) dashed line is the back-
ground component from the fit.

The total DT signal yield is determined by perform-
ing an unbinned maximum likelihood fit to the Mmiss

distribution in Fig. 2, where the signal is described by
an MC-simulated line-shape convolved with a Gaussian
function representing the resolution difference between
data and MC simulation; the background is modeled by
an ARGUS function [17]. The fit shown in Fig. 2 returns
193 ± 17 D+

s → pn̄ signal events. The DT efficiencies
for the individual ST mode are estimated by perform-
ing the same procedure on the generic MC samples, and
are summarized in Table I. Based on Eq. (3), inserting
all the numbers reported above and incorporating the
world-average value for B(D∗+

s → γD+
s ) [14], we obtain

B(D+
s → pn̄) = (1.21 ± 0.10) × 10−3, where the uncer-

tainty is statistical only.
With a DT technique, the systematic uncertainties on

detecting the STD−
s meson largely cancel. For the recon-

struction of the isolated photon and the signal D+
s → pn̄,

the following sources of systematic uncertainties are stud-
ied, resulting in a total systematic uncertainty of 4.4%
when the individual contributions are summed in quadra-
ture.
The efficiencies for proton tracking and PID are stud-

ied as function of cos θ and momentum using the control
sample e+e− → π+π−pp̄. The results are then weighted
by the cos θ and momentum distributions of the proton in
the signal MC. The average efficiency difference between
data and MC simulation combined for tracking and PID
is 3.2%, which is taken as the systematic uncertainty.
We study the uncertainties associated with the pho-

ton detection and the kinematic fit simultaneously with
a control sample of D+

s → K0
SK

+ decays produced in
the process e+e− → D∗+

s D−
s → D+

s γD
−
s . The resul-

tant difference on the efficiencies between data and MC

simulation is 2.4%, which is assigned as the systematic
uncertainty from this source.
The proton and antineutron may produce additional

showers in the EMC that might then affect the efficiency
of detecting D+

s → pn̄ decays. To estimate this effect, we
examine the detection efficiencies determined with two
different signal MC samples that are produced with and
without the neutron interaction effect in the EMC, re-
spectively. Conservatively, we assign half of the difference
between the two efficiencies, 0.9%, as the uncertainty.
The uncertainty sources associated with the fit to the

Mmiss distribution include the background parameteriza-
tion and the fit range. The corresponding uncertainties
are estimated by performing fits with alternative back-
ground shape obtained with the events in the ST Mtag

sideband region and various fit ranges. The resultant
changes on the signal yields are regarded as the corre-
sponding uncertainties. The sum of the three uncertain-
ties above in quadrature is 0.7%, which is taken as the
associated systematic uncertainty.
For the ST D−

s yields, there is a contribution from the
process e+e− → γISRD+

s D
−
s , which causes a tail falling

into the Mrec windows. We estimate this background
contributes to our ST yields by at most 0.3% based on
the MC simulation. We take this upper limit as the sys-
tematic uncertainty from this source.
According to Eq. (3), the uncertainty related to the ST

efficiency is expected to be canceled. However, due to the
different multiplicities, the ST efficiencies estimated with
the generic and the signal MC samples are expected to
differ slightly. Thus, the uncertainty associated with the
ST efficiency is not canceled fully, which results in a so
called “tag bias” uncertainty. We study the tracking/PID
efficiencies in different multiplicities, and take the com-
bined differences between data and MC simulation, 0.6%,
as the corresponding uncertainty.
The uncertainties associated with the quoted BF of

D∗+
s → γD+

s and the limited MC statistics are also con-
sidered, which lead to 0.8% and 1.1%, respectively.
In summary, using an e+e− collision data sample cor-

responding to 3.19 fb−1 collected at
√
s = 4.178 GeV

with the BESIII detector, we report the observation of
D+

s → pn̄ and measure the absolute BF to be (1.21 ±
0.10 ± 0.05) × 10−3, where the first uncertainty is sta-
tistical and second systematic. The decay D+

s → pn̄ is
confirmed and the precision of the BF measurement is
much better than that of the previous measurement [6].
The anomalously large BF for D+

s → pn̄ explicitly shows
that the weak annihilation process featured as a short-
distance dynamics is not the driving mechanism for this
transition, while the hadronization process driven by
non-perturbative dynamics determines the underlying
physics. The measurement is important since similar an-
nihilation effect is also present in other hadronic decays
of charmed mesons. Relating this baryonic decay rate
to the leptonic rate should provide important clues on
how baryons are produced in hadronic interactions. The
improved measurement also sets up the non-perturbative

• The short distance weak annihilation process is not the 
driving mechanism 

• The hadronization process driven by non-perturbative 
dynamics determines the underlying physics 
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D+
s D

−

s pair candidate, the one with an average invariant
mass of the two Ds mesons closest to mDs

is chosen.

For D+
s → ωK+, the background from the decay

D+
s → K0

SK
+π0 is identical to the signal in the Mrec dis-

tribution and forms a peak around the K∗(892) mass in
the π+π−π0 invariant mass (Mπ+π−π0) spectrum. Con-
sequently, we further perform a K0

S veto to suppress this
background. If the invariant mass of the π+π− (Mππ)
combination in D+

s → ωK+ signal candidate satisfies
|Mππ − mK0

S
| < 0.03 GeV/c2 and the distance between

the decay point and the IP has a significance of more than
two standard deviations, the events are vetoed. This veto
eliminates about 78% of D+

s → K0
SK

+π0 background,
while retaining about 97% of signal events. After the K0

S

veto, this background is found to be negligible according
to the generic MC.

A two dimensional (2D) extended unbinned likelihood
fit is performed to the Mπ+π−π0 and the signal Ds in-
variant mass (Msig) distributions to extract the signal
yield. For D+

s → ωπ+ candidates, there are two π+π−π0

combinations formed in each event. In the data sample,
there are 5 events with both π+π−π0 combinations re-
tained in the fit range of [0.60, 0.95] GeV/c2, but there
is no evidence that these events create a peak. This effect
is negligible in the fit.

The Ds signal is described by the MC simulated sig-
nal shape convolved with a Gaussian (fpeak

Ds
). Here,

the mean and the resolution of the Gaussian are fixed
at the values determined from the fit to the sample
of D+

s → π+π−π0π+(K+) in data. The ω signal is
represented by a Breit-Wigner (BW) convolved with a
Gaussian (fpeak

ω ), where the mass and width are fixed
to the PDG values [16]. The resolution of the Gaus-
sian is fixed at the value determined from the sample
of e+e− → K+K−ω. The combinatorial background in
Msig and Mπ+π−π0 spectra are parameterized by second-

order Chebychev polynomials (fpoly
Ds

and fpoly
ω ).

The scatter plots of Msig versus Mπ+π−π0 for the
two signal decays are shown in Figs. 2(a,b), from which
no obvious correlation between Msig and Mπ+π−π0 is
found, which is also confirmed by signal MC. The 2D
fit model is then constructed as following. The signal
shape is modeled as the product of fpeak

Ds
and fpeak

ω .
The background that does not peak in both Mπ+π−π0

and Msig distributions (BKGI) is modeled as the prod-

uct of fpoly
Ds

and fpoly
ω . The background with an ω that

peaks in the Mπ+π−π0 distribution (BKGII) is modeled
as the product of fpoly

Ds
and fpeak

ω . The background from
D+

s → π+π−π0π+(K+) that only has a peak in the Msig

distribution (BKGIII) is modeled as the product of fpeak
Ds

and fpoly
ω . The parameters in fpoly

Ds
and fpoly

ω obtained
in the 2D fit are consistent with the results obtained in
the individual fits to the Msig and Mπ+π−π0 spectra, re-
spectively. Therefore, in the 2D fit, yields of signal and

backgrounds are determined by the fit and the other pa-
rameters are fixed at the values from the individual fits.
From the 2D fits, we obtain 65.0± 11.6 D+

s → ωπ+ sig-
nals and 28.5 ± 7.8 D+

s → ωK+ signals with statistical
significances of 6.7σ and 4.4σ, respectively. The fit re-
sults are shown in Figs. 2(b,c,e,f).
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FIG. 2. The ((a) and (d)) scatter plots of Msig versus
Mπ+π−π0 , fit results of ((b) and (e)) Mπ+π−π0 , and fit re-
sults of ((c) and (f)) Msig for (a-c) D+

s → ωπ+ and (d-f)
D+

s → ωK+. In the fits, the dots with error bars are data,
the (blue) solid lines describe the total fits, the (red) dashed
lines describe the signal shape and the (green) dotted, (cyan)
dash-dotted, and (black) long dashed lines describe the BKGI,
BKGII, and BKGIII, respectively.

The ST and DT efficiencies are determined from the
generic MC and signal MC samples, respectively. All effi-
ciencies are summarized in Table I. Using Eq. (1) and the

TABLE I. The ST efficiencies ϵtag and DT efficiencies ϵtag,sig.

Tag mode ϵtag (%) ϵtag,ωπ+ (%) ϵtag,ωK+ (%)
D−

s → K0
S(π

+π−)K− 51.38 ± 0.25 12.53 ± 0.13 10.74 ± 0.11
D−

s → K+K−π− 38.44 ± 0.08 9.79± 0.06 8.81 ± 0.06

world averaged BFs of ω → π+π−π0 and π0 → γγ [16],
the BFs are measured to be: B(D+

s → ωπ+) = (1.77 ±
0.32)× 10−3 and B(D+

s → ωK+) = (0.87± 0.24)× 10−3,
where the uncertainties are statistical.

The systematic uncertainties are investigated and are
summarized in Table II. For each decay, the total sys-
tematic uncertainty is obtained by adding the individual

Double tag technique. 
Signal yield from fit to Mw and Msig

Pure W annihilation processes, sensitive to direct CP violation
From CLEO: evidence of D+s -> wp+ and UL on D+s -> wK+

Using B(D+s -> wp+) as input, Q. Quin et al. [PRD 89, 054006] predict:

D+s -> wp+ (6.7 s) D+s -> wK+ (4.4 s)

• 𝐃𝐬+ → 𝛚𝛑+: pure W-annihilation process, first evidence by 
CLEO: 𝟐. 𝟏 ± 𝟎. 𝟗 ± 𝟎. 𝟏 × 𝟏𝟎−𝟑 with 𝟔. 𝟎 ± 𝟐. 𝟒 events 

• Q. Qin et al. [PRD 89, 054006] predicts, with Br(𝑫𝒔
+ → 𝛚𝝅+) 

as one input:

• 𝐃𝐬+ → 𝛚𝐊+(SCS): CLEO set UL: < 𝟐. 𝟒 × 𝟏𝟎−𝟑@𝟗𝟎% 𝐂. 𝐋.

(without  𝝆 − 𝝎 mixing)

(with  𝝆 − 𝝎 mixing)

70 11 evtsr 38 8 evtsr7.7σ 6.2σ

BESIII Preliminary results:
ℬ Ds+ → ωπ+ = 1.85 ± 0.30stat. ± 0.19syst. × 10−3

ℬ Ds+ → ωK+ = 1.13 ± 0.24stat. ± 0.14syst. × 10−3

𝐁𝐄𝐒𝐈𝐈𝐈 𝑫𝒔
+ → 𝝎𝝅+and 𝝎𝑲+

48

According to Q. Quin et al. this results imply that  
r – w mixing is negligible and that direct ACP is of 
the order of -0.6 x 10-3

First	evidence M(p+p-p0)	GeV M(p+p-p0)	GeV

M(sig)	GeV M(sig)	GeV
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TABLE I: Predictions for K0
S-K

0
L asymmetries in charmed-meson decays from different phenomenological models and the CLEO

measurements.

DIAG [6] DIAG [7] QCDF [8] SU(3)FB [9] FAT [10] CLEO [11]
R(D0 → K0

S,Lπ
0)(%) 10.7 10.7 10.6 9+4

−2 11.3± 0.1 10.8± 2.5stat. ± 2.4syst.
R(D+ → K0

S,Lπ
+)(%) −0.5± 1.3 −1.9± 1.6 −1.0± 2.6 - 2.5± 0.8 2.2± 1.6stat. ± 1.8syst.

R(D+
s → K0

S,LK
+)(%) −0.22± 0.87 −0.8± 0.7 −0.8± 0.7 11+4

−14 1.2± 0.6 -

plicitly implied, unless otherwise noted.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector is a magnetic spectrometer that
operates at the BEPCII e+e− collider [16]. The detec-
tor has a cylindrical geometry that covers 93% of the
4π solid angle and consists of several subdetectors. A
main drift chamber (MDC) with 43 layers surrounding
the beam pipe measures momenta and specific ioniza-
tion of charged particles. Plastic scintillator time of
flight counters (TOF), located outside of the MDC, pro-
vide charged-particle identification information, and an
electromagnetic calorimeter (EMC), consisting of 6240
CsI(Tl) crystals, detects electromagnetic showers. These
subdetectors are immersed in a magnetic field of 1 T, pro-
duced by a superconducting solenoid, and are surrounded
by a multi-layered resistive-plate chamber (RPC) system
(MUC) interleaved in the steel flux return of the solenoid,
providing muon identification. In 2015, BESIII was up-
graded by replacing the two endcap TOF systems with
multi-gap RPCs, which achieve a time resolution of 60 ps
[17]. A detailed description of the BESIII detector is pre-
sented in Ref. [18].

The performance of the BESIII detector is evaluated
using a geant4-based [19] Monte Carlo (MC) program
that includes a description of the detector geometry as
well as simulating its response. In the MC simulation,
the production of open charm processes is modeled with
the generator conexc [20], which includes the effects
of the beam energy spread and initial-state radiation
(ISR). The ISR production of vector charmonium(-like)
states and the continuum processes are incorporated in
kkmc [21]. The known decay modes are generated us-
ing evtgen [22], which assumes the branching fractions
reported in Ref. [12]; the fraction of unmeasured decays
is generated with lundcharm [23]. The final-state ra-
diation (FSR) from charged tracks is simulated by the
photos package [24]. A generic MC sample with equiv-
alent luminosity 35 times that of data is generated to
study the background. It contains open charm processes,
the ISR return to charmonium states at lower mass, and
continuum processes (quantum electrodynamics and qq̄).
The signal MC samples of 5.2 million e+e− → D∗±

s D∓
s

events are produced; in these samples the D∗±
s decays

into γ/π0/e+e−D±
s , while one Ds decays into a specific

mode in Table II and the other into the final states of
interest K0

SK
± or K0

LK
±. The signal MC samples are

used to determine the distributions of kinematic variables
and estimate the detection efficiencies.

III. DATA ANALYSIS

The cross section to produce e+e− → D∗±
s D∓

s events
at

√
s = 4.178 GeV is (889± 59stat. ± 47syst.) pb, which

is one order of magnitude larger than that to produce
e+e− → D+

s D
−
s events [13]. Furthermore, the decay

branching fraction B(D∗+
s → γD+

s ) is (93.5±0.7)% [12].
Therefore, in the data sample used, D+

s candidates arise
mainly from the process e+e− → D∗±

s D∓
s → γD+

s D
−
s ,

along with small fractions from the processes e+e− →
D∗±

s D∓
s → π0D+

s D
−
s and e+e− → D+

s D
−
s . The outline

of the reconstruction is described first, with all details
given later in this section.

In this analysis, a sample of D−
s mesons is recon-

structed first, which are referred to as “single tag (ST)”
candidates. The ST candidates are reconstructed in 13
hadronic decay modes that are listed in Table II. Here, π0

and η candidates are reconstructed from a pairs of photon
candidates, K0

S candidates are formed from π+π− pairs,
and ρ±(0) candidates are reconstructed from π±π0(∓)

pairs, unless otherwise indicated by a subscript.

In the sample of events with an ST candidates, the
process D+

s → K0
SK

+ is reconstructed by selecting a
charged kaon and a K0

S candidates from those not used
to reconstruct the ST candidates, which is referred as
“double tag (DT)”. To reconstruct the D+

s → K0
LK

+

decay, the photon from the decay D∗±
s → γD±

s and the
charged kaon from D+

s decay are selected to determine
the missing-mass-squared

MM2 = (Pe+e− − PD−
s
− Pγ − PK+)2, (2)

where Pe+e− is the four-momentum of the e+e− initial
state and Pi (i = D−

s , γ,K
+) is the four-momentum of

the corresponding particle.

