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Outline
‣Λc	hadronic	decays	
-	BF(Λc+	➝	p	K-	π+)	
-	BF(Λc+	➝	n	KS0	π+)	
-	DCSD:	BF(Λc+	➝	p	K+	π-)	
-	BF(Λc+	➝	Λ	μ+	νμ)	
‣D	hadronic	decays	
-	Line-shape	of	σ(e+e-	➝	DDN )	
-	Amplitude	analysis	:	D0	➝	K-	π+	π+	π-	

-	BF(D	➝	ωπ)	
-	BF(D0	➝	KS	K+	K-)	
‣Quantum-Correlated	Charm	analysis	
-	D0	➝	KS	π+	π-	via	GGSZ	method 

I	apologize	that	I	couldn’t	cover	
other	recent	results	today
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• 	The	lightest	charmed	baryons	  
		➞	most	of	the	charmed	baryons	  
								will	eventually	decay	into	Λc.  
							Important	to	know	the	decay			 
							proper]es	of	Λc.	

• 	Absolute	BFs	are	not	well	
determined,	yet. 
O_en,	used	the	golden	mode,  
	Λc+	➝	p	K-	π+	to	normalize.	

• 	Total	measured	BF	is	~	50%.	
•Also,	no	neutron	mode	has	been	
measured.

From�the�PDG�we�can�find�that:�
� Most�of�the�BFs�of�Ȧ஼ decays�are

based�on�the�BF�of�Ȧ஼ା ՜ ;ାߨିܭ݌

� Many�hadronic�modes�have�not
been�measured;

� No�neutron�mode�has�been
measured�yet.

Known�decays�about� ஼

;LDR�'RQJ��,+(3� ��������Ȧ஼ GHFD\V�DW�%(6,,, %DU\RQV�������)68���������

͸ǤͺͶି଴Ǥସ଴ା଴ǤଷଶΨ
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- 	First	model	independent	measurement	on	the	golden	mode.	

- 	Sample:	978	f-1	near	the	Υ(nS)	resonances,	with	n	=	1,	2,	3,	4,	5.	

- Reconstruct	e+e-	➝	D(*)-	p̅	π+	Λc+.  
#	of	inclusive		Λc+	is	obtained	from	the	recoil	against	D(*)-	p̅	π+.

Belle:BF(Λc+	➝	p	K-	π+) 
PRL	113,	042002	(2014)

and production vertices in the transverse plane; for two-
body D → Kπ decays, the cosine of the angle between the
kaon momentum and the boost direction of the laboratory
frame in the D rest frame, the particle identification
likelihood ratios of charged tracks in the final state, and,
for the D decay modes with a π0, the smaller of the two
daughter photons’ energies. The cut on the network output
variable is optimized for each D decay mode individually
by maximizing S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S (B) refers to the signal

(background) yield in the signal region that is defined as the
"3σ interval around the nominalDmeson mass, where σ is
the decay-mode-dependent invariant-mass resolution and
ranges from 4 to 12 MeV=c2. After optimization, the D
purity within the signal region increases from 17% to 42%
while only around 16% of signal D candidates are lost. We
use only the D candidates in the signal region in the
remainder of the analysis. More details about the D
selection procedure are given in Ref. [18]. Neutral
(charged) D mesons are combined with a charged (neutral)
pion candidate to form charged D# candidates. We keep
only D# candidates in the "3σ region around the nominal
value of the mass difference mðD#Þ −mðDÞ.
The D and D# candidates are combined with a proton or

antiproton and remaining charged pion candidates to form
Dð#Þpπ combinations that represent a sample of inclusively
reconstructed charm baryons. A kinematic fit to each
Dð#Þpπ candidate is performed in which the particles are
required to originate from a common point inside the IP
region and the D mass is constrained to the nominal value
[1]. We divide the reconstructed charm baryons into the
right sign (RS) Dð#Þ−p̄πþ, wrong sign (WS) Dð#Þ−pπ−, and
Dð#Þþp̄π− charge combinations based on the charm quan-
tum number and baryon number of the Dð#Þpπ combina-
tions relative to their total electric charge. The WS sample,
by definition, cannot contain correctly reconstructed Λþ

c
candidates, so it is used to study properties of the back-
ground. We retain inclusively reconstructed Λþ

c candidates
with 2.0 GeV=c2 < MmissðDð#ÞpπÞ < 2.5 GeV=c2. In 15%
of the events, we find more than one Dð#Þpπ candidate; in
such cases we select at random a single RS (WS) candidate
for further analysis, if only RS (WS) candidates are found,
or a single RS and a single WS candidate, if RS and WS
candidates are found in an event.
Figure 1 shows the distributions ofMmissðDð#ÞpπÞ for RS

and WS candidates. A prominent peak at the nominal Λþ
c

mass is visible in the spectrum of the RS sample, while
the spectrum of the WS sample is featureless. The yield
of inclusively reconstructed Λþ

c baryons is determined by
performing a binned maximum likelihood fit to the
MmissðDð#ÞpπÞ distribution of RS candidates. The inclu-
sively reconstructedΛþ

c candidates fall into three categories:
correctly reconstructed Dð#Þpπ combinations from signal
events (signal), correctly reconstructed Dð#Þpπ candidates
from eþe− → Dð#Þ−p̄πþΛþ

c X events, where X represents
one or two additional particles produced in the process of

hadronization that are missed in the reconstruction (missing
X background), and all other combinations (combinatorial
background), which also contribute to the WS sample.
The signal candidates are parametrized as the sum of two

components, a core and an upper-tail part, to describe the
contribution of events with an undetected initial state
radiation (ISR) photon [19]. The core (upper-tail) component
of the signal is described with the sum of two (one) Gaussian
functions (function) and a bifurcated Gaussian function. In
the fit, we fix all parameters, including the fraction of ISR
events, to the values determined from theMC sample except
for themeans and the common resolution scaling factor of the
first and the second Gaussian function. The missing X
background is parametrized as the sum of two Gaussian
functions, the first for the case of onemissing particle, and the
second for the case of two missing particles. All the fit
parameters except the normalization are fixed. We use an
exponential function to describe the combinatorial back-
ground,where the single shape parameter is fixed to thevalue
determined by the fit to theMmissðDð#ÞpπÞ distribution in the
WS sample [20]. The results of the fits for the WS and RS
samples are shown in Fig. 1. The number of inclusively
reconstructed Λþ

c baryons is found to be NΛc
incl ¼ 36 447"

432, where the uncertainty is statistical only.
After reconstructing the inclusive sample of Λþ

c baryons,
we proceed with the reconstruction of Λþ

c → pK−πþ

decays within the inclusive Λþ
c sample. This is performed

by requiring exactly three charged tracks to be present in
the rest of the event with a net total charge equal to the
charge of the inclusively reconstructed Λþ

c candidate. The
track whose charge is opposite that of the inclusive Λþ

c
candidate is assigned to be the kaon. From the two same-sign
tracks, we identify the proton based on the particle identi-
fication likelihood ratios; the remaining track is assumed to
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FIG. 1. TheMmissðDð#ÞpπÞ data distributions (points with error
bars) for inclusively reconstructed Λþ

c baryons from the (a) RS
and (b) WS samples with superimposed fit results (solid line).
The contributions of signal, combinatorial and missing X back-
ground are shown with the dashed, dotted, and dashed-dotted
lines, respectively.
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RS	:	e+e-	➝	D(*)-	p̅	π+	X

WS	:	e+e-	➝	D(*)-	p	π-	X

With	addi]onal	par]cles	X;	

e+e-	➝	D(*)-	p̅	π+Λc+X



                         FPCP 2016   JUN/2016Hajime Muramatsu    U of Minnesota 5

              
- Reconstruct	Λc+	➝	p	K-	π+	based	on	the	inclusive	sample.	

- BF	=	(6.84±0.24+0.21-0.27)%	  
The	most	accurate	measurement	to	date!be a pion. Figure 2 shows the invariant-mass distribution of

exclusively reconstructed Λþ
c → pK−πþ decays within the

inclusive Λþ
c sample. A clear peak at the nominal mass of

the Λþ
c can be seen above a very low background.

MC studies show that the Λþ
c inclusive reconstruction

efficiency depends weakly on the Λþ
c decay mode, and

therefore, the inclusively reconstructed Λþ
c sample does not

represent a truly inclusive sample ofΛþ
c baryons. This effect

is describedwith the factor fbias ¼ εincΛþ
c →f=ε̄

inc
Λþ
c
in Eq. (1) and

is given by the ratio ofΛþ
c inclusive reconstruction efficiency

for Λþ
c → f decays, εincΛþ

c →f, and the average Λþ
c inclusive

reconstruction efficiency, ε̄incΛc
¼

P
iBðΛþ

c → iÞεincΛc→i. In the
case of f ¼ pK−πþ, the fbias value determined by MC
simulation that includes all known Λþ

c decays is found to be
consistent with unity and the product of the tag bias and
the exclusive reconstruction efficiency is fbiasεðΛþ

c →
pK−πþÞ ¼ ð54.5% 0.6Þ%, where the uncertainty is due
to the limited MC statistics.
The number of exclusively reconstructed Λþ

c → pK−πþ

decays within the inclusive Λþ
c sample is determined by

performing a fit to the MmissðDð&ÞpπÞ distribution of candi-
dates within the signal regions (SR) and sideband regions
(SB) of MðpKπÞ. The main reason to perform a fit to the
MmissðDð&ÞpπÞ distribution rather than the MðpKπÞ distri-
bution is that, in the former case, the systematic uncertainty
related to the parametrization ofMmissðDð&ÞpπÞ distributions
cancels to a large extent in the ratio of exclusively and
inclusively reconstructed Λþ

c candidates [see Eq. (1)] while,
in the latter case, it does not. The fits to the MmissðDð&ÞpπÞ
distributions of candidates within the signal and sideband
regions ofMðpKπÞ are performed in the sameway and using
the same parametrization as the fit to the MmissðDð&ÞpπÞ
distribution of all inclusive Λþ

c candidates. We first fit
candidates in the WS sample to determine the shape
parameter of the combinatorial background that we then
fix in the fit of the RS sample. In the RS fit, the signal shape
parameters are fixed to the values found in the fit to the total
inclusive Λþ

c sample. Figure 3 shows the results of the fits to
the RS and WS MmissðDð&ÞpπÞ distributions of exclusively
reconstructed Λþ

c candidates within the signal and sideband
regions of MðpKπÞ. The signal yields are found to be