Ignoring the small contribution from the process
e+e− → D+

s D
−
s , the numbers of ST (N i

ST) and DT

Double tag analysis
Signal yields from UML fit to 
M(K0sK+)
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FIG. 2: Distribution of Mtag vs. MK0
S
K+ for D+

s → K0
SK

+

candidates in data, summed over the 13 tag modes.

likelihood fit is performed on the MM2 distribution of
selected events from all 13 ST modes combined, as shown
in Fig. 4. In the fit, three components are included: sig-
nal, peaking, and non-peaking backgrounds. The PDFs
of these components are described below, where x repre-
sents MM2.

• Signal: Fsig(x) ⊗ G(x;µ′
x,σ

′
x)

Fsig(x) is derived from the signal MC distribution
as a smoothed histogram, and G(x;µ′

x,σ
′
x) is a

Gaussian function that accounts for any resolution
difference between data and MC simulation. The
value of σ′

x is fixed in the data fit to the value ob-
tained from a fit to the MM2 distribution obtained
from a D+

s → K0
SK

+ control sample where the K0
S

is ignored in the reconstruction.

• Peaking background: F
K0

S(η)
bkg (x) ⊗ G(x;µ′

x,σ
′
x)

F
K0

S
(η)

bkg (x) is derived from the distribution ofD+
s →

K0
SK

+ (D+
s → ηK+) MC simulated events by us-

ing a smoothed histogram. These events form a
peaking background if the K0

S or η is not recon-
structed. Here, G(x;µ′

x,σ
′
x) is the Gaussian reso-

lution function, whose parameters are the same as
those used in the signal PDF. The expected yields
of D+

s → K0
SK

+ and D+
s → ηK+ are fixed to 263

and 57, respectively. The expected peaking back-
ground yields are estimated by using the equation
Ndata

MM2 = Ndata
DT × ϵMC

MM2/ϵMC
DT , where Ndata

MM2 is the
number of expected peaking background events and
Ndata

DT is the yield of D+
s → K0

SK
+ or D+

s → K+η
selected by using the DT method. Here, ϵMC

MM2 and
ϵMC
DT are the detection efficiencies of the nominal
analysis and the DT method for each mode, re-
spectively; these are estimated from MC simulation
samples.

• Non-peaking background: P (x)
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FIG. 3: (a) Distributions of MK0
S
K+ and (b) Mtag, summed

over the 13 tag modes, with the projection of the fit result
superimposed. The data is shown as the black dots with er-
ror bars, the blue solid line is the total fit projection, the red
short-dashed line is the projection of the signal component,
the green long-dashed line is the projection of the BKGI com-
ponent, the blue dotted line is the projection of the BKGII
component, and the magenta dot-dashed line is the projec-
tion of the BKGIII component. The residual χ between the
data and the total fit result, normalised by the uncertainty,
is shown beneath the figures.

P (x) is a function to describe the combinatorial
background, which is not expected to peak in the
MM2 distribution. P (x) is a second-order poly-
nomial function whose parameters are determined
from the fit to data.

The fit to the MM2 distribution is shown in Fig. 4.
The signal yield determined by the fit is 2349 ± 61
events, where the uncertainty is statistical. Using Eq. (5),
the branching fraction is calculated to be B(D+

s →
K0

LK
+) = (1.485 ± 0.039stat.)%, where the DT detection

efficiencies ϵ
K0

L

MM2 used are summarized in Table II; the
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FIG. 4: Distribution of MM2 summed over 13 tag modes
with the fit result superimposed. The data is shown as the
dots with error bars, the blue solid line is the total fit result,
the red short-dashed line is the signal component of the fit,
the magenta dot-dashed line is the component of the peaking
background from D+

s → K0
SK

+ decays and the grey dotted
line is the component of the peaking background from D+

s →
ηK+ decays, the green long-dashed line is the non-peaking
background component. The residual χ between the data and
the total fit result, normalised by the uncertainty, is shown
beneath the figures.

values of ϵ
K0

L

MM2 are estimated from signal MC samples.

D. Asymmetry measurement

By using the measured branching fractions and Eq. (1)
the K0

S-K
0
L asymmetry is determined to be

R(D+
s → K0

S,LK
+) = (−2.1 ± 1.9stat.) %. (7)

To determine the direct CP violation, we also measure
the branching fractions for the D+

s and D−
s decays sep-

arately, using the same methodology as the combined
branching fraction measurement. The direct CP asym-
metriy is defined as

ACP(D
±
s → f) =

B(D+
s → f)− B(D−

s → f̄)

B(D+
s → f) + B(D−

s → f̄)
, (8)

which leads to the measurements

ACP(D
±
s → K0

SK
±) = ( 0.6 ± 2.8stat.) %, (9)

ACP(D
±
s → K0

LK
±) = (−1.1 ± 2.6stat.) %, (10)

for the two signal modes.

IV. SYSTEMATIC UNCERTAINTY

For the absolute branching fractions, which are deter-
mined according to Eq. (5), the systematic uncertainties
are associated with N i

ST, N tot
DT, and the corresponding

ratio of detection efficiencies (ϵiDT/ϵ
i
ST). One of the ad-

vantages of the DT method is that most of the systematic
uncertainties associated with selection criteria for the ST
side reconstruction cancel. However, there is some resid-
ual uncertainty due to the different decay topologies be-
tween DT and ST events; this is referred to as “tag-side
bias”, and its effect is considered as one of the systematic
uncertainties. For the R(D+

s ) and ACP measurements,
the systematic uncertainties are calculated by propagat-
ing corresponding branching fraction uncertainties from
different sources taking into account that some of the un-
certainties cancel due to the fact that these observables
are ratios as defined in Eqs. (1) and (8).

Table III summarizes the relative uncertainties on the
absolute branching fraction and the absolute uncertain-
ties for the asymmetries. The total systematic uncertain-
ties are caculated as the sum in quadrature of individual
contributions by assuming the sources are independent
of one another.

The K+ and K− tracking efficiencies are studied us-
ing a control sample of e+e− → K+K−π+π− events;
the efficiency is calculated as a function of the transverse
momentum of the particles. The average efficiency dif-
ference between data and MC is computed to be 0.5% by
weighting the efficiency difference found in the control
sample according to the transverse momentum of kaon
in signal MC samples. This is assigned as the systematic
uncertainty from this source.

The K+ and K− PID efficiencies are studied using a
control sample of D+

s → K+K−π+, D0 → K−π+ and
D0 → K−π−π+π+ events; the efficiency is calculated as
a function of the momentum of the particle. The average
efficiency difference between data and MC is computed
to be 0.5% by weighting the efficiency difference found in
the control sample according to the momentum of kaon in
signal MC samples, and this is assigned as the systematic
uncertainty from this source.

The K0
S reconstruction efficiency has been studied us-

ing control samples of J/ψ → K∗(892)∓K± and J/ψ →
φK0

SK
±π∓ in different momentum intervals [26]. The ef-

ficiency difference between data and MC is computed to
be 1.5%, which is assigned as the systematic uncertainty
from this source.

The systematic uncertainty associated with the pho-
ton selection efficiency and the kinematic fit in the study
of D+

s → K0
LK

+ is estimated from the control sample
D+

s → K+K−π+. The same kinematic fit as that used
on the data is performed by assuming the K−π+ system
is missing. The efficiency difference found between data
and MC simulation, 2.0%, is taken as the systematic un-
certainty.
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Using an e+e− annihilation data sample corresponding to an integrated luminosity of 3.19 fb−1

and collected at a center-of-mass energy
√
s = 4.178 GeV with the BESIII detector, we measure

the absolute branching fractions B(D+
s → K0

SK
+) = (1.425± 0.038stat. ± 0.031syst.)% and B(D+

s →
K0

LK
+) = (1.485± 0.039stat. ± 0.046syst.)%. The branching fraction of D+

s → K0
SK

+ is compatible
with the world average and that of D+

s → K0
LK

+ is measured for the first time. We present the first
measurement of the K0

S-K
0
L asymmetry in the decays D+

s → K0
S,LK

+, and R(D+
s → K0

S,LK
+) =

B(D+
s
→K0

S
K+)−B(D+

s
→K0

L
K+)

B(D+
s →K0

S
K+)+B(D+

s →K0
L
K+)

= (−2.1 ± 1.9stat. ± 1.6syst.)%. In addition, we measure the direct

CP asymmetries ACP(D
±
s → K0

SK
±) = (0.6 ± 2.8stat. ± 0.6syst.)% and ACP(D

±
s → K0

LK
±) =

(−1.1± 2.6stat. ± 0.6syst.)%.

PACS numbers: 13.25.Ft, 11.30.Er

I. INTRODUCTION

Two-body hadronic decays of charmed mesons, D →
P1P2 (where P1,2 denotes a pseudoscalar meson), serve
as an ideal environment to improve our understanding
of the weak and strong interactions because of their rela-
tively simple topology [1, 2]. Charmed-meson decays into
hadronic final states that contain a neutral kaon are par-
ticularly attractive. Bigi and Yamamoto [3] first pointed
out that the interference of the decay amplitudes of the
Cabibbo-favored (CF) transition D → K̄0π and the
doubly-Cabibbo-suppressed (DCS) transition D → K0π
can result in a measurable K0

S-K
0
L asymmetry

R(D → K0
S,Lπ) =

B(D → K0
Sπ)− B(D → K0

Lπ)

B(D → K0
Sπ) + B(D → K0

Lπ)
. (1)

A similar asymmetry can be defined in D+
s decays by re-

placing π with K. The measurement of K0
S-K

0
L asymme-

tries in charmed-meson decays provides insight into the
DCS process, as well as information to explore D0-D̄0

mixing, CP violation and SU(3) flavor-symmetry break-
ing effects in the charm sector [4, 5].

On the theory side, different phenomenological mod-
els give predictions for the K0

S-K
0
L asymmetries: the

topological-diagrammatic approach [2] under the SU(3)
flavor symmetry (DIAG) or incorporating the SU(3)
breaking effects (SU(3)FB) [6, 7, 9], the QCD factoriza-
tion approach (QCDF) [8], and the factorization-assisted
topological-amplitude (FAT) [10]. The predicted K0

S-K
0
L

asymmetries in charmed-meson decays from these differ-
ent approaches, as well as the measured values reported

by the CLEO Collaboration [11] are summarized in Ta-
ble I. Considering the large range of values predicted
for the K0

S-K
0
L asymmetries, their measurements pro-

vide a crucial constraint upon models of the dynamics
of charmed meson decays.

Experimentally, D+(0) decays have been studied in-
tensively in the past two decades [12]. However, existing
measurements of charmed-strange meson decays suffer
from poor precision due to the limited size of available
data samples and a relatively small production cross sec-
tion in e+e− annihilation [13]. The most recent measure-
ment of B(D+

s → K0
SK

+) = (1.52±0.05stat.±0.03syst.)%
was reported by the CLEO Collaboration [14]; the re-
sult was obtained using a global fit to multiple decay
modes reconstructed in an e+e− annihilation sample cor-
responding to an integrated luminosity of 586pb−1 at
a center-of-mass energy

√
s = 4.17 GeV. The Belle

Collaboration reported a measurement of the branch-
ing fraction B(D+

s → K̄0K+) (ignoring the contribu-
tion from K0K) [15] using a data sample correspond-
ing to an integrated luminosity of 913 fb−1 collected at√
s around the Υ(4S) and Υ(5S) resonances. Neither

B(D+
s → K0

LK
+) nor the corresponding K0

S-K
0
L asym-

metry have been measured yet.

In this paper, measurements of the absolute branch-
ing fractions for the decays D+

s → K0
SK

+ and D+
s →

K0
LK

+, the K0
S-K

0
L asymmetry, and the corresponding

CP asymmetries are performed using a sample of e+e−

annihilation data collected at
√
s = 4.178 GeV with

the BESIII detector at the BEPCII. The data sample
corresponds to an integrated luminosity of 3.19 fb−1.
Throughout the paper, charge conjugation modes are im-
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TABLE III: Summary of relative systematic uncertainties (%) of the branching fraction measurements and the absolute sys-
tematic uncertainties (%) of the ACP and R(D+

s ) measurements.

Source B(D+
s → K0

SK
+) B(D+

s → K0
LK

+) R(D+
s → K0

S,LK
+) ACP(D

±
s → K0

SK
±) ACP(D

±
s → K0

LK
±)

K+/K− tracking 0.5 0.5 - 0.4 0.4
K+/K− PID 0.5 0.5 - 0.4 0.4
K0

S reconstruction 1.5 - 0.7 - -
Photon selection and kinematic fit - 2.0 1.0 - -
Extra photon energy requirement - 0.6 0.3 - -
Extra charged track requirement 0.6 0.6 - - -
ST M(Ds) fit 0.9 0.9 - - -
DT fit 0.8 - 0.4 - -
MM2 fit - 1.4 0.7 - -
MC statistics 0.3 0.3 0.2 0.2 0.2
Effect of B(D∗

s → γDs) - 0.7 0.3 - -
Effect of e+e− → D+

s D−
s - 0.4 0.2 - -

Tag-side bias 0.3 0.5 0.3 - -
total 2.2 3.1 1.6 0.6 0.6

The systematic uncertainties associated with the re-
quirements on the energy of additional photons and the
number of extra charged tracks are estimated from the
control sample D+

s → K+K−π+. The efficiency differ-
ences between data and MC simulation for these two
requirements are both 0.6%, which are assigned as the
systematic uncertainties from these sources.

The uncertainty related to the limited sizes of MC sam-
ples is 0.3% for both D+

s → K0
SK

+ and D+
s → K0

LK
+.

The uncertainties associated with ST, DT, and MM2

fits are studied by changing the signal and background
PDFs, as well as the fit interval; each change is applied
separately. Furthermore, in the MM2 fit, the effect of
the assumed peaking background yields is estimated by
changing the fixed numbers of events by ±1σ. The sys-
tematic uncertainties related to the ST, DT, and MM2

fit procedure are 0.9%, 0.8% and 1.4%, respectively; these
are the sums in quadrature of the relative changes of sig-
nal yield that result from each individual change to the
fit procedure.

As discussed previously, the selected ST D−
s sam-

ple is dominated by the process e+e− → D∗±
s D∓

s →
γD+

s D
−
s , but there is small contribution from the pro-

cesses e+e− → D∗±
s D∓

s → π0D+
s D

−
s and e+e− →

D+
s D

−
s . In the analysis of D+

s → K0
SK

+, detailed
MC studies indicate that ϵiDT/ϵ

i
ST is almost the same

for the three processes, since distributions of the kine-
matic variables are similar and no kinematic fit is per-
formed in the DT selection. Thus, the effect from includ-
ing e+e− → D∗±

s D∓
s → π0D+

s D
−
s and e+e− → D+

s D
−
s

processes is negligible in the absolute branching fraction
measurement. In the analysis of D+

s → K0
LK

+, the kine-
matic fit is performed under the hypothesis that the event
is e+e− → D∗±

s D∓
s → γD+

s D
−
s , and the MC studies

indicate that the contribution of e+e− → D∗±
s D∓

s →
π0D+

s D
−
s and e+e− → D+

s D
−
s in signal events can be

neglected. Thus, the uncertainty of branching fraction

B(D∗+
s → γD+

s ) [12] used in the signal MC simulation
must be taken as a source of systematic uncertainty.
The systematic uncertainty from excluding the process
e+e− → D+

s D
−
s is 0.4%, which is the fraction of the ST

yields that comes from the process e+e− → D+
s D

−
s ; this

fraction is estimated from the MC simulation.

The tag-side bias uncertainty is defined as the un-
canceled uncertainty in tag side due to different track
multiplicities in generic and signal MC samples. By
studying the differences of tracking and PID efficiencies
between data and MC in different multiplicities, the tag-
side bias systematic uncertainties are estimated to be
0.3% for D+

s → K0
SK

+ and 0.5% for D+
s → K0

LK
+

V. SUMMARY AND DISCUSSION

In summary, by using an e+e− collision data sam-
ple at

√
s = 4.178 GeV, corresponding to an inte-

grated luminosity of 3.19 fb−1, the absolute branch-
ing fractions are measured to be B(D+

s → K0
SK

+) =
(1.425±0.038stat.±0.031syst.)% and B(D+

s → K0
LK

+) =
(1.485± 0.039stat. ± 0.046syst.)%, the former is one stan-
dard deviation lower than the world average value [12],
and the latter is measured for the first time. The K0

S-K
0
L

asymmetry in D+
s decay is measured for the first time

as R(D+
s → K0

S,LK
+) = (−2.1 ± 1.9stat. ± 1.6syst.)%.

This mearsurement is compatible with theoretical pre-
dictions listed in Table I. Direct CP asymmetries of the
two processes are obtained to be ACP(D±

s → K0
SK

±) =
(0.6 ± 2.8stat. ± 0.6syst.)% and ACP(D±

s → K0
LK

±) =
(−1.1± 2.6stat. ± 0.6syst.)%. No significant asymmetries
are observed and the uncertainties are statistically dom-
inant.
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TABLE III: Summary of relative systematic uncertainties (%) of the branching fraction measurements and the absolute sys-
tematic uncertainties (%) of the ACP and R(D+

s ) measurements.

Source B(D+
s → K0

SK
+) B(D+

s → K0
LK

+) R(D+
s → K0

S,LK
+) ACP(D

±
s → K0

SK
±) ACP(D

±
s → K0

LK
±)

K+/K− tracking 0.5 0.5 - 0.4 0.4
K+/K− PID 0.5 0.5 - 0.4 0.4
K0

S reconstruction 1.5 - 0.7 - -
Photon selection and kinematic fit - 2.0 1.0 - -
Extra photon energy requirement - 0.6 0.3 - -
Extra charged track requirement 0.6 0.6 - - -
ST M(Ds) fit 0.9 0.9 - - -
DT fit 0.8 - 0.4 - -
MM2 fit - 1.4 0.7 - -
MC statistics 0.3 0.3 0.2 0.2 0.2
Effect of B(D∗

s → γDs) - 0.7 0.3 - -
Effect of e+e− → D+

s D−
s - 0.4 0.2 - -

Tag-side bias 0.3 0.5 0.3 - -
total 2.2 3.1 1.6 0.6 0.6

The systematic uncertainties associated with the re-
quirements on the energy of additional photons and the
number of extra charged tracks are estimated from the
control sample D+

s → K+K−π+. The efficiency differ-
ences between data and MC simulation for these two
requirements are both 0.6%, which are assigned as the
systematic uncertainties from these sources.

The uncertainty related to the limited sizes of MC sam-
ples is 0.3% for both D+

s → K0
SK

+ and D+
s → K0

LK
+.

The uncertainties associated with ST, DT, and MM2

fits are studied by changing the signal and background
PDFs, as well as the fit interval; each change is applied
separately. Furthermore, in the MM2 fit, the effect of
the assumed peaking background yields is estimated by
changing the fixed numbers of events by ±1σ. The sys-
tematic uncertainties related to the ST, DT, and MM2

fit procedure are 0.9%, 0.8% and 1.4%, respectively; these
are the sums in quadrature of the relative changes of sig-
nal yield that result from each individual change to the
fit procedure.

As discussed previously, the selected ST D−
s sam-

ple is dominated by the process e+e− → D∗±
s D∓

s →
γD+

s D
−
s , but there is small contribution from the pro-

cesses e+e− → D∗±
s D∓

s → π0D+
s D

−
s and e+e− →

D+
s D

−
s . In the analysis of D+

s → K0
SK

+, detailed
MC studies indicate that ϵiDT/ϵ

i
ST is almost the same

for the three processes, since distributions of the kine-
matic variables are similar and no kinematic fit is per-
formed in the DT selection. Thus, the effect from includ-
ing e+e− → D∗±

s D∓
s → π0D+

s D
−
s and e+e− → D+

s D
−
s

processes is negligible in the absolute branching fraction
measurement. In the analysis of D+

s → K0
LK

+, the kine-
matic fit is performed under the hypothesis that the event
is e+e− → D∗±

s D∓
s → γD+

s D
−
s , and the MC studies

indicate that the contribution of e+e− → D∗±
s D∓

s →
π0D+

s D
−
s and e+e− → D+

s D
−
s in signal events can be

neglected. Thus, the uncertainty of branching fraction

B(D∗+
s → γD+

s ) [12] used in the signal MC simulation
must be taken as a source of systematic uncertainty.
The systematic uncertainty from excluding the process
e+e− → D+

s D
−
s is 0.4%, which is the fraction of the ST

yields that comes from the process e+e− → D+
s D

−
s ; this

fraction is estimated from the MC simulation.

The tag-side bias uncertainty is defined as the un-
canceled uncertainty in tag side due to different track
multiplicities in generic and signal MC samples. By
studying the differences of tracking and PID efficiencies
between data and MC in different multiplicities, the tag-
side bias systematic uncertainties are estimated to be
0.3% for D+

s → K0
SK

+ and 0.5% for D+
s → K0

LK
+

V. SUMMARY AND DISCUSSION

In summary, by using an e+e− collision data sam-
ple at

√
s = 4.178 GeV, corresponding to an inte-

grated luminosity of 3.19 fb−1, the absolute branch-
ing fractions are measured to be B(D+

s → K0
SK

+) =
(1.425±0.038stat.±0.031syst.)% and B(D+

s → K0
LK

+) =
(1.485± 0.039stat. ± 0.046syst.)%, the former is one stan-
dard deviation lower than the world average value [12],
and the latter is measured for the first time. The K0

S-K
0
L

asymmetry in D+
s decay is measured for the first time

as R(D+
s → K0

S,LK
+) = (−2.1 ± 1.9stat. ± 1.6syst.)%.

This mearsurement is compatible with theoretical pre-
dictions listed in Table I. Direct CP asymmetries of the
two processes are obtained to be ACP(D±

s → K0
SK

±) =
(0.6 ± 2.8stat. ± 0.6syst.)% and ACP(D±

s → K0
LK

±) =
(−1.1± 2.6stat. ± 0.6syst.)%. No significant asymmetries
are observed and the uncertainties are statistically dom-
inant.
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Using an e+e− annihilation data sample corresponding to an integrated luminosity of 3.19 fb−1

and collected at a center-of-mass energy
√
s = 4.178 GeV with the BESIII detector, we measure

the absolute branching fractions B(D+
s → K0

SK
+) = (1.425± 0.038stat. ± 0.031syst.)% and B(D+

s →
K0

LK
+) = (1.485± 0.039stat. ± 0.046syst.)%. The branching fraction of D+

s → K0
SK

+ is compatible
with the world average and that of D+

s → K0
LK

+ is measured for the first time. We present the first
measurement of the K0

S-K
0
L asymmetry in the decays D+

s → K0
S,LK

+, and R(D+
s → K0

S,LK
+) =

B(D+
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→K0

S
K+)−B(D+

s
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K+)
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s →K0
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= (−2.1 ± 1.9stat. ± 1.6syst.)%. In addition, we measure the direct

CP asymmetries ACP(D
±
s → K0

SK
±) = (0.6 ± 2.8stat. ± 0.6syst.)% and ACP(D

±
s → K0

LK
±) =

(−1.1± 2.6stat. ± 0.6syst.)%.
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I. INTRODUCTION

Two-body hadronic decays of charmed mesons, D →
P1P2 (where P1,2 denotes a pseudoscalar meson), serve
as an ideal environment to improve our understanding
of the weak and strong interactions because of their rela-
tively simple topology [1, 2]. Charmed-meson decays into
hadronic final states that contain a neutral kaon are par-
ticularly attractive. Bigi and Yamamoto [3] first pointed
out that the interference of the decay amplitudes of the
Cabibbo-favored (CF) transition D → K̄0π and the
doubly-Cabibbo-suppressed (DCS) transition D → K0π
can result in a measurable K0

S-K
0
L asymmetry

R(D → K0
S,Lπ) =

B(D → K0
Sπ)− B(D → K0

Lπ)

B(D → K0
Sπ) + B(D → K0

Lπ)
. (1)

A similar asymmetry can be defined in D+
s decays by re-

placing π with K. The measurement of K0
S-K

0
L asymme-

tries in charmed-meson decays provides insight into the
DCS process, as well as information to explore D0-D̄0

mixing, CP violation and SU(3) flavor-symmetry break-
ing effects in the charm sector [4, 5].

On the theory side, different phenomenological mod-
els give predictions for the K0

S-K
0
L asymmetries: the

topological-diagrammatic approach [2] under the SU(3)
flavor symmetry (DIAG) or incorporating the SU(3)
breaking effects (SU(3)FB) [6, 7, 9], the QCD factoriza-
tion approach (QCDF) [8], and the factorization-assisted
topological-amplitude (FAT) [10]. The predicted K0

S-K
0
L

asymmetries in charmed-meson decays from these differ-
ent approaches, as well as the measured values reported

by the CLEO Collaboration [11] are summarized in Ta-
ble I. Considering the large range of values predicted
for the K0

S-K
0
L asymmetries, their measurements pro-

vide a crucial constraint upon models of the dynamics
of charmed meson decays.

Experimentally, D+(0) decays have been studied in-
tensively in the past two decades [12]. However, existing
measurements of charmed-strange meson decays suffer
from poor precision due to the limited size of available
data samples and a relatively small production cross sec-
tion in e+e− annihilation [13]. The most recent measure-
ment of B(D+

s → K0
SK

+) = (1.52±0.05stat.±0.03syst.)%
was reported by the CLEO Collaboration [14]; the re-
sult was obtained using a global fit to multiple decay
modes reconstructed in an e+e− annihilation sample cor-
responding to an integrated luminosity of 586pb−1 at
a center-of-mass energy

√
s = 4.17 GeV. The Belle

Collaboration reported a measurement of the branch-
ing fraction B(D+

s → K̄0K+) (ignoring the contribu-
tion from K0K) [15] using a data sample correspond-
ing to an integrated luminosity of 913 fb−1 collected at√
s around the Υ(4S) and Υ(5S) resonances. Neither

B(D+
s → K0

LK
+) nor the corresponding K0

S-K
0
L asym-

metry have been measured yet.

In this paper, measurements of the absolute branch-
ing fractions for the decays D+

s → K0
SK

+ and D+
s →

K0
LK

+, the K0
S-K

0
L asymmetry, and the corresponding

CP asymmetries are performed using a sample of e+e−

annihilation data collected at
√
s = 4.178 GeV with

the BESIII detector at the BEPCII. The data sample
corresponds to an integrated luminosity of 3.19 fb−1.
Throughout the paper, charge conjugation modes are im-
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Charmed Baryons
• Studies of charmed baryon decays provides insights on internal dynamic 

complementary to the ones coming from charmed meson decays.

• Until 2014, the charmed baryons measurements had large experimental uncertainties
and the development in theory was limited

• Afterwards, more extensive measurements from BESIII, BELLE and LHCb:
─ The absolute BF measurements (BESIII/BELLE)
─ The observation of DCS mode Λ/' → pK'π% (BELLE)
─ The observation of Ξ//'' (LHCb)
─ The lifetime measurement of Ξ//'' and Wc+

• These experimental progresses stimulated renewed theoretical efforts
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1 Introduction

Nonleptonic decays of charmed baryons o↵er ex-
cellent opportunities for testing di↵erent theoretical
approaches to describe the complicated dynamics of
heavy-light baryons, including the current algebra ap-
proach [1], the factorization scheme, the pole model
technique [2–4], the relativistic quark model [5, 6] and
the quark-diagram scheme [7]. Contrary to the sig-
nificant progress made in the studies of heavy meson
decays, the progress in both theoretical and exper-
imental studies of heavy baryon decays is relatively
sparse. The ⇤+

c was first observed at the Mark II
experiment in 1979 [8], but only about 60% of its de-
cays have been accounted for so far and the rest still
remain unknown [9].

The two-body Cabibbo-favored (CF) decay of the
⇤+

c to an octet baryon and a pseudoscalar meson,
⇤+

c !B( 1
2

+
)P , is one of the simplest hadronic chan-

nels to be treated theoretically [10], and measure-
ments of the branching fractions (BFs) can be used to
calibrate di↵erent theoretical approaches. Recently,
BESIII has studied twelve CF ⇤+

c decay modes,
among which the absolute BFs for B( 1

2

+
)P decays

⇤+
c ! pK0

S, ⇤⇡+, ⌃0⇡+ and ⌃+⇡0 are significantly
improved in precision [11]. However, other CF modes
are only known with poor precision, or even have not
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Figure 1. Representative tree level diagrams of

decays of ⇤+
c !⌃+⌘ and ⇤+

c !⌃+⌘0.

The CF decays ⇤+
c ! ⌃+⌘ and ⌃+⌘0 proceed

entirely through nonfactorizable internal W -emission
and W -exchange diagrams, as shown in Fig. 1, and
are particularly interesting. Unlike the case for
charmed meson decays, these nonfactorizable decays
are free from color and helicity suppressions and are
quite sizable. Theoretical predictions on these non-
factorizable e↵ects are not reliable, however, result-
ing in very large variations of the predicted BFs,
e.g., B(⇤+

c ! ⌃+⌘) = (0.11� 0.94)%, and B(⇤+
c !

⌃+⌘0) = (0.1� 1.28)% [3–6]. On the experimental
side, only evidence for ⇤+

c ! ⌃+⌘ has been reported
by CLEO [12] with a BF of (0.70±0.23)%, and the
channel ⇤+

c !⌃+⌘0 is yet to be observed. Hence, fur-
ther experimental studies of these two decay modes

are essential for testing di↵erent theoretical models
and for a better understanding of the ⇤+

c CF decays.
In this work, BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 are
measured with respect to the CF modes ⇤+

c !⌃+⇡0

and ⌃+!, respectively, by analyzing 567 pb�1 [13]
data taken at

p
s = 4.6 GeV [14] with the BESIII

detector at the BEPCII collider. Throughout this
paper, charge-conjugate modes are always implied.

2 BESIII detector

The BESIII detector has a geometrical acceptance
of 93% of 4⇡ and consists of the following main com-
ponents: 1) a small-celled, helium-based main draft
chamber (MDC) with 43 layers. The average single
wire resolution is 135 µm, and the momentum resolu-
tion for 1 GeV/c charged particles in a 1 T magnetic
field is 0.5%; 2) a Time-Of-Flight system (TOF) for
particle identification composed of a barrel part made
of two layers with 88 pieces of 5 cm thick, 2.4 m long
plastic scintillator in each layer, and two end-caps
each with 96 fan-shaped, 5 cm thick, plastic scintilla-
tors. The time resolution is 80 ps in the barrel, and
110 ps in the endcaps, corresponding to a 2� K/⇡
separation for momenta up to about 1.0 GeV/c; 3)
an electromagnetic calorimeter (EMC) made of 6240
CsI (Tl) crystals arranged in a cylindrical shape (bar-
rel) plus two end-caps. For 1.0 GeV photons, the en-
ergy resolution is 2.5% in the barrel and 5% in the
end-caps, and the position resolution is 6 mm in the
barrel and 9 mm in the end-caps; 4) a muon cham-
ber system (MUC) made of Resistive Plate Chambers
(RPC) arranged in 9 layers in the barrel and 8 layers
in the endcaps and incorporated in the return iron
of the superconducting magnet. The position resolu-
tion is about 2 cm. More details about the design and
performance of the detector are given in Ref. [15].

3 Monte Carlo simulation

The geant4-based [16] Monte Carlo (MC) simu-
lations of e+e� annihilations are used to understand
the backgrounds and to estimate detection e�cien-
cies. The generator kkmc [17] is used to simulate
the e+e� annihilation incorporating the e↵ects of the
beam-energy spread and initial-state radiation (ISR).
The signal modes ⇤+

c ! ⌃+⌘(0) are simulated by
taking into account the decay pattern predicted in
Ref. [3], in particular the decay asymmetry parame-
ters are used in the simulation. The reference modes
⇤+

c !⌃+⇡0 and ⌃+! are simulated according to the
decay patterns observed in data [11]. To study back-
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Figure 2. Distributions of �Q for ⇤+
c !⌃+⌘(a), ⇤+

c !⌃+⌘0(b), ⇤+
c !⌃+⇡0(c) and

⇤+
c ! ⌃+!(d). Points with error bars are data, solid blue lines are the signal MC

samples, the green arrows show the mode-dependent signal region in �Q. The signal

MC samples are shown with an arbitrary scale to illustrate the signal shape only.