NSR
excl ¼ 1457% 44 and NSB

excl ¼ 332% 27, where the uncer-
tainties are statistical.
The number of exclusively reconstructed Λþ

c → pK−πþ

decays within the inclusive Λþ
c sample (where both exclu-

sive and inclusiveΛþ
c candidates are correctly reconstructed)

is given by NðΛþ
c → pK−πþÞ ¼ NSR

excl − rSBSRN
SB
excl, where

NSRðSBÞ
excl is the yield of correctly reconstructed inclusive Λþ

c

candidates from the fit to the MmissðDð&ÞpπÞ distribution of
candidates within the signal (sideband) region of the
MðpKπÞ distribution. The ratio rSBSR is formed from the
yields of correctly reconstructed inclusiveΛþ

c candidates but
wrongly reconstructed exclusive Λþ

c candidates within the
signal and sideband regions. These candidates peak in
MmissðDð&ÞpπÞ but not inMðpKπÞ. The ratio is determined
on a simulated sample of events to be rSBSR ¼ 0.296% 0.015.
The number of exclusively reconstructed Λþ

c → pK−πþ

decays is, thus, NðΛþ
c → pK−πþÞ ¼ 1359% 45, where

the uncertainty includes the NSR
excl and NSB

excl statistical
uncertainties. The branching fraction, given by Eq. (1), is
BðΛþ

c → pK−πþÞ ¼ ð6.84% 0.24Þ%, where the uncer-
tainty includes both exclusive [NðΛþ

c → pK−πþÞ] and
inclusive (NΛc

incl) uncertainties.
As a check, we extract the branching fractions of Λþ

c →
pK−πþ decays for each Dð&Þþ decay mode individually;
these are found to be in good agreement with each other as
well as with the nominal result. As mentioned above, the
alternative way to determine the number of exclusively
reconstructedΛþ

c → pK−πþ decays is to perform a fit to the
MðpKπÞ distribution: we find 1208% 41 correctly recon-
structed Λþ

c → pK−πþ decays within the 2.16 GeV=c2 <
MmissðDð&ÞpπÞ < 2.38 GeV=c2 region and the resulting
branching fraction, ð6.78% 0.24Þ%, in excellent agreement
with the nominal result. We perform another model-
independent measurement of BðΛþ

c → pK−πþÞ in events
of eþe− → Dð&Þ−p̄πþΛþ

c and eþe− → D̄0p̄Λþ
c that utilizes a

cut-basedDð&Þ selection. Here, we determine the number of
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FIG. 2. The MðpKπÞ distribution of exclusively reconstructed
Λþ
c → pK−πþ candidates within the inclusive Λþ

c sample. The
dashed (dotted) vertical lines indicate the borders of signal
regions (SR) and sideband regions (SB).
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FIG. 3. TheMmissðDð&ÞpπÞ data distributions (points with error
bars) of exclusively reconstructed Λþ

c → pK−πþ candidates. (a)
and (c) for the SR region and (b) and (d) SB region of MðpKπÞ
for the RS and WS samples, respectively, with superimposed fit
results (solid line). The contributions of signal, combinatorial and
missing X background are shown with the dashed, dotted, and
dashed-dotted lines, respectively.
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be a pion. Figure 2 shows the invariant-mass distribution of
exclusively reconstructed Λþ

c → pK−πþ decays within the
inclusive Λþ

c sample. A clear peak at the nominal mass of
the Λþ

c can be seen above a very low background.
MC studies show that the Λþ

c inclusive reconstruction
efficiency depends weakly on the Λþ

c decay mode, and
therefore, the inclusively reconstructed Λþ

c sample does not
represent a truly inclusive sample ofΛþ

c baryons. This effect
is describedwith the factor fbias ¼ εincΛþ

c →f=ε̄
inc
Λþ
c
in Eq. (1) and

is given by the ratio ofΛþ
c inclusive reconstruction efficiency

for Λþ
c → f decays, εincΛþ

c →f, and the average Λþ
c inclusive

reconstruction efficiency, ε̄incΛc
¼

P
iBðΛþ

c → iÞεincΛc→i. In the
case of f ¼ pK−πþ, the fbias value determined by MC
simulation that includes all known Λþ

c decays is found to be
consistent with unity and the product of the tag bias and
the exclusive reconstruction efficiency is fbiasεðΛþ

c →
pK−πþÞ ¼ ð54.5% 0.6Þ%, where the uncertainty is due
to the limited MC statistics.
The number of exclusively reconstructed Λþ

c → pK−πþ

decays within the inclusive Λþ
c sample is determined by

performing a fit to the MmissðDð&ÞpπÞ distribution of candi-
dates within the signal regions (SR) and sideband regions
(SB) of MðpKπÞ. The main reason to perform a fit to the
MmissðDð&ÞpπÞ distribution rather than the MðpKπÞ distri-
bution is that, in the former case, the systematic uncertainty
related to the parametrization ofMmissðDð&ÞpπÞ distributions
cancels to a large extent in the ratio of exclusively and
inclusively reconstructed Λþ

c candidates [see Eq. (1)] while,
in the latter case, it does not. The fits to the MmissðDð&ÞpπÞ
distributions of candidates within the signal and sideband
regions ofMðpKπÞ are performed in the sameway and using
the same parametrization as the fit to the MmissðDð&ÞpπÞ
distribution of all inclusive Λþ

c candidates. We first fit
candidates in the WS sample to determine the shape
parameter of the combinatorial background that we then
fix in the fit of the RS sample. In the RS fit, the signal shape
parameters are fixed to the values found in the fit to the total
inclusive Λþ

c sample. Figure 3 shows the results of the fits to
the RS and WS MmissðDð&ÞpπÞ distributions of exclusively
reconstructed Λþ

c candidates within the signal and sideband
regions of MðpKπÞ. The signal yields are found to be

NSR
excl ¼ 1457% 44 and NSB

excl ¼ 332% 27, where the uncer-
tainties are statistical.
The number of exclusively reconstructed Λþ

c → pK−πþ

decays within the inclusive Λþ
c sample (where both exclu-

sive and inclusiveΛþ
c candidates are correctly reconstructed)

is given by NðΛþ
c → pK−πþÞ ¼ NSR

excl − rSBSRN
SB
excl, where

NSRðSBÞ
excl is the yield of correctly reconstructed inclusive Λþ

c

candidates from the fit to the MmissðDð&ÞpπÞ distribution of
candidates within the signal (sideband) region of the
MðpKπÞ distribution. The ratio rSBSR is formed from the
yields of correctly reconstructed inclusiveΛþ

c candidates but
wrongly reconstructed exclusive Λþ

c candidates within the
signal and sideband regions. These candidates peak in
MmissðDð&ÞpπÞ but not inMðpKπÞ. The ratio is determined
on a simulated sample of events to be rSBSR ¼ 0.296% 0.015.
The number of exclusively reconstructed Λþ

c → pK−πþ

decays is, thus, NðΛþ
c → pK−πþÞ ¼ 1359% 45, where

the uncertainty includes the NSR
excl and NSB

excl statistical
uncertainties. The branching fraction, given by Eq. (1), is
BðΛþ

c → pK−πþÞ ¼ ð6.84% 0.24Þ%, where the uncer-
tainty includes both exclusive [NðΛþ

c → pK−πþÞ] and
inclusive (NΛc

incl) uncertainties.
As a check, we extract the branching fractions of Λþ

c →
pK−πþ decays for each Dð&Þþ decay mode individually;
these are found to be in good agreement with each other as
well as with the nominal result. As mentioned above, the
alternative way to determine the number of exclusively
reconstructedΛþ

c → pK−πþ decays is to perform a fit to the
MðpKπÞ distribution: we find 1208% 41 correctly recon-
structed Λþ

c → pK−πþ decays within the 2.16 GeV=c2 <
MmissðDð&ÞpπÞ < 2.38 GeV=c2 region and the resulting
branching fraction, ð6.78% 0.24Þ%, in excellent agreement
with the nominal result. We perform another model-
independent measurement of BðΛþ

c → pK−πþÞ in events
of eþe− → Dð&Þ−p̄πþΛþ

c and eþe− → D̄0p̄Λþ
c that utilizes a

cut-basedDð&Þ selection. Here, we determine the number of
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FIG. 2. The MðpKπÞ distribution of exclusively reconstructed
Λþ
c → pK−πþ candidates within the inclusive Λþ

c sample. The
dashed (dotted) vertical lines indicate the borders of signal
regions (SR) and sideband regions (SB).
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FIG. 3. TheMmissðDð&ÞpπÞ data distributions (points with error
bars) of exclusively reconstructed Λþ

c → pK−πþ candidates. (a)
and (c) for the SR region and (b) and (d) SB region of MðpKπÞ
for the RS and WS samples, respectively, with superimposed fit
results (solid line). The contributions of signal, combinatorial and
missing X background are shown with the dashed, dotted, and
dashed-dotted lines, respectively.
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Detection of�the�Ȧ஼േ pairs

We�reconstruct�the�particles
from�final�state�particles:

� ଴ߨ ՜ ߛߛ
� ௌܭ ՜ ିߨାߨ
� ߱ ՜ ଴ߨିߨାߨ
� Ȧ ՜ ିߨ݌
� ȭ଴ ՜ Ȧߛ
� ȭା ՜ ଴ߨ݌

Reconstruction�of�particles

;LDR�'RQJ��,+(3� ���������Ȧ஼ GHFD\V�DW�%(6,,, %DU\RQV�������)68���������

݁ା ݁ି
Ȧ஼ି

Ȧ஼ା

Ȧ
ିߨ

݌
ିߨ

ାܭ

12�modes�to�
reconstruct�the�Ȧ஼ା

                          

                        
                             

!
!
!

- First	absolute	BF	measurement.	

- Sample:	near	Λc+ΛNc-	mass	threshold,	Ecm	=	4.6	GeV.  
567	pb-1:	Simple	pair	produc]on:	No	addi]onal	par]cles	produced. 
➞	Makes	possible	to	employ	the	double-tag	technique.	

- For	instance,	for	the	case	of	Λc+	➝	p	K-	π+	and	ΛNc-	➝	ΛN	π-: 
 
 
 
 
 
 
Singe				Tag:	NST		=	NΛcΛNc	×	BF(ΛNc-	➝	ΛN	π-)	×	ε(ΛNc-	➝	ΛN	π-) 
Double	Tag:	NDT	=	NΛcΛNc	×	BF(ΛNc-	➝	ΛN	π-)	×	BF(Λc+	➝	p	K-	π+)	×	ε(ΛNc-	➝	ΛN	π-	and	Λc+	➝	p	K-	π+) 
Then,	BF(Λc+	➝	p	K-	π+)	=	NDT/NST	×	ε(ΛNc-	➝	ΛN	π-)/ε(ΛNc-	➝	ΛN	π-	and	Λc+	➝	p	K-	π+).  
No]ce	that	the	systema]c	uncertainty	associated	with	the	reconstruc]on	of	
ΛNc-	➝	ΛN	π-	tends	to	be	canceled	in	the	ra]o	of	efficiencies.

BESIII:	BF(Λc+	➝	p	K-	π+) 
PRL	116,	052001	(2016)

Tag	side

Signal	side
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• Look	for	12	different	tag	modes.	

• 	Fit	to	MBC	=	√(Ebeam2	-	|p⃗Λ|)

parameters of the Gaussians are allowed to vary in the
fits. Backgrounds for each mode are described with the
ARGUS function [16]. The resultant ST yields in the signal
region 2276 < MBC < 2300 MeV=c2 and the correspond-
ing detection efficiencies are listed in Table I.
In the signal candidates of the 12 ST modes, a specific

mode Λþ
c → i is formed from the remaining tracks and

showers recoiling against the ST Λ̄−
c . We combine the DT

signal candidates over the 12 ST modes and plot the
distributions of the MBC variable in Fig. 2. We follow the
same fit strategy as in the ST samples to estimate the total
DT yield NDT

i− in Eq. (4), except that the DT signal shapes
are derived from the DT signal MC samples and convolved

with the Gaussian function. The parameters of the
Gaussians are also allowed to vary in the fits. The extracted
DT yields are listed in Table I. The 12 × 12 DT efficiencies
εij are evaluated based on the DT signal MC samples, in
order to extract the BFs.
Main sources of systematic uncertainties related to the

measurement of BFs include tracking, PID, reconstruction
of intermediate states and intermediate BFs. For theΔE and
MBC requirements, the uncertainties are negligible, as we
correct resolutions in MC samples to accord with those in
data. Uncertainties associated with the efficiencies of the
tracking and PID of charged particles are estimated by
studying a set of control samples of eþe− → πþπþπ−π−,
KþK−πþπ− and pp̄πþπ− based on data taken at energies
above

ffiffiffi
s

p
¼ 4.0 GeV. An uncertainty of 1.0% is assigned

to each π0 due to the reconstruction efficiency. The
uncertainties of detecting K0

S and Λ are determined to be
1.2% and 2.5%, respectively. Reweighting factors for the
12 signal models are varied within their statistical uncer-
tainties obtained from the ST data samples. Deviations of
the resultant efficiencies are taken into account in system-
atic uncertainties. Systematic uncertainties due to limited
statistics in MC samples are included. Uncertainties on the
BFs of intermediate state decays from the PDG [4] are also
included. A summary of systematic uncertainties are given
in Table II.
We use a least-squares fitter, which considers statistical

and systematic correlations among the different hadronic
modes, to obtain the BFs of the 12 Λþ

c decay modes
globally. Details of this fitter are discussed in Ref. [17].
In the fitter, the precisions of the 12 BFs are constrained to a
common variable, NΛþ

c Λ̄−
c
, according to Eqs. (1) and (4). In

total, there are 13 free parameters (12 Bi and NΛþ
c Λ̄−
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) to be
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TABLE I. Requirement on ΔE, ST yields, DT yields and
detection efficiencies for each of the decay modes. The uncer-
tainties are statistical only. The quoted efficiencies do not include
any subleading BFs.

Mode ΔE (MeV) NST
j εjð%Þ NDT

i− εDTi− ð%Þ
pK0

S ð−20; 20Þ 1243% 37 55.9 97% 10 16.6
pK−πþ ð−20; 20Þ 6308% 88 51.2 420% 22 14.1
pK0

Sπ
0 ð−30; 20Þ 558% 33 20.6 47% 8 6.8

pK0
Sπ

þπ− ð−20; 20Þ 485% 29 21.4 34% 6 6.4
pK−πþπ0 ð−30; 20Þ 1849% 71 19.6 176% 14 7.6
Λπþ ð−20; 20Þ 706% 27 42.2 60% 8 12.7
Λπþπ0 ð−30; 20Þ 1497% 52 15.7 101% 13 5.4
Λπþπ−πþ ð−20; 20Þ 609% 31 12.0 53% 7 3.6
Σ0πþ ð−20; 20Þ 522% 27 29.9 38% 6 9.9
Σþπ0 ð−50; 30Þ 309% 24 23.8 25% 5 8.0
Σþπþπ− ð−30; 20Þ 1156% 49 24.2 80% 9 8.1
Σþω ð−30; 20Þ 157% 22 9.9 13% 3 3.8
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parameters of the Gaussians are allowed to vary in the
fits. Backgrounds for each mode are described with the
ARGUS function [16]. The resultant ST yields in the signal
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BFs of intermediate state decays from the PDG [4] are also
included. A summary of systematic uncertainties are given
in Table II.
We use a least-squares fitter, which considers statistical

and systematic correlations among the different hadronic
modes, to obtain the BFs of the 12 Λþ

c decay modes
globally. Details of this fitter are discussed in Ref. [17].
In the fitter, the precisions of the 12 BFs are constrained to a
common variable, NΛþ
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, according to Eqs. (1) and (4). In
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TABLE I. Requirement on ΔE, ST yields, DT yields and
detection efficiencies for each of the decay modes. The uncer-
tainties are statistical only. The quoted efficiencies do not include
any subleading BFs.

Mode ΔE (MeV) NST
j εjð%Þ NDT

i− εDTi− ð%Þ
pK0

S ð−20; 20Þ 1243% 37 55.9 97% 10 16.6
pK−πþ ð−20; 20Þ 6308% 88 51.2 420% 22 14.1
pK0

Sπ
0 ð−30; 20Þ 558% 33 20.6 47% 8 6.8

pK0
Sπ

þπ− ð−20; 20Þ 485% 29 21.4 34% 6 6.4
pK−πþπ0 ð−30; 20Þ 1849% 71 19.6 176% 14 7.6
Λπþ ð−20; 20Þ 706% 27 42.2 60% 8 12.7
Λπþπ0 ð−30; 20Þ 1497% 52 15.7 101% 13 5.4
Λπþπ−πþ ð−20; 20Þ 609% 31 12.0 53% 7 3.6
Σ0πþ ð−20; 20Þ 522% 27 29.9 38% 6 9.9
Σþπ0 ð−50; 30Þ 309% 24 23.8 25% 5 8.0
Σþπþπ− ð−30; 20Þ 1156% 49 24.2 80% 9 8.1
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Extrac]ng	NST	and	NDT

Single	Tag

Double	Tag

•In	the	above	DT	case,	 
summed	over	the	12	tag	modes	

• Simultaneously	fit	to	the	all 
NDT	=	NΛcΛNc	×	BFtag	×	BFsig	×	εDT,	while  
constraining	NΛcΛNc,	taking	into	account	
correlations	over	modes. 
NΛcΛNc	will	be	a	byproduct.
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- 	BESIII	:	BF(Λc+	➝	p	K-	π+)		=	(5.84±0.27±0.23)%  
	Belle		:	BF(Λc+	➝	p	K-	π+)	=	(6.84±0.24+0.21-0.27)%		

- Consistent?	…	within	~2σ	…  
Hopefully,	the	agreement	would	improve	further	in	the	near	future. 
(more	data?	new	technique?)

estimated. As peaking backgrounds in ST modes and cross
feeds among the 12 ST modes are suppressed to a
negligible level, they are not considered in the fit.
The extracted BFs of Λþ

c are listed in Table III; the
correlation matrix is available in the Supplemental Material
[18]. The total number of Λþ

c Λ̄−
c pairs produced is obtained

to be NΛþ
c Λ̄−

c
¼ ð105.9$ 4.8$ 0.5Þ × 103. The goodness-

of-fit is evaluated as χ2=ndf ¼ 9.9=ð24 − 13Þ ¼ 0.9.
To summarize, 12 Cabibbo-favored Λþ

c decay rates are
measured by employing a double-tag technique, based on a
sample of threshold data at

ffiffiffi
s

p
¼ 4.599 GeV collected at

BESIII. This is the first absolute measurement of the Λþ
c

decay branching fractions at the Λþ
c Λ̄−

c production thresh-
old, in the 30 years since the Λþ

c discovery. A comparison
with previous results is presented in Table III. For the
golden mode BðpK−πþÞ, our result is consistent with
that in PDG, but lower than Belle’s with a significance
of about 2σ. For the branching fractions of the other modes,

the precisions are improved by factors of 3–6 compared
to the world average values.
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TABLE II. Summary of systematic uncertainties, in percent.
The total numbers are derived from the least-squares fit, by taking
into account correlations among different modes.

Source Tracking PID K0
S Λ π0

Signal
model

MC
stat

Quoted
BFs Total

pK0
S 1.3 0.3 1.2 0.2 0.4 0.1 2.0

pK−πþ 2.5 3.2 0.2 3.9
pK0

Sπ
0 1.1 1.6 1.2 1.0 1.0 0.5 0.1 2.7

pK0
Sπ

þπ− 2.8 5.4 1.2 0.5 0.5 0.1 5.9
pK−πþπ0 3.3 5.8 1.0 2.0 0.5 6.6
Λπþ 1.0 1.0 2.5 0.5 0.5 0.8 2.4
Λπþπ0 1.0 1.0 2.5 1.0 0.6 0.6 0.8 2.7
Λπþπ−πþ 3.0 3.0 2.5 0.8 0.8 0.8 4.7
Σ0πþ 1.0 1.0 2.5 1.7 0.7 0.8 2.4
Σþπ0 1.3 0.3 2.0 1.7 0.8 0.1 2.5
Σþπþπ− 3.0 3.7 1.0 0.8 0.4 0.1 4.7
Σþω 3.0 3.2 2.0 7.1 1.0 0.8 4.5

TABLE III. Comparison of the measured BFs in this work with
previous results from PDG [4]. For our results, the first un-
certainties are statistical and the second are systematic.

Mode This work (%) PDG (%)

pK0
S 1.52$ 0.08$ 0.03 1.15$ 0.30

pK−πþ 5.84$ 0.27$ 0.23 5.0$ 1.3
pK0

Sπ
0 1.87$ 0.13$ 0.05 1.65$ 0.50

pK0
Sπ

þπ− 1.53$ 0.11$ 0.09 1.30$ 0.35
pK−πþπ0 4.53$ 0.23$ 0.30 3.4$ 1.0
Λπþ 1.24$ 0.07$ 0.03 1.07$ 0.28
Λπþπ0 7.01$ 0.37$ 0.19 3.6$ 1.3
Λπþπ−πþ 3.81$ 0.24$ 0.18 2.6$ 0.7
Σ0πþ 1.27$ 0.08$ 0.03 1.05$ 0.28
Σþπ0 1.18$ 0.10$ 0.03 1.00$ 0.34
Σþπþπ− 4.25$ 0.24$ 0.20 3.6$ 1.0
Σþω 1.56$ 0.20$ 0.07 2.7$ 1.0
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•	Also	obtained 
NΛcΛNc	=	(105.9±4.8±0.5)×103.	