To further suppress the combinatorial back-
grounds in the ⇤+

c ! ⌃+⌘ mode, an anti-proton
recoiling against the detected ⇤+

c candidate is re-
quired, which is expected to originate from the ⇤̄�

c .
In order to cancel out systematic uncertainty, the
same requirement is applied to the reference mode
⇤+

c ! ⌃+⇡0. For the decay mode ⇤+
c ! ⌃+⇡0,

the peaking background from the CF decay mode
⇤+

c ! pK0
S(K

0
S !⇡0⇡0) is rejected by requiringM⇡0⇡0

not to be in the range (0.48, 0.52) GeV/c2. We also
investigate the non-resonant background by checking
the MBC distribution of events in the sideband region
of the ⌃+, ⌘0 and ! invariant mass distribution. No
peaking structure from this background is observed.
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Figure 3. Fits to the MBC distributions in data for ⇤+
c ! ⌃+⌘(a), ⇤+

c ! ⌃+⌘0(b),

⇤+
c ! ⌃+⇡0(c) and ⇤+

c ! ⌃+!(d). Points with error bars are data, solid lines are

the sum of the fit functions, dotted lines are signal shapes, long dashed lines are the

ARGUS functions.

5 Determination of Signal Yields

After the application of the above selection cri-
teria, the MBC distributions of the surviving events
are depicted in Figs. 3(a) and (b) for the signal de-
cay modes ⇤+

c ! ⌃+⌘ and ⌃+⌘0, respectively, and
Figs. 3(c) and (d) for the reference decay modes
⇤+

c !⌃+⇡0 and ⌃+!, respectively. To determine the
signal yields, we perform unbinned maximum likeli-
hood fits to the corresponding MBC distributions. In
the fit, the signal shapes are described with the MC-
simulated signal shapes convolved with a Gaussian
function that is used to compensate the resolution
di↵erence between data and MC simulations. For the
signal decay modes, due to the low statistics, the pa-
rameters of the Gaussian functions are constrained to
those values obtained by fitting theMBC distributions
of the corresponding reference decay modes.

The background shapes are modeled with an
ARGUS function [21], fixing the high-end cuto↵ at
Ebeam. The resulting fit curves are shown in Fig. 3,
and the signal yields are listed in Table 2. The relative
ratios of BFs between the signal modes and reference
modes are calculated with

Rac =
B(a)
B(c) =

Na"cB(⇡0 ! ��)

Nc"aB(⌘! ��)
, (1)

Rbd =
B(b)
B(d) =

Nb"dB(!!⇡+⇡�⇡0)B(⇡0 ! ��)

Nd"bB(⌘0 !⇡+⇡�⌘)B(⌘! ��)
, (2)

where the indices a, b, c and d represent the decay
modes ⇤+

c ! ⌃+⌘, ⌃+⌘0, ⌃+⇡0 and ⌃+!, respec-
tively. B(⇡0 ! ��), B(⌘ ! ��), B(⌘0 ! ⇡+⇡�⌘) and
B(!!⇡+⇡�⇡0) are the BFs for ⇡0, ⌘, ⌘0 and ! decays
quoted from PDG [9], Ni is the corresponding signal
yield and "i is the detection e�ciency estimated us-
ing MC simulations. The signal yields and detection
e�ciencies of the di↵erent decay modes are summa-
rized in Table 2. The resultant ratios are determined
to be Rac = 0.35±0.16 and Rbd = 0.86±0.34, where
the uncertainties are statistical only.

Table 2. Summary of the requirements on

�Q, signal yields (with statistical uncertain-

ties only) and detection e�ciencies for the four

decay modes.

Decay mode �Q (GeV) Ni "i (%)

(a) ⇤+
c !⌃+⌘ [�0.032, 0.022] 14.6±6.6 7.80

(b) ⇤+
c !⌃+⌘0 [�0.030, 0.020] 13.0±4.8 4.61

(c) ⇤+
c !⌃+⇡0 [�0.050, 0.030] 122.4±14.5 8.98

(d) ⇤+
c !⌃+! [�0.030, 0.020] 135.4±20.4 7.83

The statistical significance of the signals for ⇤+
c !

⌃+⌘ and ⌃+⌘0 are 2.5� and 3.2�, respectively, which
are determined by comparing the likelihood values of
the fit with and without the signal component and
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taking into account the change of the degrees of free-
dom.

Using the Bayesian method, we set the upper lim-
its at the 90% confidence level (CL) on the signal
yields NUL

a = 24, corresponding to a ratio of BFs at
the 90% CL Rac < 0.58 for the decay ⇤+

c ! ⌃+⌘,
and NUL

b = 19 and Rbd < 1.2 for the decay ⇤+
c !

⌃+⌘0. The systematic uncertainties discussed below
are taken into account by convolving the likelihood
curve obtained from the nominal fits with Gaussian
functions whose widths represent the systematic un-
certainties.

6 Systematic uncertainty

Due to the limited statistics, the total uncertain-
ties are dominated by the statistical errors. The sys-
tematic uncertainties associated with ⌃+ detection,
tracking and PID of charged pions, and photon selec-
tions cancel in the measurement of the ratios of the
BFs.

We study the uncertainty associated with the res-
olution di↵erences between data and MC simulation
for ⌘ and ⇡0 invariant mass distributions by smear-
ing the ⌘ and ⇡0 mass distributions of MC samples
with a Gaussian function with a width of 2 MeV/c2,
as determined by a study of the control channel
D0 ! K�⇡+⇡0. The resultant relative changes on
the ratios of BFs are 0.3% for Rac and 0.5% for Rbd

and are taken as the systematic uncertainty due to
the di↵erent mass resolutions.

We evaluate the uncertainties associated with ⌘0

and ! mass requirements with the same method, and
the resultant change on Rbd, 0.7%, is taken as the
systematic uncertainty.

The uncertainty related to the �Q requirement is
estimated by varying the range by ±5 MeV/c2. The
corresponding changes, 4.6% for Rac and 6.0% for
Rbd, are taken as the systematic uncertainties. The
uncertainties associated with the fit procedure used to
determine the signal yields are studied by performing
alternative fits with di↵erent fit parameters and fit
ranges. More specifically, we vary the values of the
two parameters of the Gaussian functions by ±1�,
and the fit range by ±10 MeV/c2. Adding the resul-
tant di↵erences in quadrature, we obtain the system-
atic uncertainty to be 5.9% and 1.5% for the Rac and
Rbd, respectively.

The systematic uncertainties associated with the
MC modeling that was used to calculate the detection
e�ciency are evaluated with di↵erent signal MC sam-
ples. In the nominal analysis, due to limited statis-

tics, the signal MC samples are generated with the
helicity angle parameters given in Ref. [3]. We gener-
ate an alternative signal MC sample with additional
e↵ects on the decay asymmetry with parameter varia-
tions of ±0.2 based on those in Ref. [3]. The resultant
changes in the detection e�ciencies, which are 2.6%
for Rac and 4.4% for Rbd, are taken as the systematic
uncertainties.

Table 3. Summary of the relative systematic

uncertainties in the BF ratio measurements

(in unit of %).

Source Rac Rbd

⌘0(!) mass requirement - 0.7

⌘(⇡0) mass requirement 0.3 0.5

�Q requirement 4.6 6.0

MBC fit 5.9 1.5

MC modeling 2.6 4.4

MC statistics 0.2 0.2

Binter 0.5 1.9

Total 8.0 7.9

The uncertainties of the MC statistics and the de-
cay BFs for the intermediate decays (Binter) quoted
from the PDG [9] are also considered. All the in-
dividual systematic uncertainties are summarized in
Table 3. The total systematic uncertainties for the
measurements of Rac and Rbd, 8.0% and 7.9%, respec-
tively, are obtained by adding the individual values
in quadrature.

7 Summary

In summary, by analyzing a data sample of
e+e�collisions corresponding to an integrated lumi-
nosity of 567 pb�1 taken at a center-of-mass energy of
4.6 GeV with the BESIII detector at the BEPCII col-
lider, we find evidence for the decays ⇤+

c !⌃+⌘ and
⌃+⌘0 with statistical significance of 2.5� and 3.3�.
The BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 with respect to
those of the reference decay modes of ⇤+

c ! ⌃+⇡0

and ⌃+! are B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

= 0.35± 0.16± 0.03 and
B(⇤+

c !⌃+⌘0)

B(⇤+
c !⌃+!)

= 0.86± 0.34± 0.07, respectively. Their

90% CL upper limits are set to be B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

< 0.58

and B(⇤+
c !⌃+⌘0)

B(⇤+
c !⌃+!)

< 1.2 after taking into account the
systematic uncertainties. Incorporating the BESIII
results of B(⇤+

c ! ⌃+⇡0) and B(⇤+
c ! ⌃+!) from

Ref. [11], we obtain B(⇤+
c ! ⌃+⌘) = (0.41± 0.19±

0.05)% (< 0.68%), and B(⇤+
c !⌃+⌘0)= (1.34±0.53±

0.21)% (< 1.9%).
Comparisons of the experimental measurements

with theoretical predictions from di↵erent models are
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taking into account the change of the degrees of free-
dom.

Using the Bayesian method, we set the upper lim-
its at the 90% confidence level (CL) on the signal
yields NUL

a = 24, corresponding to a ratio of BFs at
the 90% CL Rac < 0.58 for the decay ⇤+

c ! ⌃+⌘,
and NUL

b = 19 and Rbd < 1.2 for the decay ⇤+
c !

⌃+⌘0. The systematic uncertainties discussed below
are taken into account by convolving the likelihood
curve obtained from the nominal fits with Gaussian
functions whose widths represent the systematic un-
certainties.

6 Systematic uncertainty

Due to the limited statistics, the total uncertain-
ties are dominated by the statistical errors. The sys-
tematic uncertainties associated with ⌃+ detection,
tracking and PID of charged pions, and photon selec-
tions cancel in the measurement of the ratios of the
BFs.

We study the uncertainty associated with the res-
olution di↵erences between data and MC simulation
for ⌘ and ⇡0 invariant mass distributions by smear-
ing the ⌘ and ⇡0 mass distributions of MC samples
with a Gaussian function with a width of 2 MeV/c2,
as determined by a study of the control channel
D0 ! K�⇡+⇡0. The resultant relative changes on
the ratios of BFs are 0.3% for Rac and 0.5% for Rbd

and are taken as the systematic uncertainty due to
the di↵erent mass resolutions.

We evaluate the uncertainties associated with ⌘0

and ! mass requirements with the same method, and
the resultant change on Rbd, 0.7%, is taken as the
systematic uncertainty.

The uncertainty related to the �Q requirement is
estimated by varying the range by ±5 MeV/c2. The
corresponding changes, 4.6% for Rac and 6.0% for
Rbd, are taken as the systematic uncertainties. The
uncertainties associated with the fit procedure used to
determine the signal yields are studied by performing
alternative fits with di↵erent fit parameters and fit
ranges. More specifically, we vary the values of the
two parameters of the Gaussian functions by ±1�,
and the fit range by ±10 MeV/c2. Adding the resul-
tant di↵erences in quadrature, we obtain the system-
atic uncertainty to be 5.9% and 1.5% for the Rac and
Rbd, respectively.

The systematic uncertainties associated with the
MC modeling that was used to calculate the detection
e�ciency are evaluated with di↵erent signal MC sam-
ples. In the nominal analysis, due to limited statis-

tics, the signal MC samples are generated with the
helicity angle parameters given in Ref. [3]. We gener-
ate an alternative signal MC sample with additional
e↵ects on the decay asymmetry with parameter varia-
tions of ±0.2 based on those in Ref. [3]. The resultant
changes in the detection e�ciencies, which are 2.6%
for Rac and 4.4% for Rbd, are taken as the systematic
uncertainties.

Table 3. Summary of the relative systematic

uncertainties in the BF ratio measurements

(in unit of %).

Source Rac Rbd

⌘0(!) mass requirement - 0.7

⌘(⇡0) mass requirement 0.3 0.5

�Q requirement 4.6 6.0

MBC fit 5.9 1.5

MC modeling 2.6 4.4

MC statistics 0.2 0.2

Binter 0.5 1.9

Total 8.0 7.9

The uncertainties of the MC statistics and the de-
cay BFs for the intermediate decays (Binter) quoted
from the PDG [9] are also considered. All the in-
dividual systematic uncertainties are summarized in
Table 3. The total systematic uncertainties for the
measurements of Rac and Rbd, 8.0% and 7.9%, respec-
tively, are obtained by adding the individual values
in quadrature.

7 Summary

In summary, by analyzing a data sample of
e+e�collisions corresponding to an integrated lumi-
nosity of 567 pb�1 taken at a center-of-mass energy of
4.6 GeV with the BESIII detector at the BEPCII col-
lider, we find evidence for the decays ⇤+

c !⌃+⌘ and
⌃+⌘0 with statistical significance of 2.5� and 3.3�.
The BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 with respect to
those of the reference decay modes of ⇤+

c ! ⌃+⇡0

and ⌃+! are B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

= 0.35± 0.16± 0.03 and
B(⇤+

c !⌃+⌘0)

B(⇤+
c !⌃+!)

= 0.86± 0.34± 0.07, respectively. Their

90% CL upper limits are set to be B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

< 0.58

and B(⇤+
c !⌃+⌘0)

B(⇤+
c !⌃+!)

< 1.2 after taking into account the
systematic uncertainties. Incorporating the BESIII
results of B(⇤+

c ! ⌃+⇡0) and B(⇤+
c ! ⌃+!) from

Ref. [11], we obtain B(⇤+
c ! ⌃+⌘) = (0.41± 0.19±

0.05)% (< 0.68%), and B(⇤+
c !⌃+⌘0)= (1.34±0.53±

0.21)% (< 1.9%).
Comparisons of the experimental measurements

with theoretical predictions from di↵erent models are
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taking into account the change of the degrees of free-
dom.

Using the Bayesian method, we set the upper lim-
its at the 90% confidence level (CL) on the signal
yields NUL

a = 24, corresponding to a ratio of BFs at
the 90% CL Rac < 0.58 for the decay ⇤+

c ! ⌃+⌘,
and NUL

b = 19 and Rbd < 1.2 for the decay ⇤+
c !

⌃+⌘0. The systematic uncertainties discussed below
are taken into account by convolving the likelihood
curve obtained from the nominal fits with Gaussian
functions whose widths represent the systematic un-
certainties.

6 Systematic uncertainty

Due to the limited statistics, the total uncertain-
ties are dominated by the statistical errors. The sys-
tematic uncertainties associated with ⌃+ detection,
tracking and PID of charged pions, and photon selec-
tions cancel in the measurement of the ratios of the
BFs.

We study the uncertainty associated with the res-
olution di↵erences between data and MC simulation
for ⌘ and ⇡0 invariant mass distributions by smear-
ing the ⌘ and ⇡0 mass distributions of MC samples
with a Gaussian function with a width of 2 MeV/c2,
as determined by a study of the control channel
D0 ! K�⇡+⇡0. The resultant relative changes on
the ratios of BFs are 0.3% for Rac and 0.5% for Rbd

and are taken as the systematic uncertainty due to
the di↵erent mass resolutions.

We evaluate the uncertainties associated with ⌘0

and ! mass requirements with the same method, and
the resultant change on Rbd, 0.7%, is taken as the
systematic uncertainty.

The uncertainty related to the �Q requirement is
estimated by varying the range by ±5 MeV/c2. The
corresponding changes, 4.6% for Rac and 6.0% for
Rbd, are taken as the systematic uncertainties. The
uncertainties associated with the fit procedure used to
determine the signal yields are studied by performing
alternative fits with di↵erent fit parameters and fit
ranges. More specifically, we vary the values of the
two parameters of the Gaussian functions by ±1�,
and the fit range by ±10 MeV/c2. Adding the resul-
tant di↵erences in quadrature, we obtain the system-
atic uncertainty to be 5.9% and 1.5% for the Rac and
Rbd, respectively.

The systematic uncertainties associated with the
MC modeling that was used to calculate the detection
e�ciency are evaluated with di↵erent signal MC sam-
ples. In the nominal analysis, due to limited statis-

tics, the signal MC samples are generated with the
helicity angle parameters given in Ref. [3]. We gener-
ate an alternative signal MC sample with additional
e↵ects on the decay asymmetry with parameter varia-
tions of ±0.2 based on those in Ref. [3]. The resultant
changes in the detection e�ciencies, which are 2.6%
for Rac and 4.4% for Rbd, are taken as the systematic
uncertainties.