•	Other	BF(Λc+	➝	hadrons)	are	measured	
with	improved	precisions.
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- BESIII	preliminary	result	based	on	the	same	‘4.6	GeV	sample’.	
- First	direct	measurement	Λc	decaying	into	the	neutron.	
- Employing	the	same	double	tag	technique	based	on	the	11	tag	modes.

BESIII:	BF(Λc+	➝	n	KS0	π+)

Totally, 11415±159 events are reconstructed by 11 ST modes. 

Preli
minary
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Preli
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- Preliminary	result:  
BF(Λc+	➝	n	KS0	π+)	=	(1.82±0.23±0.11)%
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- First	observa]on	of	Doubly	Cabibbo-suppressed	decay	of	Λc.	

- 	980	f-1	near	the	Υ(nS)	resonances,	with	n	=	1,	2,	3,	4,	5.	

- 	Stat.	significance	=	9.4σ.	 
	NSIG	=	3379±380(stat)±78	(SCS	contamina]on:Λc+	➝	Λ(➝pπ-)K+	)
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FIG. 1. Distribution of M(pK−π+). The curves indicate
the fit result: the full fit model (solid) and the combinatoric
background only (dashed).

cays are determined to be (1.452±0.015)×106 events and
3587 ± 380 events, respectively, where the uncertainties
are statistical. There is a small excess above background
on the right side of the Λ+

c peak (around 2.297 GeV/c2)
in the DCS spectrum of Fig. 2. We attribute this to a
statistical fluctuation as no known process would make
such a narrow feature at this position even when possible
particle misidentification, such as the misidentification of
both the K and the π, is taken into account.
The DCS decay has a peaking background from the

SCS decay Λ+
c

→ ΛK+ with Λ → pπ−, which has the
same final state topology. However, because of the long
Λ lifetime, many of the Λ vertexes are displaced by sev-
eral centimeters from the main vertex so the DOCA and
χ2 requirements suppress most of this background. The
remaining SCS-decay yield is included in the signal yield
of Λ+

c
→ pK+π− decay and is estimated via the relation

N (SCS;Λ → pπ−) =

ϵ(SCS;Λ → pπ−)

ϵ(CF )

B(SCS;Λ → pπ−)

B(CF )
N (CF ), (1)

where N (CF ) is the signal yield of the CF decay,
B(SCS;Λ → pπ−)/B(CF ) = (0.61 ± 0.13)% is the
branching ratio [12], and ϵ(SCS;Λ → pπ−)/ϵ(CF ) =
0.023 is the relative efficiency found using MC samples.
This calculation gives a yield of 208±78 events from this
source, where the uncertainty is estimated by compar-
ing the signal yields from this calculation and a fit to
M(pK+π−) with loosened selection criteria for the ver-
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FIG. 2. Distribution of M(pK+π−) (top) and residuals of
data with respect to the fitted combinatorial background
(bottom). Curves are drawn as described in Fig. 1.

tex point and Λ selection in M(pπ−). After subtraction
of this SCS component, the signal yield of the DCS decay
is 3379±380±78, where the first uncertainty is statistical
and the second is systematic due to this subtraction.

To estimate the statistical significance of the DCS sig-
nal, we exclude the SCS signal by vetoing events with
1.1127 GeV/c2 < M(pπ−) < 1.1187 GeV/c2. The sig-
nificance is estimated as

√

−2 ln (L0/L), where L0 and
L are the maximum likelihood values from binned maxi-
mum likelihood fits with the signal yield fixed to zero and
allowed to float, respectively. The calculated significance
corresponds to 9.4σ.

We calculate the reconstruction efficiency using a mix-
ture of subchannels weighted with their correspond-
ing branching ratios for the CF decay taken from the
PDG [12]. For the DCS decay, we assume subchannels
pK∗(892)0, ∆(1232)0K+, and non-resonant decay with
0.23, 0.18, and 0.59 branching fractions, respectively.
These values are chosen as they are the branching frac-
tions for the corresponding subchannels of the CF decay
adjusted for the fact that Λ(1520) cannot be produced in
the DCS decay. To estimate the uncertainty arising from
the assumed mix of intermediate states of the CF decay,
the reconstruction efficiency is calculated using the effi-
ciency of each bin of the M2(K−π+) versus M2(pK−)
Dalitz distribution [20], shown in Fig. 3, and weighting
them by the number of events for the bin in real data.
The relative difference between the reconstruction effi-
ciencies, before and after this weighting, is 3.0%. For the
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eral centimeters from the main vertex so the DOCA and
χ2 requirements suppress most of this background. The
remaining SCS-decay yield is included in the signal yield
of Λ+

c
→ pK+π− decay and is estimated via the relation

N (SCS;Λ → pπ−) =

ϵ(SCS;Λ → pπ−)

ϵ(CF )

B(SCS;Λ → pπ−)

B(CF )
N (CF ), (1)

where N (CF ) is the signal yield of the CF decay,
B(SCS;Λ → pπ−)/B(CF ) = (0.61 ± 0.13)% is the
branching ratio [12], and ϵ(SCS;Λ → pπ−)/ϵ(CF ) =
0.023 is the relative efficiency found using MC samples.
This calculation gives a yield of 208±78 events from this
source, where the uncertainty is estimated by compar-
ing the signal yields from this calculation and a fit to
M(pK+π−) with loosened selection criteria for the ver-
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FIG. 2. Distribution of M(pK+π−) (top) and residuals of
data with respect to the fitted combinatorial background
(bottom). Curves are drawn as described in Fig. 1.

tex point and Λ selection in M(pπ−). After subtraction
of this SCS component, the signal yield of the DCS decay
is 3379±380±78, where the first uncertainty is statistical
and the second is systematic due to this subtraction.

To estimate the statistical significance of the DCS sig-
nal, we exclude the SCS signal by vetoing events with
1.1127 GeV/c2 < M(pπ−) < 1.1187 GeV/c2. The sig-
nificance is estimated as

√

−2 ln (L0/L), where L0 and
L are the maximum likelihood values from binned maxi-
mum likelihood fits with the signal yield fixed to zero and
allowed to float, respectively. The calculated significance
corresponds to 9.4σ.

We calculate the reconstruction efficiency using a mix-
ture of subchannels weighted with their correspond-
ing branching ratios for the CF decay taken from the
PDG [12]. For the DCS decay, we assume subchannels
pK∗(892)0, ∆(1232)0K+, and non-resonant decay with
0.23, 0.18, and 0.59 branching fractions, respectively.
These values are chosen as they are the branching frac-
tions for the corresponding subchannels of the CF decay
adjusted for the fact that Λ(1520) cannot be produced in
the DCS decay. To estimate the uncertainty arising from
the assumed mix of intermediate states of the CF decay,
the reconstruction efficiency is calculated using the effi-
ciency of each bin of the M2(K−π+) versus M2(pK−)
Dalitz distribution [20], shown in Fig. 3, and weighting
them by the number of events for the bin in real data.
The relative difference between the reconstruction effi-
ciencies, before and after this weighting, is 3.0%. For the

Belle:	BF(Λc+	➝	p	K+	π-) 
arXiv:1512.07366

Λc+	➝	p	K-	π+ Λc+	➝	p	K+	π-

BF(Λc+	➝	p	K+	π-)/BF(Λc+	➝	p	K-	π+)	=	(2.35±0.27±0.21)×10-3
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- Not	really	a	hadronic	decay	of	Λc,	but	s]ll	interes]ng	Λc	decays.  
Last	year,	BESIII	reported	BF(Λc+	➝	Λ	e+	νe)	=	(3.63±0.38±0.20)%  
(PRL	115,	221805	(2015)).  
Based	on	the	data	taken	near	the	threshold:	567	pb-1	at	Ecm	=	4.6	GeV.	

- They	now	have	a	preliminary	result	on	Λc+	➝	Λ	μ+	νμ.

BESIII:	BF(Λc+	➝	Λ	l+	νl) 
c	➝	s	l+	νl

Umiss	(GeV)			(=Emiss	-	|P⃗miss|	)

/c
�Æ/P+QP�

78.7±10.5 signals 
BESIII preliminary BESIII preliminary 

567/pb data @ 4.6 GeV 

B[/c
+Æ/P+QP]=(3.49r0.46r0.26)% 

where the first error is statistical and 
the second systematic. 

Preliminary result： “other bkgrounds” stands for all 
possible background channels except 
the /c

+Æ/S�S0 channel. It is obtained 
based on  MC simulation by removing 
the /c

+Æ/S�S0 channel when draw 
the Umiss distribution of backgrounds. 

With	11	Λc	tag	modes

/c
�Æ/P+QP�

78.7±10.5 signals 
BESIII preliminary BESIII preliminary 

567/pb data @ 4.6 GeV 

B[/c
+Æ/P+QP]=(3.49r0.46r0.26)% 

where the first error is statistical and 
the second systematic. 

Preliminary result： “other bkgrounds” stands for all 
possible background channels except 
the /c

+Æ/S�S0 channel. It is obtained 
based on  MC simulation by removing 
the /c

+Æ/S�S0 channel when draw 
the Umiss distribution of backgrounds. 

- BF(Λc+	➝	Λ	μ+	νμ)	=	(3.49±0.46±0.26)%  
consistent	with	the	measured	electric	mode.	

- Thus;  
					Γ(Λc+	➝	Λ	μ+	νμ)/Γ(Λc+	➝	Λ	e+	νe) 
																																												=	0.96±0.16±0.04

Preliminary
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BESIII:	line	shape	of	DDN 	pair  
near	the	mass	threshold

-	Measurement	of	ψ(3770)	parameters.	

-	It	has	been	seen	the	distorted	resonance	shape	in	other	experiments.  
 
 
 
 
 
 

-	Total	~	70	pb-1	in	3643	<	Ecm	<	3890	MeV.	

-	Single	Tag	method.	

-	Observed	cross	sec]on	=	ND/(2×εD×Luminosity)	in	each	Ecm	bin.  
																																														=

Use high statistics BESIII sample to model lineshape 
݁ �՜  with non-resonant interference ܦܦ

Use Breit-Wigner shape for resonant component 

Coulomb Born Level ISR 

296 V.V. Anashin et al. / Physics Letters B 711 (2012) 292–300

Fig. 1. The observed multihadron cross section as a function of the c.m. energy for
the three scans. The curves are the results of the vector dominance fit. The detection
efficiencies and the energy spreads for the scans differ.

(the ψ(2S) partial width above the D D threshold) and F0 (con-
stant term of the form factor) or by three parameters g , a, b
defined in Eqs. (13), (14), (15) and (16). The last but not least free
parameter was the interference phase φ. The total number of free
parameters was either 15 or 16.