Table 3. Summary of the relative systematic

uncertainties in the BF ratio measurements

(in unit of %).

Source Rac Rbd

⌘0(!) mass requirement - 0.7

⌘(⇡0) mass requirement 0.3 0.5

�Q requirement 4.6 6.0

MBC fit 5.9 1.5

MC modeling 2.6 4.4

MC statistics 0.2 0.2

Binter 0.5 1.9

Total 8.0 7.9

The uncertainties of the MC statistics and the de-
cay BFs for the intermediate decays (Binter) quoted
from the PDG [9] are also considered. All the in-
dividual systematic uncertainties are summarized in
Table 3. The total systematic uncertainties for the
measurements of Rac and Rbd, 8.0% and 7.9%, respec-
tively, are obtained by adding the individual values
in quadrature.

7 Summary

In summary, by analyzing a data sample of
e+e�collisions corresponding to an integrated lumi-
nosity of 567 pb�1 taken at a center-of-mass energy of
4.6 GeV with the BESIII detector at the BEPCII col-
lider, we find evidence for the decays ⇤+

c !⌃+⌘ and
⌃+⌘0 with statistical significance of 2.5� and 3.3�.
The BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 with respect to
those of the reference decay modes of ⇤+

c ! ⌃+⇡0

and ⌃+! are B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

= 0.35± 0.16± 0.03 and
B(⇤+

c !⌃+⌘0)

B(⇤+
c !⌃+!)

= 0.86± 0.34± 0.07, respectively. Their

90% CL upper limits are set to be B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

< 0.58

and B(⇤+
c !⌃+⌘0)

B(⇤+
c !⌃+!)

< 1.2 after taking into account the
systematic uncertainties. Incorporating the BESIII
results of B(⇤+

c ! ⌃+⇡0) and B(⇤+
c ! ⌃+!) from

Ref. [11], we obtain B(⇤+
c ! ⌃+⌘) = (0.41± 0.19±

0.05)% (< 0.68%), and B(⇤+
c !⌃+⌘0)= (1.34±0.53±

0.21)% (< 1.9%).
Comparisons of the experimental measurements

with theoretical predictions from di↵erent models are
010201-9

No. X Chinese Physics C Vol. xx, No. x (201x) xxxxxx 9

taking into account the change of the degrees of free-
dom.

Using the Bayesian method, we set the upper lim-
its at the 90% confidence level (CL) on the signal
yields NUL

a = 24, corresponding to a ratio of BFs at
the 90% CL Rac < 0.58 for the decay ⇤+

c ! ⌃+⌘,
and NUL

b = 19 and Rbd < 1.2 for the decay ⇤+
c !

⌃+⌘0. The systematic uncertainties discussed below
are taken into account by convolving the likelihood
curve obtained from the nominal fits with Gaussian
functions whose widths represent the systematic un-
certainties.

6 Systematic uncertainty

Due to the limited statistics, the total uncertain-
ties are dominated by the statistical errors. The sys-
tematic uncertainties associated with ⌃+ detection,
tracking and PID of charged pions, and photon selec-
tions cancel in the measurement of the ratios of the
BFs.

We study the uncertainty associated with the res-
olution di↵erences between data and MC simulation
for ⌘ and ⇡0 invariant mass distributions by smear-
ing the ⌘ and ⇡0 mass distributions of MC samples
with a Gaussian function with a width of 2 MeV/c2,
as determined by a study of the control channel
D0 ! K�⇡+⇡0. The resultant relative changes on
the ratios of BFs are 0.3% for Rac and 0.5% for Rbd

and are taken as the systematic uncertainty due to
the di↵erent mass resolutions.

We evaluate the uncertainties associated with ⌘0

and ! mass requirements with the same method, and
the resultant change on Rbd, 0.7%, is taken as the
systematic uncertainty.

The uncertainty related to the �Q requirement is
estimated by varying the range by ±5 MeV/c2. The
corresponding changes, 4.6% for Rac and 6.0% for
Rbd, are taken as the systematic uncertainties. The
uncertainties associated with the fit procedure used to
determine the signal yields are studied by performing
alternative fits with di↵erent fit parameters and fit
ranges. More specifically, we vary the values of the
two parameters of the Gaussian functions by ±1�,
and the fit range by ±10 MeV/c2. Adding the resul-
tant di↵erences in quadrature, we obtain the system-
atic uncertainty to be 5.9% and 1.5% for the Rac and
Rbd, respectively.

The systematic uncertainties associated with the
MC modeling that was used to calculate the detection
e�ciency are evaluated with di↵erent signal MC sam-
ples. In the nominal analysis, due to limited statis-

tics, the signal MC samples are generated with the
helicity angle parameters given in Ref. [3]. We gener-
ate an alternative signal MC sample with additional
e↵ects on the decay asymmetry with parameter varia-
tions of ±0.2 based on those in Ref. [3]. The resultant
changes in the detection e�ciencies, which are 2.6%
for Rac and 4.4% for Rbd, are taken as the systematic
uncertainties.

Table 3. Summary of the relative systematic

uncertainties in the BF ratio measurements

(in unit of %).

Source Rac Rbd

⌘0(!) mass requirement - 0.7

⌘(⇡0) mass requirement 0.3 0.5

�Q requirement 4.6 6.0

MBC fit 5.9 1.5

MC modeling 2.6 4.4

MC statistics 0.2 0.2

Binter 0.5 1.9

Total 8.0 7.9

The uncertainties of the MC statistics and the de-
cay BFs for the intermediate decays (Binter) quoted
from the PDG [9] are also considered. All the in-
dividual systematic uncertainties are summarized in
Table 3. The total systematic uncertainties for the
measurements of Rac and Rbd, 8.0% and 7.9%, respec-
tively, are obtained by adding the individual values
in quadrature.

7 Summary

In summary, by analyzing a data sample of
e+e�collisions corresponding to an integrated lumi-
nosity of 567 pb�1 taken at a center-of-mass energy of
4.6 GeV with the BESIII detector at the BEPCII col-
lider, we find evidence for the decays ⇤+

c !⌃+⌘ and
⌃+⌘0 with statistical significance of 2.5� and 3.3�.
The BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 with respect to
those of the reference decay modes of ⇤+

c ! ⌃+⇡0

and ⌃+! are B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

= 0.35± 0.16± 0.03 and
B(⇤+

c !⌃+⌘0)

B(⇤+
c !⌃+!)

= 0.86± 0.34± 0.07, respectively. Their

90% CL upper limits are set to be B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

< 0.58

and B(⇤+
c !⌃+⌘0)

B(⇤+
c !⌃+!)

< 1.2 after taking into account the
systematic uncertainties. Incorporating the BESIII
results of B(⇤+

c ! ⌃+⇡0) and B(⇤+
c ! ⌃+!) from

Ref. [11], we obtain B(⇤+
c ! ⌃+⌘) = (0.41± 0.19±

0.05)% (< 0.68%), and B(⇤+
c !⌃+⌘0)= (1.34±0.53±

0.21)% (< 1.9%).
Comparisons of the experimental measurements

with theoretical predictions from di↵erent models are
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taking into account the change of the degrees of free-
dom.

Using the Bayesian method, we set the upper lim-
its at the 90% confidence level (CL) on the signal
yields NUL

a = 24, corresponding to a ratio of BFs at
the 90% CL Rac < 0.58 for the decay ⇤+

c ! ⌃+⌘,
and NUL

b = 19 and Rbd < 1.2 for the decay ⇤+
c !

⌃+⌘0. The systematic uncertainties discussed below
are taken into account by convolving the likelihood
curve obtained from the nominal fits with Gaussian
functions whose widths represent the systematic un-
certainties.

6 Systematic uncertainty

Due to the limited statistics, the total uncertain-
ties are dominated by the statistical errors. The sys-
tematic uncertainties associated with ⌃+ detection,
tracking and PID of charged pions, and photon selec-
tions cancel in the measurement of the ratios of the
BFs.

We study the uncertainty associated with the res-
olution di↵erences between data and MC simulation
for ⌘ and ⇡0 invariant mass distributions by smear-
ing the ⌘ and ⇡0 mass distributions of MC samples
with a Gaussian function with a width of 2 MeV/c2,
as determined by a study of the control channel
D0 ! K�⇡+⇡0. The resultant relative changes on
the ratios of BFs are 0.3% for Rac and 0.5% for Rbd

and are taken as the systematic uncertainty due to
the di↵erent mass resolutions.

We evaluate the uncertainties associated with ⌘0

and ! mass requirements with the same method, and
the resultant change on Rbd, 0.7%, is taken as the
systematic uncertainty.

The uncertainty related to the �Q requirement is
estimated by varying the range by ±5 MeV/c2. The
corresponding changes, 4.6% for Rac and 6.0% for
Rbd, are taken as the systematic uncertainties. The
uncertainties associated with the fit procedure used to
determine the signal yields are studied by performing
alternative fits with di↵erent fit parameters and fit
ranges. More specifically, we vary the values of the
two parameters of the Gaussian functions by ±1�,
and the fit range by ±10 MeV/c2. Adding the resul-
tant di↵erences in quadrature, we obtain the system-
atic uncertainty to be 5.9% and 1.5% for the Rac and
Rbd, respectively.

The systematic uncertainties associated with the
MC modeling that was used to calculate the detection
e�ciency are evaluated with di↵erent signal MC sam-
ples. In the nominal analysis, due to limited statis-

tics, the signal MC samples are generated with the
helicity angle parameters given in Ref. [3]. We gener-
ate an alternative signal MC sample with additional
e↵ects on the decay asymmetry with parameter varia-
tions of ±0.2 based on those in Ref. [3]. The resultant
changes in the detection e�ciencies, which are 2.6%
for Rac and 4.4% for Rbd, are taken as the systematic
uncertainties.

Table 3. Summary of the relative systematic

uncertainties in the BF ratio measurements

(in unit of %).

Source Rac Rbd

⌘0(!) mass requirement - 0.7

⌘(⇡0) mass requirement 0.3 0.5

�Q requirement 4.6 6.0

MBC fit 5.9 1.5

MC modeling 2.6 4.4

MC statistics 0.2 0.2

Binter 0.5 1.9

Total 8.0 7.9

The uncertainties of the MC statistics and the de-
cay BFs for the intermediate decays (Binter) quoted
from the PDG [9] are also considered. All the in-
dividual systematic uncertainties are summarized in
Table 3. The total systematic uncertainties for the
measurements of Rac and Rbd, 8.0% and 7.9%, respec-
tively, are obtained by adding the individual values
in quadrature.

7 Summary

In summary, by analyzing a data sample of
e+e�collisions corresponding to an integrated lumi-
nosity of 567 pb�1 taken at a center-of-mass energy of
4.6 GeV with the BESIII detector at the BEPCII col-
lider, we find evidence for the decays ⇤+

c !⌃+⌘ and
⌃+⌘0 with statistical significance of 2.5� and 3.3�.
The BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 with respect to
those of the reference decay modes of ⇤+

c ! ⌃+⇡0

and ⌃+! are B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

= 0.35± 0.16± 0.03 and
B(⇤+

c !⌃+⌘0)

B(⇤+
c !⌃+!)

= 0.86± 0.34± 0.07, respectively. Their

90% CL upper limits are set to be B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

< 0.58

and B(⇤+
c !⌃+⌘0)

B(⇤+
c !⌃+!)

< 1.2 after taking into account the
systematic uncertainties. Incorporating the BESIII
results of B(⇤+

c ! ⌃+⇡0) and B(⇤+
c ! ⌃+!) from

Ref. [11], we obtain B(⇤+
c ! ⌃+⌘) = (0.41± 0.19±

0.05)% (< 0.68%), and B(⇤+
c !⌃+⌘0)= (1.34±0.53±

0.21)% (< 1.9%).
Comparisons of the experimental measurements

with theoretical predictions from di↵erent models are
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taking into account the change of the degrees of free-
dom.

Using the Bayesian method, we set the upper lim-
its at the 90% confidence level (CL) on the signal
yields NUL

a = 24, corresponding to a ratio of BFs at
the 90% CL Rac < 0.58 for the decay ⇤+

c ! ⌃+⌘,
and NUL

b = 19 and Rbd < 1.2 for the decay ⇤+
c !

⌃+⌘0. The systematic uncertainties discussed below
are taken into account by convolving the likelihood
curve obtained from the nominal fits with Gaussian
functions whose widths represent the systematic un-
certainties.

6 Systematic uncertainty

Due to the limited statistics, the total uncertain-
ties are dominated by the statistical errors. The sys-
tematic uncertainties associated with ⌃+ detection,
tracking and PID of charged pions, and photon selec-
tions cancel in the measurement of the ratios of the
BFs.

We study the uncertainty associated with the res-
olution di↵erences between data and MC simulation
for ⌘ and ⇡0 invariant mass distributions by smear-
ing the ⌘ and ⇡0 mass distributions of MC samples
with a Gaussian function with a width of 2 MeV/c2,
as determined by a study of the control channel
D0 ! K�⇡+⇡0. The resultant relative changes on
the ratios of BFs are 0.3% for Rac and 0.5% for Rbd

and are taken as the systematic uncertainty due to
the di↵erent mass resolutions.

We evaluate the uncertainties associated with ⌘0

and ! mass requirements with the same method, and
the resultant change on Rbd, 0.7%, is taken as the
systematic uncertainty.

The uncertainty related to the �Q requirement is
estimated by varying the range by ±5 MeV/c2. The
corresponding changes, 4.6% for Rac and 6.0% for
Rbd, are taken as the systematic uncertainties. The
uncertainties associated with the fit procedure used to
determine the signal yields are studied by performing
alternative fits with di↵erent fit parameters and fit
ranges. More specifically, we vary the values of the
two parameters of the Gaussian functions by ±1�,
and the fit range by ±10 MeV/c2. Adding the resul-
tant di↵erences in quadrature, we obtain the system-
atic uncertainty to be 5.9% and 1.5% for the Rac and
Rbd, respectively.

The systematic uncertainties associated with the
MC modeling that was used to calculate the detection
e�ciency are evaluated with di↵erent signal MC sam-
ples. In the nominal analysis, due to limited statis-

tics, the signal MC samples are generated with the
helicity angle parameters given in Ref. [3]. We gener-
ate an alternative signal MC sample with additional
e↵ects on the decay asymmetry with parameter varia-
tions of ±0.2 based on those in Ref. [3]. The resultant
changes in the detection e�ciencies, which are 2.6%
for Rac and 4.4% for Rbd, are taken as the systematic
uncertainties.

Table 3. Summary of the relative systematic

uncertainties in the BF ratio measurements

(in unit of %).

Source Rac Rbd

⌘0(!) mass requirement - 0.7

⌘(⇡0) mass requirement 0.3 0.5

�Q requirement 4.6 6.0

MBC fit 5.9 1.5

MC modeling 2.6 4.4

MC statistics 0.2 0.2

Binter 0.5 1.9

Total 8.0 7.9

The uncertainties of the MC statistics and the de-
cay BFs for the intermediate decays (Binter) quoted
from the PDG [9] are also considered. All the in-
dividual systematic uncertainties are summarized in
Table 3. The total systematic uncertainties for the
measurements of Rac and Rbd, 8.0% and 7.9%, respec-
tively, are obtained by adding the individual values
in quadrature.

7 Summary

In summary, by analyzing a data sample of
e+e�collisions corresponding to an integrated lumi-
nosity of 567 pb�1 taken at a center-of-mass energy of
4.6 GeV with the BESIII detector at the BEPCII col-
lider, we find evidence for the decays ⇤+

c !⌃+⌘ and
⌃+⌘0 with statistical significance of 2.5� and 3.3�.
The BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 with respect to
those of the reference decay modes of ⇤+

c ! ⌃+⇡0

and ⌃+! are B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

= 0.35± 0.16± 0.03 and
B(⇤+

c !⌃+⌘0)

B(⇤+
c !⌃+!)

= 0.86± 0.34± 0.07, respectively. Their

90% CL upper limits are set to be B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

< 0.58

and B(⇤+
c !⌃+⌘0)

B(⇤+
c !⌃+!)

< 1.2 after taking into account the
systematic uncertainties. Incorporating the BESIII
results of B(⇤+

c ! ⌃+⇡0) and B(⇤+
c ! ⌃+!) from

Ref. [11], we obtain B(⇤+
c ! ⌃+⌘) = (0.41± 0.19±

0.05)% (< 0.68%), and B(⇤+
c !⌃+⌘0)= (1.34±0.53±

0.21)% (< 1.9%).
Comparisons of the experimental measurements

with theoretical predictions from di↵erent models are
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taking into account the change of the degrees of free-
dom.

Using the Bayesian method, we set the upper lim-
its at the 90% confidence level (CL) on the signal
yields NUL

a = 24, corresponding to a ratio of BFs at
the 90% CL Rac < 0.58 for the decay ⇤+

c ! ⌃+⌘,
and NUL

b = 19 and Rbd < 1.2 for the decay ⇤+
c !

⌃+⌘0. The systematic uncertainties discussed below
are taken into account by convolving the likelihood
curve obtained from the nominal fits with Gaussian
functions whose widths represent the systematic un-
certainties.

6 Systematic uncertainty

Due to the limited statistics, the total uncertain-
ties are dominated by the statistical errors. The sys-
tematic uncertainties associated with ⌃+ detection,
tracking and PID of charged pions, and photon selec-
tions cancel in the measurement of the ratios of the
BFs.

We study the uncertainty associated with the res-
olution di↵erences between data and MC simulation
for ⌘ and ⇡0 invariant mass distributions by smear-
ing the ⌘ and ⇡0 mass distributions of MC samples
with a Gaussian function with a width of 2 MeV/c2,
as determined by a study of the control channel
D0 ! K�⇡+⇡0. The resultant relative changes on
the ratios of BFs are 0.3% for Rac and 0.5% for Rbd

and are taken as the systematic uncertainty due to
the di↵erent mass resolutions.

We evaluate the uncertainties associated with ⌘0

and ! mass requirements with the same method, and
the resultant change on Rbd, 0.7%, is taken as the
systematic uncertainty.

The uncertainty related to the �Q requirement is
estimated by varying the range by ±5 MeV/c2. The
corresponding changes, 4.6% for Rac and 6.0% for
Rbd, are taken as the systematic uncertainties. The
uncertainties associated with the fit procedure used to
determine the signal yields are studied by performing
alternative fits with di↵erent fit parameters and fit
ranges. More specifically, we vary the values of the
two parameters of the Gaussian functions by ±1�,
and the fit range by ±10 MeV/c2. Adding the resul-
tant di↵erences in quadrature, we obtain the system-
atic uncertainty to be 5.9% and 1.5% for the Rac and
Rbd, respectively.

The systematic uncertainties associated with the
MC modeling that was used to calculate the detection
e�ciency are evaluated with di↵erent signal MC sam-
ples. In the nominal analysis, due to limited statis-

tics, the signal MC samples are generated with the
helicity angle parameters given in Ref. [3]. We gener-
ate an alternative signal MC sample with additional
e↵ects on the decay asymmetry with parameter varia-
tions of ±0.2 based on those in Ref. [3]. The resultant
changes in the detection e�ciencies, which are 2.6%
for Rac and 4.4% for Rbd, are taken as the systematic
uncertainties.

Table 3. Summary of the relative systematic

uncertainties in the BF ratio measurements

(in unit of %).

Source Rac Rbd

⌘0(!) mass requirement - 0.7

⌘(⇡0) mass requirement 0.3 0.5

�Q requirement 4.6 6.0

MBC fit 5.9 1.5

MC modeling 2.6 4.4

MC statistics 0.2 0.2

Binter 0.5 1.9

Total 8.0 7.9

The uncertainties of the MC statistics and the de-
cay BFs for the intermediate decays (Binter) quoted
from the PDG [9] are also considered. All the in-
dividual systematic uncertainties are summarized in
Table 3. The total systematic uncertainties for the
measurements of Rac and Rbd, 8.0% and 7.9%, respec-
tively, are obtained by adding the individual values
in quadrature.

7 Summary

In summary, by analyzing a data sample of
e+e�collisions corresponding to an integrated lumi-
nosity of 567 pb�1 taken at a center-of-mass energy of
4.6 GeV with the BESIII detector at the BEPCII col-
lider, we find evidence for the decays ⇤+

c !⌃+⌘ and
⌃+⌘0 with statistical significance of 2.5� and 3.3�.
The BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 with respect to
those of the reference decay modes of ⇤+

c ! ⌃+⇡0

and ⌃+! are B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

= 0.35± 0.16± 0.03 and
B(⇤+

c !⌃+⌘0)

B(⇤+
c !⌃+!)

= 0.86± 0.34± 0.07, respectively. Their

90% CL upper limits are set to be B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

< 0.58

and B(⇤+
c !⌃+⌘0)

B(⇤+
c !⌃+!)

< 1.2 after taking into account the
systematic uncertainties. Incorporating the BESIII
results of B(⇤+

c ! ⌃+⇡0) and B(⇤+
c ! ⌃+!) from

Ref. [11], we obtain B(⇤+
c ! ⌃+⌘) = (0.41± 0.19±

0.05)% (< 0.68%), and B(⇤+
c !⌃+⌘0)= (1.34±0.53±

0.21)% (< 1.9%).
Comparisons of the experimental measurements

with theoretical predictions from di↵erent models are
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taking into account the change of the degrees of free-
dom.

Using the Bayesian method, we set the upper lim-
its at the 90% confidence level (CL) on the signal
yields NUL

a = 24, corresponding to a ratio of BFs at
the 90% CL Rac < 0.58 for the decay ⇤+

c ! ⌃+⌘,
and NUL

b = 19 and Rbd < 1.2 for the decay ⇤+
c !

⌃+⌘0. The systematic uncertainties discussed below
are taken into account by convolving the likelihood
curve obtained from the nominal fits with Gaussian
functions whose widths represent the systematic un-
certainties.

6 Systematic uncertainty

Due to the limited statistics, the total uncertain-
ties are dominated by the statistical errors. The sys-
tematic uncertainties associated with ⌃+ detection,
tracking and PID of charged pions, and photon selec-
tions cancel in the measurement of the ratios of the
BFs.

We study the uncertainty associated with the res-
olution di↵erences between data and MC simulation
for ⌘ and ⇡0 invariant mass distributions by smear-
ing the ⌘ and ⇡0 mass distributions of MC samples
with a Gaussian function with a width of 2 MeV/c2,
as determined by a study of the control channel
D0 ! K�⇡+⇡0. The resultant relative changes on
the ratios of BFs are 0.3% for Rac and 0.5% for Rbd

and are taken as the systematic uncertainty due to
the di↵erent mass resolutions.

We evaluate the uncertainties associated with ⌘0

and ! mass requirements with the same method, and
the resultant change on Rbd, 0.7%, is taken as the
systematic uncertainty.

The uncertainty related to the �Q requirement is
estimated by varying the range by ±5 MeV/c2. The
corresponding changes, 4.6% for Rac and 6.0% for
Rbd, are taken as the systematic uncertainties. The
uncertainties associated with the fit procedure used to
determine the signal yields are studied by performing
alternative fits with di↵erent fit parameters and fit
ranges. More specifically, we vary the values of the
two parameters of the Gaussian functions by ±1�,
and the fit range by ±10 MeV/c2. Adding the resul-
tant di↵erences in quadrature, we obtain the system-
atic uncertainty to be 5.9% and 1.5% for the Rac and
Rbd, respectively.

The systematic uncertainties associated with the
MC modeling that was used to calculate the detection
e�ciency are evaluated with di↵erent signal MC sam-
ples. In the nominal analysis, due to limited statis-

tics, the signal MC samples are generated with the
helicity angle parameters given in Ref. [3]. We gener-
ate an alternative signal MC sample with additional
e↵ects on the decay asymmetry with parameter varia-
tions of ±0.2 based on those in Ref. [3]. The resultant
changes in the detection e�ciencies, which are 2.6%
for Rac and 4.4% for Rbd, are taken as the systematic
uncertainties.

Table 3. Summary of the relative systematic

uncertainties in the BF ratio measurements

(in unit of %).

Source Rac Rbd

⌘0(!) mass requirement - 0.7

⌘(⇡0) mass requirement 0.3 0.5

�Q requirement 4.6 6.0

MBC fit 5.9 1.5

MC modeling 2.6 4.4

MC statistics 0.2 0.2

Binter 0.5 1.9

Total 8.0 7.9

The uncertainties of the MC statistics and the de-
cay BFs for the intermediate decays (Binter) quoted
from the PDG [9] are also considered. All the in-
dividual systematic uncertainties are summarized in
Table 3. The total systematic uncertainties for the
measurements of Rac and Rbd, 8.0% and 7.9%, respec-
tively, are obtained by adding the individual values
in quadrature.

7 Summary

In summary, by analyzing a data sample of
e+e�collisions corresponding to an integrated lumi-
nosity of 567 pb�1 taken at a center-of-mass energy of
4.6 GeV with the BESIII detector at the BEPCII col-
lider, we find evidence for the decays ⇤+

c !⌃+⌘ and
⌃+⌘0 with statistical significance of 2.5� and 3.3�.
The BFs for ⇤+

c ! ⌃+⌘ and ⌃+⌘0 with respect to
those of the reference decay modes of ⇤+

c ! ⌃+⇡0

and ⌃+! are B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

= 0.35± 0.16± 0.03 and
B(⇤+

c !⌃+⌘0)

B(⇤+
c !⌃+!)

= 0.86± 0.34± 0.07, respectively. Their

90% CL upper limits are set to be B(⇤+
c !⌃+⌘)

B(⇤+
c !⌃+⇡0)

< 0.58

and B(⇤+
c !⌃+⌘0)

B(⇤+
c !⌃+!)

< 1.2 after taking into account the
systematic uncertainties. Incorporating the BESIII
results of B(⇤+

c ! ⌃+⇡0) and B(⇤+
c ! ⌃+!) from

Ref. [11], we obtain B(⇤+
c ! ⌃+⌘) = (0.41± 0.19±

0.05)% (< 0.68%), and B(⇤+
c !⌃+⌘0)= (1.34±0.53±

0.21)% (< 1.9%).
Comparisons of the experimental measurements

with theoretical predictions from di↵erent models are
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pairs (b) used for selecting the Λ and η candidates, respec-
tively, and energy difference distribution (c) for selecting the
signal events candidates. The points with error bars stand
for data and the arrows indicate the mass or energy differ-
ence requirement. For better illustrations of the signals in
plotting, all subfigures are drawn under MBC fitting range
2.25 < MBC < 2.30 GeV/c2, while additional requirement
−0.03 < ∆E < 0.03 GeV are applied in subfigures (a) and
(b).

validity of the ARGUS function to describe the back-
ground shape in the MBC spectrum is checked using the
inclusive MC samples. No obvious peaking background
from the decay Λ+

c → pK0
Sη with K0

S → π+π− is ob-
served and the influence of cross feed is neglected. The
BF is calculated using

B(Λ+
c → Ληπ+) =

Nsig

2 ·NΛ+
c Λ̄−

c
· ε · Binter

, (1)

where Nsig is the signal yield obtained from the MBC fit,
NΛ+

c Λ̄−

c
= (105.9 ± 4.8(stat.) ± 0.5(syst.)) × 103 is the

number of Λ+
c Λ̄

−

c pairs in the data sample [23], ε is the
detection efficiency estimated using the signal MC simu-
lation sample, and Binter = B(Λ → pπ−) · B(η → γγ) is
taken from the PDG [8]. The factor of 2 in the denomina-
tor takes into account the charge conjugate decay mode
of the Λ+

c baryon. The resultant BF and corresponding
statistical uncertainty are listed in Table I.

TABLE I. Summary of the signal yields, the detection effi-
ciencies, and the BFs for the different Λ+

c decay modes. In
the BFs, the first uncertainties are statistical, and the second
are systematic.

Ληπ+ Σ∗+η

Nsig 154 ± 17 54± 11
ε(%) 15.73 ± 0.01 12.84 ± 0.01
B(%) 1.84± 0.21± 0.15 0.91± 0.18± 0.09
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FIG. 2. Fit to the MBC distribution for the Λ+
c → Ληπ+

decay. The dots with error bars are data, the (black) solid
curve is the fit function which is the sum of the signal shape
(red dashed curve) and the background shape (blue dash-
dotted curve). A test of goodness-of-fit with χ2 divided by
the degrees of freedom is shown.

To check the possible intermediate states fore-
mentioned in the theoretical calculations [3–5], the
two-dimensional Dalitz distributions of M2(Λη) versus
M2(Λπ+) for selected Λ+

c → Ληπ+ candidates in the
MBC signal region 2.282 < MBC < 2.291 GeV/c2 and the
sideband region 2.250 < MBC < 2.270 GeV/c2 are shown
in Fig. 3(a) and (b), respectively. In addition, the cor-
responding one-dimensional projections are presented in
Fig. 3(c)-(e). In the M(Λπ+) spectrum, an obvious peak
of the Σ∗+ resonance is seen, which has been studied at
CLEO [6], while other potential states are not evident in
these projections. Hence, under the current statistics, we
only measure the decay rate of Λ+

c → Σ∗+η.
To extract the signal yield of the cascade decay Λ+

c →
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−0.03 < ∆E < 0.03 GeV are applied in subfigures (a) and
(b).
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To check the possible intermediate states fore-
mentioned in the theoretical calculations [3–5], the
two-dimensional Dalitz distributions of M2(Λη) versus
M2(Λπ+) for selected Λ+

c → Ληπ+ candidates in the
MBC signal region 2.282 < MBC < 2.291 GeV/c2 and the
sideband region 2.250 < MBC < 2.270 GeV/c2 are shown
in Fig. 3(a) and (b), respectively. In addition, the cor-
responding one-dimensional projections are presented in
Fig. 3(c)-(e). In the M(Λπ+) spectrum, an obvious peak
of the Σ∗+ resonance is seen, which has been studied at
CLEO [6], while other potential states are not evident in
these projections. Hence, under the current statistics, we
only measure the decay rate of Λ+

c → Σ∗+η.
To extract the signal yield of the cascade decay Λ+

c →

• Single tag analysis.
• Cuts on M(pp-), M(gg) and DE.
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plotting, all subfigures are drawn under MBC fitting range
2.25 < MBC < 2.30 GeV/c2, while additional requirement
−0.03 < ∆E < 0.03 GeV are applied in subfigures (a) and
(b).

validity of the ARGUS function to describe the back-
ground shape in the MBC spectrum is checked using the
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from the decay Λ+
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S → π+π− is ob-
served and the influence of cross feed is neglected. The
BF is calculated using
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, (1)

where Nsig is the signal yield obtained from the MBC fit,
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= (105.9 ± 4.8(stat.) ± 0.5(syst.)) × 103 is the

number of Λ+
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−

c pairs in the data sample [23], ε is the
detection efficiency estimated using the signal MC simu-
lation sample, and Binter = B(Λ → pπ−) · B(η → γγ) is
taken from the PDG [8]. The factor of 2 in the denomina-
tor takes into account the charge conjugate decay mode
of the Λ+

c baryon. The resultant BF and corresponding
statistical uncertainty are listed in Table I.
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To check the possible intermediate states fore-
mentioned in the theoretical calculations [3–5], the
two-dimensional Dalitz distributions of M2(Λη) versus
M2(Λπ+) for selected Λ+

c → Ληπ+ candidates in the
MBC signal region 2.282 < MBC < 2.291 GeV/c2 and the
sideband region 2.250 < MBC < 2.270 GeV/c2 are shown
in Fig. 3(a) and (b), respectively. In addition, the cor-
responding one-dimensional projections are presented in
Fig. 3(c)-(e). In the M(Λπ+) spectrum, an obvious peak
of the Σ∗+ resonance is seen, which has been studied at
CLEO [6], while other potential states are not evident in
these projections. Hence, under the current statistics, we
only measure the decay rate of Λ+

c → Σ∗+η.
To extract the signal yield of the cascade decay Λ+
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FIG. 3. Two-dimensional Dalitz distribution of M2(Λη) versus M2(Λπ+) for selected Λ+
c → Ληπ+ candidates in MBC signal

(a) and sideband (not scaled) (b) regions. Also plots (c)-(e) show their one-dimensional projections, where dots with error bars
stand for data in plot (a) and the shaded histograms (luminosity scaled) stand for data in plot (b).