The parameters controlling the nonresonant form factor behav-
ior have strongly correlated asymmetric statistical errors. Instead
of them we present below the value of the nonresonant D D cross
section at the resonance peak σ N R

D D
(M) and its error obtained in

fits with modified sets of free parameters (e.g., the (F0, Γ
ψ(2S)

D D
)

pair was replaced with the (F0, σ N R
D D

) one).
The observed multihadron cross section for the scans is pre-

sented in Fig. 1. The curve represents the vector dominance fit.
The resulting values of ψ(2S) parameters agree very well with
those obtained fitting the narrow energy range around ψ(2S) (pre-
vious Letter). The difference in the mass values is 2 keV, the
variation of the Γee × Bh product is about 0.3%. As a consistency
check, we estimate Ruds for the three scans. The fitted values are
2.33 ± 0.10, 2.25 ± 0.09 and 2.31 ± 0.06. The weighted average
Ruds = 2.300 ± 0.046 ± 0.108 (χ2/NDoF = 0.49/2) agrees well with
a similar value 2.262 ± 0.122 published by BES in Ref. [32] and
does not contradict to the result of the BES measurement [33]:
R = 2.14 ± 0.01 ± 0.07 at W = 3.65 GeV.

The excess of the multihadron cross section in the ψ(3770) re-
gion is shown in Fig. 2. To calculate the excess, the terms 1–4 of
Eq. (1) obtained by the vector dominance fit were subtracted from
the measured cross section at each point, the residuals were cor-
rected for the detection efficiency calculated by weighting the fit
terms 5–8. These terms of the fits are presented with the curves.
The ignored-interference fit and the fits with the anomalous line
shapes from Ref. [16] are presented for comparison.

3.3. On ambiguity of resonance parameters

It is known that for two interfering resonances the ambigu-
ity can appear in the resonance amplitudes and the interference
phase. A detailed study of that issue can be found in Ref. [34].
In the case of two resonances with constant widths complete de-
generation occurs: one obtains the identical cross sections for two
combinations of the amplitudes and phase at the same values of
the mass and width.

Fig. 2. Excess of the multihadron cross section in the ψ(3770) region. The curves
show relevant parts of the fits. The error bars correspond to the uncertainty of the
measured multihadron cross section. All data are corrected for the detection effi-
ciency which is different in the three scans. See the detailed explanation in the
text.

Fig. 3. Excess of the multihadron cross section in the ψ(3770) region. Solid and
short-dashed curves correspond to two VDM solutions. Resonant and nonresonant
parts are presented separately.

For the energy-dependent widths there is no complete degen-
eration, however, the likelihood function has local maxima on the
amplitude-phase plane at slightly different mass and width values.
A similar situation occurs when a resonance interferes with a vary-
ing continuum.

In our case the typical difference in equivalent χ2 values of the
two local minima is very small, −2& ln (L) ≃ 0.02, thus a certain
solution cannot be chosen. The variation of mass and width for
possible solutions is small and neglected below.

4. Results of analysis

4.1. ψ(3770) parameters assuming vector dominance

In Table 3 we compare the ψ(3770) parameters obtained un-
der the assumption of ψ(2S) dominance in the nonresonant form
factor for two possible solutions with those extracted from the
ignored-interference fit and the current world average values. The
small corrections to residual background given below in Table 5 of
Section 4.3 are not applied to results of the fit. The continuum D D
cross section σ N R

D D
is given without the radiative correction factor

Integrating the cross sections in the  !3770" region
(3:74–3:80 GeV=c2), we compute the ratio of branching
fractions,

 

B !3770"! D0 !D0"
B! !3770"! D#D$" % 1:78& 0:33& 0:24; (6)

to be compared with the value of 1:28& 0:14 reported by
the PDG [6].

We perform an unbinned maximum likelihood fit to the
D !D mass spectrum summed over all channels. The pa-
rameters of the  !4040",  !4160", and  !4415" are fixed to
the values reported in Ref. [18] while the Y!4260" parame-
ters are taken from our measurement from the J= !#!$

channel [2]. The parameters of the  !3770" are left free in
the fit. In addition, we search for evidence of the Y!4260" in
this spectrum. Resolutions effects have been ignored since
the widths of the resonances are much larger than the
experimental resolution.

We express the total D !D production as

 

fjP# c1W1ei"1 # c2

!!!!
G
p

ei"2 # . . .# cnWnei"n j2

# !1$ f"B; (7)

where ci and "i are free parameters, Wi are spin-1 relativ-
istic Breit-Wigner distributions, P represents the nonreso-
nant contribution, B describes the non-D !D background and
f (0:829& 0:015) is the signal fraction. The efficiency
#B!mD !D" is almost linear and increases from ' 2( 10$3

to ' 4( 10$3 in the fitted mass region. It has been pa-
rametrized by a 2nd order polynomial and it has been
multiplied by P and Wi. The data require that we include
the 3:9 GeV=c2 structure, as suggested in Ref. [15], which
we parameterize empirically as the square root of a
Gaussian times a phase factor (

!!!!
G
p

ei"2). The parameters
of the Gaussian are left free, and the phase allows inter-
ference with the  states.

We find that, in order to have a satisfactory description
of the data, interference must be allowed between the
resonances and the nonresonant contribution P. The latter
contribution is parametrized either as a linear (a# bm) or

FIG. 5. (a) D0 !D0 and (b) D#D$ cross sections with statistical
uncertainties only.

FIG. 4 (color online). (a) The ISR D !D mass spectrum. The
shaded mass spectrum is from D !D mass sidebands. The curve
results from the fit described in the text. (b) An expanded view of
the region with mD !D < 4:2 GeV=c2.

STUDY OF THE EXCLUSIVE INITIAL-STATE- . . . PHYSICAL REVIEW D 76, 111105(R) (2007)

RAPID COMMUNICATIONS

111105-7

BABAR	
PRD	76,	111105	(R)	(2007)

KEDR	
PLB	711,	292	(2012)
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σobs(e+e-	➝	DDN )	around	Ecm	=	3770	MeV

 [GeV]s
3.72 3.74 3.76 3.78 3.8 3.82 3.84 3.86 3.88 3.9

 [n
b]

0
D0

D
σ

0

1

2

3

4

5

 Line Shape0 D0  ->  D- e+e

Data

0D0D
RCσFit 

Bornσ

 0D0 D→(3770) ψResonant - 
(2S)ψNon-resonant - 

]-1BESIII - On-peak Data [2.92 fb

 / D.o.F. = 50 / 38 = 1.332χ

CL = 0.084

(3770)ψM

(3770)ψΓ

(3770) eeψΓ

(3770)ψ
φ

(2S)ψΓ

0F

 0.0003)± =   (3.7815 
-2 0.0683)x10± =   (2.5244 
-7 0.1800)x10± =   (2.2993 

 0.0785)± =   (3.6388 
-2 0.1784)x10± =   (2.0895 

 0.4623)± =   (-1.8035 

 [GeV]s
3.72 3.74 3.76 3.78 3.8 3.82 3.84 3.86 3.88 3.9

 [n
b]

-
D+

D
σ

0

1

2

3

4

5

 Line Shape- D+  ->  D- e+e

Data

-D+D
RCσFit 

Bornσ

  -D+ D→(3770) ψResonant - 
(2S)ψNon-resonant - 

]-1BESIII - On-peak Data [2.92 fb

- Simultaneously	fit	to	σobs(W)	of	D0DN 0	and	D+D-.	

- Only	σobs(e+e-	➝	D+D-)	is	shown	here.

14

Following	the	same	procedure 
	as	in	the	KEDR	paper:	

σborn(Ecm)	∝ |ANR	+	ARes·eiφ|2

Not	easy	to	fit 
with	a	single	BW?

Based	on	the	‘on-resonance	sample’:	

-σ(e+e-	➝	D0DN 0)	=	3.641±0.010	(stat.)	nb	

-σ(e+e-	➝	D+D-)	=	2.844±0.011	(stat.)	nb

Preli
minary

Preli
minary
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Remains constant from fit independent of branching fraction 
Errors from only statistical sources 

 
 
 
 
 

 
 

߰ ͵͹͹Ͳ �results consistent with values found by KEDR 
Higher mass than non-interference results 

Source ࡹటሺ૜ૠૠ૙ሻ[MeV / ࢉ૛ሿ Ȟటሺ૜ૠૠ૙ሻ[MeV] Ȟ௘௘ట ଷ଻଻଴ �՜�஽஽ഥ[eV] 
Exponential 3783.0 ± 0.3 27.5 ± 0.9 270 ± 24 

VDM 3781.5 ± 0.3  25.2 ± 0.7 230 ± 18 
KEDR          3779.3            25.3      160        , 420 
PDG 3773.2 ± 0.3 27.2 ± 1.0 [262 ± 18] ൈ ஽஽ഥܤ Ș 

+ 1.8 
 - 1.7 

+ 4.4 
 - 3.9 

+ 72 
 - 80 

+ 78 
 - 58 

Ș ܤ ߰ ͵͹͹Ͳ ՜ ഥܦܦ    

Results

Preli
minary

- The	shown	errors	are	sta]s]cal	errors	only.	
- Consistent	with	the	KEDR’s	result	(as	they	should).  
Higher	mass	than	 
				the	results	without	any	interference	effect	considered.

- Can	only	determine	Γeeψ(3770)×BF(ψ(3770)➝DDN ) 
(this	is	essen]ally,	our	DDN 	YIELDS).
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BESIII:	D0	➝	K-	π+	π+	π-

- One	of	the	3	golden	modes	of	neutral	D	decays.	
- Based	on	the	2.93	f-1	taken	at	Ecm	=	3.773	GeV.	
- The	knowledge	of	various	intermediate	states	improve	
measurements	such	as;	
‣ its	branching	frac]on	
‣ strong	phase	difference	between	D0	and	DN 0	in	this	final	state  
thus,	eventually	the	CKM	unitary	triangle	γ.	

- Exis]ng	experimental	results	are	old	(from	Mark	III	and	E691).

16

Event Selection and Background study 
Good tracking: 

• Polar angle in MDC: 𝑐𝑜𝑠𝜃 < 0.93 
• Within 10 cm along the beam axis and within 1 cm in the perpendicular plane 

 
PID: 

• Available PID information  
• Probability of 𝐾/𝜋 > probability of 𝜋/𝐾 for 𝐾/𝜋 

 
𝐷଴ reconstruction: 
The 𝐷଴ is required to be reconstructed by  𝐾ି𝜋ା𝜋ା𝜋ି  with  𝐷ഥ଴ reconstructed by 𝐾ା 𝜋ି 
(the inclusion  of charge conjugate reactions is implied). 