Σ∗+η, Σ∗+ → Λπ+, an unbinned extended maximum
likelihood fit is performed to the invariant mass spec-
trum of M(Λπ+) for the events within the MBC sig-
nal region. The fitting range is 1.25 < M(Λπ+) <
1.56 GeV/c2 as illustrated in Fig. 4. In the fit, the
signal shape is derived from the kernel-estimated non-
parametric shape [21] based on signal MC samples con-
volved with a Gaussian function. In the Gaussian func-
tion, their parameters are allowed to vary in the fit. The
signal lineshape of the Σ∗+ is generated according the
following formula

|A(m)|2 ∝
q2Lb+1f2

Lb
(q) · p2Ld+1f2

Ld
(p)

(m2 −m2
0)

2 +m2
0Γ

2(m)
, (2)

using the mass-dependent width Γ(m) with the expres-
sion

Γ(m) = Γ0

(

p

p0

)2Ld+1
(m0

m

) f2
Ld

(p)

f2
Ld

(p0)
, (3)

where m = M(Λπ+), m0 and Γ0 are the Σ∗+ nomi-
nal mass and width, respectively, q and p (p0) are the
daughter momenta of Λ+

c and Σ∗+ (when Σ∗+ is at its
nominal mass m0) at their rest frame, respectively, and
Lb = 1(Ld = 1) is angular momentum between the two-
body decay products in the Λ+

c (Σ
∗+) rest frame. f(p)

are Blatt-Weisskopf barrier factors which have been de-
tailed in Ref. [24]. Possible interference between Σ∗+ and

non-Σ∗+ amplitudes is neglected. The random combina-
torial background is also modeled with kernel-estimated
non-parametric shape [21] based on data in the MBC

sideband region. The non-Σ∗+ background is described
with a smooth background function fbkg (M (Λπ+)) ∝
(M (Λπ+)−1.25)c ·(1.75−M (Λπ+))d, where the param-
eters c and d are obtained from MC-simulated non-Σ∗+

backgrounds and fixed in the fit. Only the integral of
the signal shape in the signal region 1.32 < M(Λπ+) <
1.45 GeV/c2 is counted as signal yield. The signal
yield and the corresponding detection efficiency are listed
in Table I. The corresponding BF is calculated using
Eq. (1), where ε is the corresponding detection efficiency
and Binter = B(Σ∗+ → Λπ+) · B(Λ → pπ−) · B(η → γγ)
taken from the PDG [8]. The resultant BF and the corre-
sponding statistical uncertainty are also listed in Table I.

V. SYSTEMATIC UNCERTAINTY

Different sources of systematic uncertainties are con-
sidered in the BF measurement, including charged parti-
cle tracking, PID, reconstruction of intermediate states,
the ∆E requirement, the fitting range, the background
description, the signal MC model, peaking backgrounds
and intermediate BFs.
Tracking and PID for π+ particle. By studying a set
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Setting limits

Using CLs method [18] to set upper limits on:

R =
B(⌅++

cc ! D+pK�⇡+)

B(⌅++
cc ! ⇤+

c K�⇡+⇡+)
=

N(D+pK�⇡+)

N(⇤+
c K�⇡+⇡+)

⇥
"(⇤+

c K
�⇡+⇡+)

"(D+pK�⇡+)
⇥

B(⇤+
c ! pK�⇡+)

B(D+ ! K�⇡+⇡+)

I N(⇤+
c K

�⇡+⇡+)
= 184 ± 29 (from data)

I "(⇤+
c K

�⇡+⇡+)/"(D+pK�⇡+)
= 0.46± 0.01 (from simulation)

I R < 1.5 (1.9)⇥10�2 @ 90% (95%) CL
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Better understanding of resonant and non resonant contribution 
is needed to explain large difference in Branching Ratios

Table 1: Systematic uncertainties on the single-event sensitivity ↵s.

Source ↵s(%)
Trigger e�ciency 3.5
Mass fit model 3.1
Simulation modelling 1.2
PID calibration 1.5
Lifetime 2.9
Total uncertainty 5.8

7 Results

In this analysis no significant ⌅++
cc ! D+pK�⇡+ signal is observed so an upper limit is

set on the ratio of branching fractions, R. The CLs method [32] is used to determine the
ratio of confidence levels (CL) between the signal-plus-background and background-only
hypotheses. The upper limit is obtained from the total number of candidates, Nobs, found
in the expected signal mass region. This value is calculated by counting the number
of candidates within the mass region, 3621 < m(D+pK�⇡+) < 3630 MeV/c2 (indicated
by two dashed blue lines in the left plot of Fig. 3). This mass region corresponds to
approximately ±3� around the average mass of the ⌅++

cc state where � = 2.8 MeV/c2 is
the value of ⌅++

cc mass resolution found from simulated ⌅++
cc ! D+pK�⇡+ decays.

The CLs score for a possible value of ratio R is calculated as follows

CLs =
P (Nb + Ns  Nobs)

P (Nb  Nobs)
, (5)

where Ns is sampled from the distribution of the expected number of signal candidates
for a given ratio R, Nb is sampled from the distribution shown in the left plot of Fig. 3,
where the expected number of background candidates is given by the background-only
fit and P indicates the probability that these statistical quantities are smaller than Nobs.
The value of Nb is found by fitting a second-order Chebyshev function to the data. The
data points in the mass region 3621 < m(D+pK�⇡+) < 3630 MeV/c2 are removed for
the fit and Nb is determined by performing an integral extrapolation. The probability
requirements in the numerator and denominator of Eq. 5 are tested by running a large
number of pseudoexperiments sampling from a Poisson distribution with statistical means
of Nb + Ns and Nb, respectively. The 17.7% uncertainty on ↵s is fully accounted for by
sampling from a Gaussian distribution in each pseudoexperiment.

The derived CLs curve as a function of the possible values of the ratio R is shown as
the black line in Fig. 5. This curve is obtained using values of Nobs = 66 and Nb = 79.8 as
observables and running 1 ⇥ 106 pseudoexperiments for each hypothetical value of ratio R.
The upper limit measured is

R < 1.7 (2.1) ⇥ 10�2 at 90% (95%) CL

as shown by the blue dotted line (red dashed line) in Fig. 5.
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Abstract

The doubly Cabibbo-suppressed decay ⌅+
c ! p� with �! K+K� is observed for

the first time, with a statistical significance of more than fifteen standard deviations.
The data sample used in this analysis corresponds to an integrated luminosity of
2 fb�1 recorded with the LHCb detector in pp collisions at a centre-of-mass energy
of 8TeV. The ratio of branching fractions between the decay ⌅+

c ! p� and the
singly Cabibbo-suppressed decay ⌅+

c ! pK�⇡+ is measured to be

B(⌅+
c ! p�)

B(⌅+
c ! pK�⇡+)

= (19.8± 0.7± 0.9± 0.2)⇥ 10�3,

where the first uncertainty is statistical, the second systematic and the third due to
the knowledge of the � ! K+K� branching fraction.

Submitted to JHEP

c� 2019 CERN for the benefit of the LHCb collaboration. CC-BY-4.0 licence.

†Authors are listed at the end of this paper.
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1 Introduction

The flavour structure of the weak interaction between quarks is described by the Cabibbo-
Kobayashi-Maskawa (CKM) matrix [1]. In particular, the tree-level decays of charmed
particles depend on the matrix elements Vud, Vus, Vcd and Vcs. The hierarchy of the
CKM matrix elements becomes evident using the approximate Wolfenstein parametrisa-
tion, which is based on the expansion in powers of the small parameter � ⇡ 0.23 with
|Vud| ⇡ |Vcs| ⇡ 1� �2/2 and |Vus| ⇡ |Vcd| ⇡ � [2, 3]. Tree-level decays depending on both
Vus and Vcd matrix elements are known as doubly Cabibbo-suppressed (DCS) decays. They
have small branching fractions compared to the Cabibbo-favoured (CF) and the singly
Cabibbo-suppressed (SCS) decays [4]. A systematic study of the relative contributions
of DCS and CF diagrams to decays of charm baryons could shed light onto the role of
the nonspectator quark, and in particular Pauli interference [5]. Such studies would be
helpful for a better understanding of the lifetime hierarchy of charm baryons [5–8]. So far
only one DCS charm-baryon decay, ⇤+

c ! pK+⇡�, has been observed [9, 10].

⌅+
c

u
c
s

�s
s

p
u
d
u

Vus

V ⇤
cd

W+

Figure 1: Tree quark diagram for the ⌅+
c ! p� decay.

This article reports the first observation of the DCS decay ⌅+
c ! p� with �! K+K�,

hereafter referred to as the signal decay channel.1 The leading-order diagram for the
⌅+

c ! p� decay is shown in Fig. 1. The branching fraction of the signal decay channel is
measured relative to the branching fraction of the SCS decay channel ⌅+

c ! pK�⇡+,

Rp� ⌘ B(⌅+
c ! p�)

B(⌅+
c ! pK�⇡+)

. (1)

The measurement is based on a data sample of pp collisions collected in 2012 with the
LHCb detector at the centre-of-mass energy of 8TeV, corresponding to an integrated
luminosity of 2 fb�1.

2 Detector and simulation

The LHCb detector [11, 12] is a single-arm forward spectrometer covering the
pseudorapidity range 2 < ⌘ < 5, designed for the study of particles containing b or
c quarks. The detector includes a high-precision tracking system consisting of a silicon-
strip vertex detector surrounding the pp interaction region [13], a large-area silicon-strip
detector located upstream of a dipole magnet with a bending power of about 4Tm, and

1The inclusion of charge-conjugated processes is implied throughout this article.
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Measured the ratio:

decay channel. The simulated sample for the ⌅+
c ! pK�⇡+ decay was produced according

to a phase-space distribution. It is corrected to reproduce the Dalitz plot distribution
observed with data. An additional correction is introduced for both simulated samples to
account for the di↵erence in the tracking e�ciencies between data and simulation [32].

The PID e�ciencies for the hadrons are determined from large samples of protons,
kaons, and pions [24]. These samples are binned in momentum and pseudorapidity of the
hadron, as well as in the charged particle multiplicity of the event. The PID e�ciency
for the ⌅+

c candidates are determined on an event-by-event basis. The weights for each
candidate are taken from the calibration histograms using trilinear interpolation. The
e�ciency ✏PID is determined as the ratio of ⌅+

c yields obtained from maximum-likelihood
fits of the MpK�h+ distributions from the weighted and unweighted samples.

The ratio between the total e�ciencies of the signal and the normalisation decay
channels is determined in bins of pT and y of the ⌅+

c baryon. This procedure accounts
for kinematic features of the ⌅+

c production, which could be poorly modelled in the
simulation. Averaged over the (pT, y) bins this ratio is determined to be (91.1± 3.6)%,
including systematic uncertainties.

To reduce the e↵ect of the dependence of the e�ciency on the ⌅+
c kinematics, the

mass fits are repeated in seven nonoverlapping (pT, y) bins, which cover the LHCb
fiducial volume. The fit procedure is the same as described above, except that the �
parameter of the signal distribution in Eq. 2 is fixed to the value of the normalisation decay
channel, scaled by a factor obtained from a fit to the ⇤+

c ! pK�K+ and ⇤+
c ! pK�⇡+

mass distributions in the same (pT, y) bins. The ratios of the yields of the signal and
normalisation decay channels are corrected by the ratios of the total e�ciencies. The
branching fraction ratios are evaluated for each (pT, y) bin as

Rp� =
NpKKf�

B(�! K+K�)
⇥ 1

NpK⇡
⇥ ✏pK⇡

total

✏p�total
. (5)

The known value of B(�! K+K�) = 0.492± 0.005 is used [3]. The weighted average of
the branching fraction ratios evaluated for the (pT, y) bins is Rp� = (19.8± 0.7)⇥ 10�3,
where the uncertainty reflects the statistical uncertainty of the ⌅+

c yields and f�. The
alternative two-dimensional fitting procedure gives Rp� = (19.8± 0.8)⇥ 10�3, which is in
excellent agreement with the result determined using the sPlot technique.

6 Systematic uncertainties

The list of systematic uncertainties for the measured ratio Rp� is presented in Table 1.
The total uncertainty is obtained as the quadratic sum of all contributions.

In order to estimate the systematic uncertainties for the yields of the ⌅+
c ! pK�K+

and the normalisation decay channels, various hypotheses are tested for the description
of the signal and background shapes. When the signal parameterisations in the MpK�K+

and MpK�⇡+ spectra are changed to a modified Novosibirsk function [33], no significant
deviation from the nominal fit model is found. The change of the function for the non-�
component to a two-body phase space model in the fit to the MK�K+ distribution leads to
a systematic uncertainty of 0.5%, which is considered as the signal fit-model uncertainty.

The background-model parameterisation is tested by replacing of polynomial function
with a product of polynomial and exponential functions. The uncertainty related to the

6

between the results using interpolated and binned values of the e�ciency is assigned as
systematic uncertainty.

The uncertainty due to the selected (pT, y)-bins to determine Rp� is obtained from
studies carried out with an alternative binning. There is an uncertainty of 0.7% from the
size of the simulation sample. The obtained value of Rp� is stable within 0.8% against
a variation of selection requirements. This value is taken as the uncertainty due to the
selection requirements. The uncertainty related to the Dalitz plot correction procedure
applied to the simulated sample is estimated by a variation of the Rp� ratio obtained with
di↵erent binnings of the histogram used for this correction. This uncertainty is found to
be small with respect to other sources of uncertainty.

7 Conclusions

The first observation of the DCS ⌅+
c ! p� decay is presented, using pp collision data

collected with the LHCb detector at a centre-of-mass energy of 8TeV, corresponding to
an integrated luminosity of 2 fb�1. The ratio of the branching fractions with respect to
the SCS ⌅+

c ! pK�⇡+ decay channel is measured to be

Rp� = (19.8± 0.7± 0.9± 0.2)⇥ 10�3,

where the first uncertainty is statistical, the second systematic and the third due to the
knowledge of the � ! K+K� branching fraction. An evidence of the 3.5�, including
systematic uncertainties, for a non-� contribution to the DCS ⌅+

c ! pK�K+ decay is
also found.
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Figure 3: Fit results for the ⌅+
c ! pK�⇡+ decay. The red dotted line corresponds to the signal

component, the black dashed line reflects the background distribution and the blue solid line is
their sum.

As a cross-check of the result obtained with the sPlot approach, an extended two-
dimensional likelihood fit to the MpK�K+ and MK�K+ distributions is performed. Four
two-dimensional terms are considered. The MpK�K+ dependency for the � and non-
� terms for the ⌅+

c decay component are described by Eq. 2. Two additional � and
non-� terms are introduced for the MpK�K+ background description. These terms are
independent linear distributions in the MpK�K+ spectrum. A second-order polynomial
is used to describe the K�K+ mass distribution of the non-⌅+

c non-� background. The
results of the two-dimensional fit are in agreement with the sPlot-based procedure.

The statistical significance of the observation of the ⌅+
c ! p� decay is estimated using

Wilks’ theorem [31] and is well above 15�. The fit to the MK�K+ distribution results
in an evidence of a non-� contribution to the DCS ⌅+

c ! pK�K+ decay. A statistical
significance of 3.9� is obtained under the assumption of normal distributions for the
uncertainties.

5 E�ciencies and branching fractions ratio

The total detection e�ciencies for both the signal and the normalisation decays can be
factorised as

✏total = ✏acc ⇥ ✏rec&sel|acc ⇥ ✏software|rec&sel ⇥ ✏hardware|software ⇥ ✏PID, (4)

where ✏acc denotes the geometrical acceptance of the LHCb detector, ✏rec&sel|acc corresponds
to the e�ciency of reconstruction and selection of the candidates within the geometrical
acceptance, ✏hardware|software and ✏software|rec&sel are the trigger e�ciencies for the selected
candidates of the hardware and software levels, respectively, and ✏PID is the PID e�ciency.
Since the hardware trigger level accepts events independently of the reconstructed candi-
dates, i.e. the events belong to the TIS category, the e�ciency ✏hardware|software is assumed
to cancel in the ratio of the signal and normalisation e�ciencies. All other e�ciencies
except ✏PID are determined from simulation. The simulated sample of ⌅+

c ! pK�K+

events with the intermediate � resonance is used to determine e�ciencies for the signal
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Figure 2: (Left) Fit results for the ⌅+
c ! pK�K+ decay. The candidates are selected in the

� meson region, i.e. with the requirement of MK�K+ < 1.07GeV/c2. The red dotted line
corresponds to the signal component, the black dashed line reflects the background distribution,
and the blue solid line is their sum. (Right) Background subtracted K�K+ mass distribution
for the ⌅+

c ! pK�K+ decay. The red dotted line shows the ⌅+
c ! p� contribution, the black

dashed line represents the non-� contribution, and the solid blue line is the total fit function.