𝑒ା 𝑒ି 𝜓(3770) 

𝑫𝟎 

𝐾ା 
𝜋ି 

𝐾ି 

𝜋ି 
𝜋ା 𝜋ା Opposite charge 

of 𝐾 tracks 
No shared tracks 

𝑫ഥ𝟎 Double tag method: 
𝐷଴𝐷ഥ଴ fully reconstruction 

3 

Yields	~16k	events	with	
>99%	purity!
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Construc]ng	amplitudes

- Total	decay	amplitude	=	coherent	sum	of	each	amplitudes: 
 
 
ρ	and	φ	are	magnitude	and	phase	of	the	nth	amplitude.  
An	describes	the	relative	contributions	of	the	nth	amplitude:  
 
 
 
 
The	spin	factors	are	constructed	with	covariant	tensor	formalism.

17

7 

Amplitude Construction and Fit fractions 

The total decay amplitude is the function of final particle four momenta 𝑝௝ and can be modeled 

as a coherent sum over all the amplitudes: 

𝑀 𝑝௝ = ∑ 𝜌௡𝑒௜థ೙𝐴௡(௡ 𝑝௝), 
where 𝜌௡ and 𝜙௡ is the magnitude and phase of the 𝑛௧௛ amplitude.  𝐴௡ 𝑝௝  describe the 

relative contribution and dynamics of the 𝑛௧௛ amplitude and given by  

𝐴௡ 𝑝௝ = 𝑃௡ଵ(𝑚ଵ)𝑃௡ଶ(𝑚ଶ)𝑆௡(𝑝௝)𝐹௡ଵ(𝑝௝)𝐹௡ଶ(𝑝௝)𝐹஽ଶ(𝑝௝). 

Propagators of intermediate resonances  Spin factors  Blatte-Weisskopf barriers 

Spin factors are constructed with covariant tensor formalism. 
Magnitudes 𝜌 may vary with the choice of normalization or formalism convention, so we use fit 
fraction (FF) instead of 𝜌, which is given by 

𝐹𝐹 𝑛 =
∑ |𝐴ሚ𝐧 𝑝௝
ேಾ಴
௞ |ଶ

∑ |𝑀 𝑝௝
ேಾ಴
௞ |ଶ

. 

Where 𝑁ெ஼ is the number of MC sample events used to calculate fit fractions,  𝐴ሚ𝐧 𝑝௝  is either 

the 𝐧௧௛  amplitude (𝐴ሚ𝐧 𝑝௝ = 𝜌௡𝑒௜థ೙  𝐴௡ 𝑝௝ ) or  the 𝐧௧௛  component of  coherent sum of 

amplitudes (𝐴ሚ𝐧 𝑝௝ = ∑ 𝜌௡೗௡೗ 𝑒௜థ೙೗𝐴௡೗ 𝑝௝ ). 
7 

Amplitude Construction and Fit fractions 

The total decay amplitude is the function of final particle four momenta 𝑝௝ and can be modeled 

as a coherent sum over all the amplitudes: 

𝑀 𝑝௝ = ∑ 𝜌௡𝑒௜థ೙𝐴௡(௡ 𝑝௝), 
where 𝜌௡ and 𝜙௡ is the magnitude and phase of the 𝑛௧௛ amplitude.  𝐴௡ 𝑝௝  describe the 

relative contribution and dynamics of the 𝑛௧௛ amplitude and given by  

𝐴௡ 𝑝௝ = 𝑃௡ଵ(𝑚ଵ)𝑃௡ଶ(𝑚ଶ)𝑆௡(𝑝௝)𝐹௡ଵ(𝑝௝)𝐹௡ଶ(𝑝௝)𝐹஽ଶ(𝑝௝). 

Propagators of intermediate resonances  Spin factors  Blatte-Weisskopf barriers 

Spin factors are constructed with covariant tensor formalism. 
Magnitudes 𝜌 may vary with the choice of normalization or formalism convention, so we use fit 
fraction (FF) instead of 𝜌, which is given by 

𝐹𝐹 𝑛 =
∑ |𝐴ሚ𝐧 𝑝௝
ேಾ಴
௞ |ଶ

∑ |𝑀 𝑝௝
ேಾ಴
௞ |ଶ

. 

Where 𝑁ெ஼ is the number of MC sample events used to calculate fit fractions,  𝐴ሚ𝐧 𝑝௝  is either 

the 𝐧௧௛  amplitude (𝐴ሚ𝐧 𝑝௝ = 𝜌௡𝑒௜థ೙  𝐴௡ 𝑝௝ ) or  the 𝐧௧௛  component of  coherent sum of 

amplitudes (𝐴ሚ𝐧 𝑝௝ = ∑ 𝜌௡೗௡೗ 𝑒௜థ೙೗𝐴௡೗ 𝑝௝ ). 
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Fi�ng	to	masses
Projections of invariant mass (a-h) and 𝜒 distribution (i) 

8 

Amplitude Analysis Results 

D0➝KSK-π+
Preli

minary
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Fi�ed	phases	and	fit	frac]ons	(FF)

8 

Amplitude Analysis Results 

Preli
minary

- K*(892)	and	a1(1260):	  
			RBW	w/	energy					 
				dependent	width	

- ρ(770):		GS	formula	  
			(PRL	21,	244	(1968)	

- K1(1270):	RBW	

- Kπ	S-wave:	the	same	  
			parametriza]on	used	in	the	  
			BABAR’s	Dalitz	analysis	of	 
			D0	➝	KS	π+π-	  
			(PRD	78,	034023)
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- According	to	the	intermediate	resonances,	group	the	23	amplitudes	
into	7	‘components’.

BESIII:	D0	➝	K-	π+	π+	π-

- BF	=	FF×BFPDG(D0	➝	K-	π+	π+	π-).	

- The	first	and	second	errors	are	sta]s]cal	and	systema]c	uncertain]es.	

- The	third	error	is	due	to	the	PDG	input.	

- Improvements	over	the	exis]ng	results!
16 

With the fit fractions (FF) of every components and the branching ratio of  
𝐷଴ → 𝐾ି𝜋ା𝜋ା𝜋ି, we calculate the branching ratios of the components with 

𝐵𝑟 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 = 𝐹𝐹 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑡 𝐵𝑟(𝐷଴ → 𝐾ି𝜋ା𝜋ା𝜋ି). 
The results are listed in the table below： 

Conclusion 

In the table, the first and second uncertainties of the branching ratios are 
statistical and systematic uncertainties from the fit fractions, the third errors is 
the uncertainties related to 𝐵𝑟(𝐷଴ → 𝐾ି𝜋ା𝜋ା𝜋ି) in PDG. 

Preli
minary
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- The	first	observa]on	of	this	  
singly	Cabibbo-suppressed	decay	

- Sample:	2.93	f-1	at	Ecm	=	3.773	GeV.	
- Double	tag	technique	to  
suppress	contamina]on	from	con]nuum.	

- Also	measured	D	➝	ηπ
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misreconstructed. Sidebands C and D contain candidates
where both D and D are misreconstructed, either in a
correlated way (C), by assigning daughter particles to the
wrong parent, or in an uncorrelated way (D).
To obtain the ωðηÞ yield, we perform a fit to the πþπ−π0

invariant mass ðM3πÞ distribution with events in the signal
region S. The ωðηÞ shape is modeled by the signal MC
shape convoluted with a Gaussian function to describe the
difference in the M3π resolution between MC calculations
and data. Because of high statistics, the width ση of the
Gaussian for the η case is determined by the fit, while
the width σω for the ω case is constrained by the
MC-determined ratio R ¼ σMC

ω =σMC
η , giving the relative

M3π resolution for η and ω final states. For Dþ, the
background shape is described by a third-order
Chebychev polynomial, while for D0 we use a shape of
a0M

1=2
3π þ a1M

3=2
3π þ a2M

5=2
3π þ a3M

7=2
3π þ a4M

9=2
3π , where

ai (i ¼ 0;…; 4) are free parameters. The fit results are
shown in Fig. 3, and the total ω yields Nω for Dþ and D0

cases are listed in Table II.
To estimate the ωðηÞ yield in the signal region S from

background processes, event counts in sidebands A, B, and
C are projected into the signal region S using scale factors
determined from integrating the background shape in the
STMBC fits. Contributions to sidebandD are assumed to be
uniformly distributed across the other regions [18]. For

these events from the sideband regions, we perform similar
fits to the 3π mass spectra, and find the peaking background
yields Nbkg

ωðηÞ for Dþ and D0, respectively, as listed in
Table II. By subtracting the ω peaking background extend-
ing underneath the signal region, the DT signal yields,Nobs

sig ,
are obtained. The statistical significances for Dþ → ωπþ

and D0 → ωπ0 are found to be 5.5σ and 4.1σ, respectively.
We now remove the ω helicity requirement, and inves-

tigate the helicity dependence of our signal yields. By
following procedures similar to those described above, we
obtain the signal yield in each jHωj bin. The efficiency
corrected yields are shown in Fig. 4, demonstrating agree-
ment with expected cos2 θH behavior, further validating this
analysis.
As shown in Fig. 3, the background level in the η signal

region of the 3π invariant mass distribution is small
compared to that near the ω mass. Therefore, to improve
statistics, we remove the K0

S veto requirements and also
make no helicity requirement since Hη ≡ cos θH for the
signal is flat. Following a similar fit procedure, with results
shown in Fig. 5, we determine ηπþ and ηπ0 DT yields as
listed in Table II.
With the DT technique, the branching fraction measure-

ments are insensitive to systematics coming from the ST
side since they mostly cancel. For the signal side, system-
atic uncertainties mainly come from imperfect knowledge
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FIG. 3. Fits to the 3π mass spectra for (a)Dþ → πþπ−π0πþ and
(b) D0 → πþπ−π0π0 in the signal region S as defined in Fig. 2.
Points are data, the (red) solid lines are the total fits, the (blue)
dashed lines are the background shapes, and the hatched histo-
grams are peaking background estimated from 2DMBC sidebands.

TABLE II. Summary for the total ω (η) yields (NωðηÞ), ωðηÞ
peaking background yields (Nbkg

ωðηÞ), and net DT yields (Nobs
sig ) in

the signal region S as defined in Fig. 2. Nobs
sig is estimated from the

defined sidebands. The errors are statistical.

ModeH NωðηÞ Nbkg
ωðηÞ

Nobs
sig

Dþ → ωπþ 100% 16 21% 4 79% 16
D0 → ωπ0 50% 12 5% 5 45% 13
Dþ → ηπþ 264% 17 6% 2 258% 18
D0 → ηπ0 78% 10 3% 2 75% 10
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FIG. 4. Efficiency corrected yields versus jHωj for
(a) Dþ → ωπþ and (b) D0 → ωπ0. Both are consistent with a
distribution like cos2 θH (black line).
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FIG. 5. Fits to the 3π mass spectra for (a)Dþ → πþπ−π0πþ and
(b) D0 → πþπ−π0π0 in the η mass region for the signal region S
as defined in Fig. 2. Points are data; the (red) solid lines are the
total fits; the (blue) dashed lines are the background shapes, and
the hatched histograms are the peaking background estimated
from 2D MBC sidebands.
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misreconstructed. Sidebands C and D contain candidates
where both D and D are misreconstructed, either in a
correlated way (C), by assigning daughter particles to the
wrong parent, or in an uncorrelated way (D).
To obtain the ωðηÞ yield, we perform a fit to the πþπ−π0

invariant mass ðM3πÞ distribution with events in the signal
region S. The ωðηÞ shape is modeled by the signal MC
shape convoluted with a Gaussian function to describe the
difference in the M3π resolution between MC calculations
and data. Because of high statistics, the width ση of the
Gaussian for the η case is determined by the fit, while
the width σω for the ω case is constrained by the
MC-determined ratio R ¼ σMC

ω =σMC
η , giving the relative

M3π resolution for η and ω final states. For Dþ, the
background shape is described by a third-order
Chebychev polynomial, while for D0 we use a shape of
a0M

1=2
3π þ a1M

3=2
3π þ a2M

5=2
3π þ a3M

7=2
3π þ a4M

9=2
3π , where

ai (i ¼ 0;…; 4) are free parameters. The fit results are
shown in Fig. 3, and the total ω yields Nω for Dþ and D0

cases are listed in Table II.
To estimate the ωðηÞ yield in the signal region S from

background processes, event counts in sidebands A, B, and
C are projected into the signal region S using scale factors
determined from integrating the background shape in the
STMBC fits. Contributions to sidebandD are assumed to be
uniformly distributed across the other regions [18]. For

these events from the sideband regions, we perform similar
fits to the 3π mass spectra, and find the peaking background
yields Nbkg

ωðηÞ for Dþ and D0, respectively, as listed in
Table II. By subtracting the ω peaking background extend-
ing underneath the signal region, the DT signal yields,Nobs

sig ,
are obtained. The statistical significances for Dþ → ωπþ

and D0 → ωπ0 are found to be 5.5σ and 4.1σ, respectively.
We now remove the ω helicity requirement, and inves-

tigate the helicity dependence of our signal yields. By
following procedures similar to those described above, we
obtain the signal yield in each jHωj bin. The efficiency
corrected yields are shown in Fig. 4, demonstrating agree-
ment with expected cos2 θH behavior, further validating this
analysis.
As shown in Fig. 3, the background level in the η signal

region of the 3π invariant mass distribution is small
compared to that near the ω mass. Therefore, to improve
statistics, we remove the K0

S veto requirements and also
make no helicity requirement since Hη ≡ cos θH for the
signal is flat. Following a similar fit procedure, with results
shown in Fig. 5, we determine ηπþ and ηπ0 DT yields as
listed in Table II.
With the DT technique, the branching fraction measure-

ments are insensitive to systematics coming from the ST
side since they mostly cancel. For the signal side, system-
atic uncertainties mainly come from imperfect knowledge
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FIG. 3. Fits to the 3π mass spectra for (a)Dþ → πþπ−π0πþ and
(b) D0 → πþπ−π0π0 in the signal region S as defined in Fig. 2.
Points are data, the (red) solid lines are the total fits, the (blue)
dashed lines are the background shapes, and the hatched histo-
grams are peaking background estimated from 2DMBC sidebands.

TABLE II. Summary for the total ω (η) yields (NωðηÞ), ωðηÞ
peaking background yields (Nbkg

ωðηÞ), and net DT yields (Nobs
sig ) in

the signal region S as defined in Fig. 2. Nobs
sig is estimated from the

defined sidebands. The errors are statistical.

ModeH NωðηÞ Nbkg
ωðηÞ

Nobs
sig

Dþ → ωπþ 100% 16 21% 4 79% 16
D0 → ωπ0 50% 12 5% 5 45% 13
Dþ → ηπþ 264% 17 6% 2 258% 18
D0 → ηπ0 78% 10 3% 2 75% 10
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FIG. 4. Efficiency corrected yields versus jHωj for
(a) Dþ → ωπþ and (b) D0 → ωπ0. Both are consistent with a
distribution like cos2 θH (black line).

)2(GeV/cπ3M
0.52 0.54 0.56 0.58

)2
E

ve
nt

s/
(0

.0
02

G
eV

/c

0

20

40

60

80

π

(a)

)2(GeV/cπ3M
0.52 0.54 0.56 0.58

)2
E

ve
nt

s/
(0

.0
02

G
eV

/c

0

5

10

15

20

)2
π

E
ve

nt
s/

(0
.0

02
G

eV
/c (b)

FIG. 5. Fits to the 3π mass spectra for (a)Dþ → πþπ−π0πþ and
(b) D0 → πþπ−π0π0 in the η mass region for the signal region S
as defined in Fig. 2. Points are data; the (red) solid lines are the
total fits; the (blue) dashed lines are the background shapes, and
the hatched histograms are the peaking background estimated
from 2D MBC sidebands.
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D+	➝	π+π-π0π+

of the efficiencies for tracking finding, PID criteria, the K0
S

veto, and the Hω requirement; additional uncertainties are
related to the fit procedures.
Possible differences in tracking, PID, and π0

reconstruction efficiencies between data and the MC
simulations are investigated using a partial-reconstruction
technique based on the control samples D0 → K−πþπ0 and
D0 → K−πþ. We assign uncertainties of 1.0% and 0.5%
per track for track finding and PID, respectively, and 1.0%
per reconstructed π0.
Uncertainty due to the 2D signal region definition is

investigated via the relative change in signal yields for
different signal region definitions based on the control
samples Dþ → K0

Sπ
þπ0 and D0 → K0

Sπ
0π0 which have the

same pions in the final state as our signal modes. With the
same control samples, uncertainties due to the ΔE require-
ments are also studied. The relative data-MC efficiency
differences are taken as systematic uncertainties, as listed in
Table III.
Uncertainty due to the jHωj requirement is studied using

the control sample D0 → K0
Sω. The data-MC efficiency

difference with or without this requirement is taken as our
systematic. Uncertainty due to the K0

S veto is similarly
obtained with this control sample.
The ω peaking background is estimated from 2D MBC

sidebands. We change the sideband ranges by 2 MeV=c2

for both sides and investigate the fluctuation on the signal
yields, which is taken as a systematic uncertainty.
In the nominal fit to the M3π distribution, the ratio R,

which is the relative difference on the M3π resolution
between η and ω positions, is determined by MC simu-
lations. With control samples D0 → K0

Sη and K0
Sω, the

difference between data and MC defined as δR ¼
Rdata=RMC − 1 is obtained. We vary the nominal R value
by #1σ and take the relative change of signal yields as a
systematic uncertainty.

Uncertainties due to the background shapes are
investigated by changing the orders of the polynomials
employed. Uncertainties due to the M3π fitting
range are investigated by changing the range from
ð0.50; 0.95Þ GeV=c2 to ð0.48; 0.97Þ GeV=c2 in the fits,
yielding relative differences which are taken as systematic
uncertainties.
We summarize the systematic uncertainties in Table III.

The total effect is calculated by combining the uncertainties
from all sources in quadrature.
Finally, the measured branching fractions of D → ωπ

and ηπ are summarized in Table IV, where the first errors
are statistical and the second ones are systematic.
In summary, we present the first observation of the SCS

decay Dþ → ωπþ with statistical significance of 5.5σ. We
find the first evidence for the SCS decay D0 → ωπ0 with
statistical significance of 4.1σ. The results are consistent
with the theoretical prediction [2], and can improve under-
standing of U-spin and SUð3Þ-flavor symmetry breaking
effects in D decays [4]. We also present measurements of
the branching fractions for Dþ → ηπþ and D0 → ηπ0,
which are consistent with the previous measurements [19].

The BESIII Collaboration thanks the staff of BEPCII and
the IHEP computing center for their strong support. This
work is supported in part by National Key Basic Research
Program of China under Contract No. 2015CB856700;
National Natural Science Foundation of China (NSFC)
under Contracts No. 11125525, No. 11235011,
No. 11322544, No. 11335008, No. 11425524; the
Chinese Academy of Sciences (CAS) Large-Scale
Scientific Facility Program; the CAS Center for
Excellence in Particle Physics (CCEPP); the
Collaborative Innovation Center for Particles and
Interactions (CICPI); Joint Large-Scale Scientific Facility
Funds of the NSFC and CAS under Contracts
No. 11179007, No. 10975093, No. U1232201,
No. U1332201; CAS under Contracts No. KJCX2-YW-
N29, No. KJCX2-YW-N45; 100 Talents Program of CAS;
National 1000 Talents Program of China; INPAC and
Shanghai Key Laboratory for Particle Physics and
Cosmology; German Research Foundation DFG under
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No. U1232107; Ministry of Development of Turkey under

TABLE III. Summary of systematic uncertainties in %.
Uncertainties which are not involved are denoted by “& & &.”

Source ωπþ ωπ0 ηπþ ηπ0

π# tracking 3.0 2.0 3.0 2.0
π# PID 1.5 1.0 1.5 1.0
π0 reconstruction 1.0 2.0 1.0 2.0
2D MBC window 0.1 0.2 0.1 0.2
ΔE requirement 0.5 1.6 0.5 1.6
jHωj requirement 3.4 3.4 & & & & & &
K0

S veto 0.8 0.8 & & & & & &
Sideband regions 1.3 2.2 0.0 0.5
Signal resolution 0.9 0.9 & & & & & &
Background shape 2.3 1.3 1.9 3.5
Fit range 0.3 1.9 0.8 1.5
BðωðηÞ → πþπ−π0Þ [14] 0.8 0.8 1.2 1.2
Overall 5.8 6.0 4.3 5.3

TABLE IV. Summary of branching fraction measurements, and
comparison with the previous measurements [1,19].

Mode This work Previous measurements

Dþ→ωπþ ð2.79#0.57#0.16Þ×10−4 <3.4×10−4 at 90% C.L.
D0→ωπ0 ð1.17#0.34#0.07Þ×10−4 <2.6×10−4 at 90% C.L.
Dþ→ηπþ ð3.07#0.22#0.13Þ×10−3 ð3.53#0.21Þ×10−3

D0→ηπ0 ð0.65#0.09#0.04Þ×10−3 ð0.68#0.07Þ×10−3
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D0	➝	π+π-π0π0

5.5σ

4.1σ

From	MBC	
SBs
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- PDG:	BF(D0	➝	KS0	K+	K-)	=	(4.47±0.34)×10-3	:	7.6%	uncertainty  
And	no	absolute	BF	measurement.	