⌅+
c ! pK�K+ decay channel and NpK⇡ = (324.7± 0.8)⇥ 103 for the normalisation decay

channel.
To separate the � and non-� contributions to the signal decay channel, the background

subtracted K�K+ mass distribution is analysed. The subtraction is done using the sPlot
technique [27]. The MK�K+ observable is evaluated with the ⌅+

c mass constraint and is
almost independent from the MpK�K+ discriminating variable. The e↵ect of the correlation
is small and is taken into account in the systematic uncertainty of the measurement.

The fraction of the � contribution (f�) in the selected ⌅+
c ! pK�K+ candidates is

determined by a binned nonextended maximum-likelihood fit to the MK�K+ spectrum.
A P -wave relativistic Breit–Wigner distribution with Blatt–Weisskopf form factor [28]
is used to describe the �! K+K� lineshape. The barrier radius is set to 3.5 GeV�1

in natural units. This distribution is convolved with a Gaussian function to model the
experimental resolution. The parameters of the resolution function are fixed using the
⇤+

c ! pK�K+ sample. For the non-� contribution, the Flatté parameterisation [29] is
used in the form

fnon-� /
�
m2

0 �M2
K�K+ � im0 (g1⇢⇡⇡ + g2⇢KK)

 �2
, (3)

where m0 refers to the mass of the f0(980) resonance, g1 and g2 are coupling constants,
and ⇢⇡⇡ and ⇢KK are the Lorentz-invariant phase-space factors. The term g2⇢KK accounts
for the opening of the kaon threshold. The values m0g1 = 0.165 ± 0.018GeV2 and
g2/g1 = 4.21±0.33 have been determined by the BES collaboration [30]. The choice of the
Flatté parametrisation is suggested by the K�K+ mass distribution in the ⇤+

c ! pK�K+

data sample. The � contribution dominates in the K�K+ mass spectrum with a measured
fraction f� = (90.0 ± 2.7)%. The reported statistical uncertainty of the f� parameter
is determined by a set of the pseudoexperiments, in which toy samples are generated
according to result obtained for the alternative two-dimensional (MpK�K+ vs. MK�K+)
model described below.
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• 3fb-1 @ 7 and 8 TeV
• Reconstruct B o D*(2010)+ [D0S+ ]P X 

as a clean source of D0 mesons for 
further analysis. 

RS: 890,000 sig. evts, >99% purity
WS: 3,000 sig. evts, 80% purity 56 time of that from BESIII  (~16000)
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the measured Hc momentum. The background-subtracted
decay-time spectra are obtained using the sPlot technique
[36], where the measured Hc mass is used as the discrimi-
nating variable. The uncertainties in the bin-by-bin signal
yields reflect both the finite signal yield and the statistical
uncertainty due to the background subtraction.
Potential backgrounds from (i) random Hcμ− combina-

tions, (ii) Hb → Hcτ−ν̄τ, τ− → μ−ντν̄μ decays, and
(iii) Hb → HcD̄ , D̄ → μ−X, where D̄ represents a D−

s ,
D− or D̄ 0 meson, could lead to a bias on the lifetime, since
the muon is not produced directly at the Hb decay vertex.
These backgrounds have been investigated and constitute
a small fraction of the observed signal, about 3% in total,
and have decay-time spectra that are similar to the true
Hcμ−ν̄μ final state due to the χ2 requirements on the Hb

vertex fit. Moreover, these backgrounds affect the signal
and the normalization mode similarly, thus leading to at
least a partial cancellation of any bias. Contamination in the
Ω−

b → Ω0
cμ−ν̄μX sample from misidentified four-body D 0

final states in B → D 0μ−ν̄μX decays has been investigated,
and none are found to peak in the Ω0

c signal region.
The decay-time spectra for the Ω0

c and Dþ signals are
shown in Fig. 2, along with the results of the fits described
below. The decrease in the signal yield as the decay time
approaches zero is mainly due to the effects of the Hc
decay-time resolution, which is in the range of 85–100 fs,
and the zðHcÞ − zðHcμ−Þ > −0.05 mm requirement.
The decay-time signal model SðtrecÞ takes the form

SðtrecÞ ¼ fðtrecÞgðtrecÞβðtrecÞ: ð3Þ

Here, fðtrecÞ is a signal template of reconstructed decay
times, obtained from the full LHCb simulation, after
all selections have been applied as in the data. The
signal template is multiplied by gðtrecÞ ¼ expð−trec=τ

Hc
fit Þ=

expð−trec=τ
Hc
simÞ, where τD

þ

sim ¼ 1040 fs and τΩ
0
c

sim ¼ 250 fs
are the lifetimes used in the simulation, and τHc

fit is the signal
lifetime to be fitted. The function βðtrecÞ is a correction that

accounts for a small difference in the efficiency between
data and simulation for reconstructing tracks in the vertex
detector that originate far from the beam line [37].
Given the precise knowledge of the Dþ meson lifetime

(1040 % 7 fs) [15], the Dþμ− sample is used to calibrate
βðtrecÞ and validate the fit. The signal template is obtained
from simulated B → Dþμ−ν̄μX decays, where contribu-
tions from B → Dþτ−ν̄τX decays are included. The func-
tion βðtrecÞ is obtained by taking the ratio between the Dþ

decay-time spectrum in data (obtained via the sPlot
technique) and that obtained from simulation. The ratio
shows a linear dependence, and a fit to the function
βðtrecÞ¼1þβ0trec yields β0¼ð−0.89% 0.32Þ×10−2 ps−1.
If the βðtrecÞ function is excluded from the fit, τD

þ

fit is 10 fs
below the world average. The result of the binned χ2

fit after this correction is applied is shown in Fig. 2
(left), where the fitted lifetime is found to be
τD

þ

fit ¼ 1042.0 % 1.7ðstatÞ fs.
The Ω0

c lifetime is determined from a simultaneous fit
to the Ω0

c and Dþ decay-time spectra, for which the free
parameters in the fit are rΩ0

c
[see Eq. (2)] and τD

þ

fit . By fitting
for the ratio rΩ0

c
, correlated systematic uncertainties parti-

ally cancel. In the Ω0
c decay-time fit, β0 is scaled by 4=3

since the effect is expected to scale with the number of
charged final state particles in the Hc decay [37]. The
simulation includes contributions from Ω0

cτ−ν̄τX final
states. The results of the fit to the Ω0

c decay-time
distribution are shown in Fig. 2 (right), where the value
rΩ0

c
¼ 0.258 % 0.023ðstatÞ is obtained. Multiplying this

value by τD
þ ¼ 1040 fs [15], the Ω0

c lifetime is measured
to be 268 % 24 fs. This is about four times larger than,
and incompatible with, the current world average value of
69 % 12 fs [15].
Several cross-checks have been performed to ensure the

robustness of this result. To confirm that the signal events
are from SL Ω−

b decays, a number of distributions, such as
the Ω0

cμ− mass spectrum, pT and decay time have been
compared between data (using sPlot) and the Ω−

b →
Ω0

cμ−ν̄μX simulation. In all cases, good agreement is found.
The lifetime measurement has also been performed using a
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c candidates in Ω−
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cμ−ν̄μX decays. The results of the fits, as described in the
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Measurement of the Ω0
c Baryon Lifetime
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We report a measurement of the lifetime of theΩ0
c baryon using proton-proton collision data at center-of-

mass energies of 7 and 8 TeV, corresponding to an integrated luminosity of 3.0 fb−1 collected by the LHCb
experiment. The sample consists of about 1000 Ω−

b → Ω0
cμ−ν̄μX signal decays, where the Ω0

c baryon is
detected in the pK−K−πþ final state and X represents possible additional undetected particles in the decay.
The Ω0

c lifetime is measured to be τΩ0
c
¼ 268# 24# 10# 2 fs, where the uncertainties are statistical,

systematic, and from the uncertainty in the Dþ lifetime, respectively. This value is nearly four times larger
than, and inconsistent with, the current world-average value.

DOI: 10.1103/PhysRevLett.121.092003

Measurements of the lifetimes of hadrons containing
heavy (b or c) quarks play an important role in testing
theoretical approaches that are used to predict standard
model parameters. The validation of such tools is impor-
tant, as they can then be used to search for deviations from
standard model expectations in other processes. One of the
most predictive tools in quark flavor physics is the heavy
quark expansion (HQE) [1–8], which describes the decay
widths of hadrons containing heavy quarks, Q, through an
expansion in powers of 1=m Q , where m Q is the heavy quark
mass. While predictions for absolute lifetimes carry rela-
tively large uncertainties, ratios of lifetimes have smaller
theoretical uncertainties [9]. Higher-order terms in the HQE
are related to nonperturbative corrections, and to effects due
to the presence of the other light quark(s) (spectator) in the
heavy hadron. For beauty hadrons with a single heavy
quark, these corrections are typically at the few percent
level or less, due to the large mass of the b quark [9]. For
charm hadrons, since m c is significantly smaller than m b,
these higher-order corrections can be sizable. Therefore
measurements of charm-hadron lifetimes provide a sensi-
tive probe of their contributions [10–14].
While charm-meson lifetimes have been measured pre-

cisely and provide useful information on these higher-order
terms, the knowledge of charm-baryon lifetimes is much
less accurate. The lifetimes of the D 0, Dþ, and Dþ

s mesons
are known to about 1% precision, whereas the correspond-
ing uncertainties for the Λþ

c , Ξþ
c , Ξ0

c, and Ω0
c baryons are

3%, 6%, 10%, and 17%, respectively [15]. Improved

measurements of the charm-baryon lifetimes provide com-
plementary information to what can be gleaned from charm
mesons. For example, contributions from W-exchange and
constructive Pauli interference effects are present in charm-
baryon decays, but are small or absent in charm-meson
decays [11]. Moreover, for charm baryons, the spectator
system may have spin 0 (Λþ

c , Ξþ
c , Ξ0

c) or spin 1 (Ω0
c),

whereas for charm mesons, the light quark spin is always
equal to 1=2.
It has been argued that the expected lifetime hierarchy,

due to the higher order contributions discussed above,
should be [10–12,16–18]

τΞþ
c
> τΛþ

c
> τΞ0

c
> τΩ0

c
: ð1Þ

The quark content of the Ω0
c baryon is css, and the

qualitative argument that the Ω0
c lifetime should be the

shortest is predicated on large constructive interference
between the s quark in the c → sWþ transition in the Ω0

c
decay and the spectator s quarks in the final state. However,
it is also conceivable that the Ω0

c lifetime could be the
largest, depending on the treatment of higher-order terms in
the HQE expansion [12].
Current measurements [15] are consistent with this

hierarchy. The least well measured lifetime is that of the
Ω0

c baryon, with a value of τΩ0
c
¼ 69# 12 fs, obtained by

fixed-target experiments using a small number of signal
decays [19–21].
In this Letter we report a new measurement of the Ω0

c
baryon lifetime using a sample of semileptonic (SL) Ω−

b →
Ω0

cμ−ν̄μX decays, where the Ω0
c baryons are detected in

the pK−K−πþ final state and X represents any additional
undetected particles. Semileptonic b-meson decays were
used previously by LHCb to make precise measurements of
the Dþ

s and B0
s lifetimes [22]. Throughout the text, charge-

conjugate processes are implicitly included.

*Full author list given at the end of the article.
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Summary and Outlook
ØThe present:

ØMany new interesting results from BESIII and LHCb
ØMore can be extracted from the already existing dataset of 

BESIII, LHCb, BaBar and Belle

ØThe future looks bright for charm:
ØMore data from BESIII are being collected and Belle II has 

started data taking with the complete detector
ØAnd then there is the LHCb upgrade to higher luminosities
ØAnd may be a super tau-charm factory in China or in Russia
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Amplitude Analysis of D -> Kppp
• Seven	D -> Kppp modes:

• Knowledge of different modes can be used in many measurements:
• Branching fraction measurements
• Strong phase measurements
• CKM measurements

• Previous measurements of                                      and
performed by Mark III  and E691 are 

affected by low statistics

• Now all modes are measured by BESIII and/or LHCb

• Presented in this talk: D0 -> K-p+p0p0 ;D+ -> K0
sp+p+p-

12

• The measurement of the sub-modes in                        provides a window to 
study the decays                   and                  (A=axial-vector, V=vector),

both of them are important in learning the CPV in charm decays but less    
effective experimental measurements. 

• The knowledge of sub-modes can be widely used in many measurements:
Branching fraction measurement
Strong phase measurement
CKM unitary triangle measurement

• There are seven modes:
and .

Previous measurements of sub-modes in                                               and  
have been perform by Mark III and E691.

Both measurements are affected by low statistics.

• In this talk, we report the amplitude analysis results of 
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Amplitude analysis of 
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D -> K-p+p+p- (RS) and D -> K+p-p-p+ (WS) (1)LHCb : RS: D0 o K-S+S+S- and WS: D0 o K+S-S-S+ 

• 3fb-1 @ 7 and 8 TeV
• Reconstruct B o D*(2010)+ [D0S+ ]P X 

as a clean source of D0 mesons for 
further analysis. 

RS: 890,000 sig. evts, >99% purity
WS: 3,000 sig. evts, 80% purity 56 time of that from BESIII  (~16000)
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RS: 890,000 sig. evts, >99% purity 
WS: 3,000 sig. evts, 80% purity 

EPJC 78, 443 (2018) 

3 fb-1 @ 7 and 8 TeV
Reconstruct B -> D*(2010) [D0p] µ X as a clean source of D0
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D -> K-p+p+p- (RS) and D -> K+p-p-p+ (WS) (2)
• D0 four-body decays are described in terms of a sequence of two-body states. 
• Isobar model is used. 
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LHCb : Amplitude model and results
• D0 four-body decays are described in terms of a sequence of 

two-body states.
• Isobar model is used.

For D0 o K-S+S+S- (RS) For D0 o K+S-S-S+ (WS)

• Doubly Cabibbo suppressed decay (WS) studied for the first time
• The models are valuable inputs to charm mixing and CPV phase J

EPJC 78, 443 (2018)
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D -> K-p+p+p- (RS) D -> K+p-p-p+ (WS) 

Doubly Cabibbo Suppressed WS Decay studied for the first time
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Lc measurements @
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Strong Phase δKπ

15

PLB734, 227 (2014)
 (BESIII: 2.92 fb-1 )

PLB	783,	200(2018)

6.4σ10.3σ

PRD	95,	111102(R) (2017)

𝐵 Λ5' → 𝑝𝜂 = (1.24± 0.28 ± 0.10)×10%@

𝐵 Λ5' → 𝑝𝜋" < 2.7×10%C

𝛬5'® ph(h→γγ)

𝛬5'® ph(h→p+p-p0)

PRL	118,112001(2017)

B[Λ/'→nKS0p+]=(1.82±0.23±0.11)%
B[Λ/'→nK"p+]/B[Λ/'→pK-p+]=0.62±0.09
B[Λ/'→nK"p+]/B[Λ/'→pK0p0]=0.97±0.16
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Confirmed existence

Searching for more modes to understand decay dynamics of DCBs
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I 4 final-state tracks =) better reconstruction e�ciency
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m(⌅++
cc ) = 3621.24 ± 0.65 (stat) ± 0.31 (syst)
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Discovery of the ⌅++
cc doubly charmed baryon

LHCb announced discovery of ⌅++
cc baryon in 2017 after studying

the decay chain ⌅++
cc ! ⇤+

c K
�⇡+⇡+ (CF), ⇤+

c ! pK�⇡+ (CF)

Analysis selection developed using
simulated signal and data control modes

Significance > 12� with 1.67 fb�1

(
p
s = 13TeV) of pp data

Significance > 7� with 2.08 fb�1

(
p
s = 8 TeV) of pp data
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Discovery	of	Xcc in:

From	uncertainty	on	Lc mass
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