- Has	rich	substructure:	e.g.,	a0(980):	Dalitz	analysis	is	ongoing.	

- Preliminary	result	on	the	BF	measurement	via	Single	Tag.  
Fit	to	“MBC	vs	Mππ”.

BESIII:	D0	➝	KS0	K+	K-
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Projec]ons

BF(D0	➝	KS0	K+	K-)	  
=	(4.62±0.05±0.18)×10-3 
	4.0%	uncertainty	now.
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Production at threshold 

Xiao-Rui Lu @ Charm 2013 3 3 

ÊThreshold production at 3.773 GeV 
ÊDouble Tag techniques: (partial-)reconstruct 

both D mesons 
ÊCharm events at threshold are very clean and 

unique in studying D decays 

¾ Quantum correlation of two D mesons 
¾ Very clean environment with little to 

no non-DDbar background 
¾ Lots of systematic uncertainties 

uncertainties cancel when applying 
double tag method 

         

Quantum-Correlated	Charm	
near	mass	threshold

At	Ecm~	M(ψ(3770)),	a	pair	of	D0DN 0	(and	nothing	else)	is	produced	via	 
																									e+e-	➝	γ*	(➝	ψ(3770))	➝	D0DN 0.  

The	produced	D0DN 0	is	a	C=-1	state.	
Or  

	the	two	produced	neutral	mesons	must	have	opposite	CP 
(i.e.,	see	Goldhaber	and	Rosner,	PRD15,	1254	(1977).	  

(one	could	also	throw	in	an	extra	photon	to	have	C=+1	state	in	D0DN 0γ) 
One	application	of	this	is	to	measure	the	strong	phase	difference	

between	
D0	and	DN 0	➝	K0	π+	π-	over	Dalitz	bins.
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Contribu]ng	to	the	measurement	of	γ/φ3

24

                 

- B-Factories	measure	γ/φ3	through	B	➝	D	K.	

- For	the	case	of	D0	➝	KS	π+	π-,	the	binned	decay	rate	over	the	Dalitz	plot	is	given	by;

Current Status of the Measurement 
of the CKM UT

5/23/2016

𝜙ଷ/𝛾 = 73.2+6.3−7.0
°

2015 CKMfitter (Direct Measurements)

𝜙ଶ/𝛼 = 87.6+3.5−3.3
°

𝜙ଵ/𝛽 = 21.85+0.68−0.67
°

Dan Ambrose, University of Minnesota  
B2TiP Pittsburgh, Pennsylvania 3

𝜙ଷ/𝛾 = 67.01+0.88−1.99
°

2015 CKMfitter (Global Fits)

𝜙ଶ/𝛼 = 90.4+2.0−1.0
°

𝜙ଵ/𝛽 = 22.62+0.44−0.42
°

Loop MeasurementsTree Measurements

Differences would imply new physics
Directly Measuring 𝜙ଷ/𝛾 through B- → ෩𝐷0 K-

Color Suppressed

5/23/2016

B- → 𝐷0 K- B- → ഥ𝐷0 K-

Determine 𝜙ଷ through the measurement of 
the interference between b →c and b →u transitions 
when 𝐷0 and 𝐷0 both decay to the same final state f(D).

B-

𝐷0 K-

ഥ𝐷0 K-

f(D)K-

𝑉௖௕

𝑉௨௕

Dan Ambrose, University of Minnesota  
B2TiP Pittsburgh, Pennsylvania 4

Γ(𝐵ି → 𝑓(𝐷଴)𝐾ି) = 𝐴஻ଶ𝐴௙ଶ 𝑟஽ଶ + 𝑟஻ଶ + 2𝑟஽𝑟஻ cos 𝛿஻ + 𝛿஽ − 𝜙ଷTotal Decay Rate

𝐵ି → 𝐷଴𝐾ି

𝐵ି → 𝐷଴𝐾ି = 𝑟஻𝑒௜ ఋಳିథయ

Least	known!

𝜙ଷ fit through GGSZ method

5/23/2016

Due to both amplitude and having only charged tracks, Ksπ+π- is the preferred final state 
for this method.

Γ(𝐵± → 𝐷 𝐾௦𝜋ା𝜋ି 𝐾±)௜ = 𝑇௜ + 𝑟஻ଶ𝑇 ௜ + 2𝑟஻ 𝑇௜𝑇 ௜ cos 𝛿஻ ± 𝜙ଷ − Δ𝛿஽
= 𝑇௜ + 𝑟஻ଶ𝑇 ௜ + 2𝑟஻ 𝑇௜𝑇 ௜ 𝑐௜cos 𝛿஻ ± 𝜙ଷ +𝑠௜sin 𝛿஻ ± 𝜙ଷ

Binned decay rate:
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Rela]ons	between 
ci,	si,	and	yields	in	Dalitz	bins

- Define	‘CP	tags’	(CP	definite	final	states):  
 
 

- Efficiency-corrected	yields	in	the	ith	Dalitz	bin	are;  
										(see	PRD82,	112006	(2010)	for	more	details)	
‣ ∝ ±ci	for	DT:	D	➝	CP(±)	states		vs		D	➝	KSπ+π-	

‣ ∝ cicj	+	sisj	for	DT	(two	Dalitz):	D	➝	KSπ+π-		vs	D➝	KSπ+π-	

- 		Simultaneously	fit	to	them	to	extract	ci	and	si.

𝐾ௌ
଴𝜋ା𝜋ି Dalitz Plots vs CP Modes 

8/25/2014 
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BESIII 
Preliminary  

• Data is using the full 2.9 fb-1 𝜓 3770  dataset  
• Results presented here will be using Optimal Binning scheme. 
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For	the	case	of	“CP	tag	vs	KSπ+π-”

𝐾ௌ
଴𝜋ା𝜋ି Dalitz Plots vs CP Modes 

8/25/2014 

Y Projection: K0
sπ- Y Projection: K0

sπ- 

 π+π- Mass2 X Projection: K0
sπ+ X Projection: K0

sπ+  π+π- Mass2 

Dan Ambrose, University of Rochester  
Thesis  Defense 23 

CP Even Tags CP Odd Tags 
MC 
Data 

BESIII 
Preliminary  

• Data is using the full 2.9 fb-1 𝜓 3770  dataset  
• Results presented here will be using Optimal Binning scheme. 

𝐾ௌ
଴𝜋ା𝜋ି Dalitz Plots vs CP Modes 

8/25/2014 

Y Projection: K0
sπ- Y Projection: K0

sπ- 

 π+π- Mass2 X Projection: K0
sπ+ X Projection: K0

sπ+  π+π- Mass2 

Dan Ambrose, University of Rochester  
Thesis  Defense 23 

CP Even Tags CP Odd Tags 
MC 
Data 

BESIII 
Preliminary  

• Data is using the full 2.9 fb-1 𝜓 3770  dataset  
• Results presented here will be using Optimal Binning scheme. 

M
2 (
K S
π-
)

M2(KSπ+)

M2(KSπ+)
M

2 (
K S
π-
)

Prel
imin

ary

Prel
imin

ary

CP	Tag	modesCP+	Tag

CP-	Tag

Example	of	quantum-correlated 
D	decay,	D0	➝	KSρ!!

CP+

CP-



                         FPCP 2016   JUN/2016Hajime Muramatsu    U of Minnesota

BESIII:	Results	on	ci	and	si
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- Based	on	BESIII	2.93f-1	at	Ecm	=	3.773	GeV.	

- Only	sta]s]cal	errors	are	shown.	

- Consistent	with	the	previous	CLEO	measurement.

Comparison to Model/Previous Measurement

5/23/2016 Dan Ambrose, University of Minnesota  
B2TiP Pittsburgh, Pennsylvania 19

Consistent agreement 
with CLEO-c 
measurements. 
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ci	vs	si

- What	this	result	could	do	to	the	γ/φ3	is,	  
if	we	take	the	Belle’s	Dalitz	result	(PRD85,	112014	(2012)),  
				γ	(in	degrees)	=	77.3+15.1-14.9	(stat.)	±	4.2	(syst.)	±	4.3	(ci/si)		→	±	2.4	(ci/si) 
																							We	expect		the	uncertainly	would	be	reduced	by	~45%	

- Very	important	inputs	for	the	future	analyses	by	LHCb	and	Belle	II,	where 
the	sta]s]cal	sensi]vity	starts	to	reach	~1~2	degrees.

Preli
minary Impact on 𝜙ଷ
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Toy MC 𝜙ଷ estimate 

Toy MC estimates the effects on 𝜙ଷ by 
letting 𝑐௜, 𝑠௜ vary by a Gaussian of their 
given uncertainty.

Width of variation due to BESIII uncertainty is 55% the previous measurement.

We are still statistically limited with 3 fb-1.
Future measurements with 10 fb-1 and 20 fb-1 reduce the uncertainty to 33% and 27% 
the CLEO-c measurement, respectively. 

𝜙ଷ

BESIII :    RMS 2.165
CLEO-c :  RMS 3.927
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Summary	:	Charmed	baryon
- We	are	star]ng	to;	
‣ 	see	precision	measurements	in	Λc	decays	
‣ 	fill	the	unknown	charts	in	the	PDG	
‣ 	observe	doubly	Cabibbo-suppressed	decays.	

- B	factories	and	BESIII	will	collect	more	data	in	the	near	future. 
Soon,	we	should	be	able	to;	
‣ hopefully	the	agreement	in	BF(Λc+	➝	p	K+	π-)	would	be	
improved	
‣ push	the	precisions	to	the	level	as	we	have	in	D/DS	
‣ and	certainly	start	to	improve	the	limit	(or	discovery)	on	the	
forbidden	or	rare	decays.

28
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Summary	:	Charmed	mesons
29

              

- The	large	ψ(3770)	sample	of	BESIII	allows	to	make	measurements	
with	improved	precisions,	such	as;	

‣ amplitude	analysis	of	D0	➝	K-	π+	π+	π-	

‣ the	first	observa]on	of	SCSD,	D	➝	ωπ	

‣ improved	BF(D0	➝	KS0	K+	K-)	

‣ as	well	as	resonance	parameters	of	the	ψ(3770)	state.	
- Quantum-correlated	D0DN 0	in	e+e-	annihila]ons	near	threshold  
provides	unique	inputs	to	the	CKM	angle	measurements,	  
such	ci	and	si.  
Could	we	see	similar	results	based	on	‘D0DN 0γ’	(C=+1	state)	in	the	
future?	
- As	BESIII	is	accumula]ng	‘DS’	data	around	Ecm	~	4180	MeV, 
(the	goal	is	to	collect	3	f-1),	  
expect	new	results	on	DS	decays	in	the	near	future.


