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QCD	and	confinement		
From	about	10−6	s	on,	all	quark	and	anA-quark	
became	confined	inside	the	hadron	ma[ers.		
Only	proton	and	neutron	remained	a]er	about	
1	second.			
	
No	ma[er	how	hard	one	strikes	the	proton,		
One	cannot	liberate	an	individual	quark/gluon	
	
InteracAon	between	quarks	unknown		
throughout	98%	of	the	hadron	volume				
 

How	does	QCD	give	rise	to	hadrons?			
What’s	the	role	of	gluon	inside	hadron?			
What	are	the	properAes	of	predicted	states	beyond	the		
quark-anA-quark		systems	(hybrid,	glueball,	mulA-quark	states…)		
	
 
Need	to	map	out	spectrum,	new	states	in	experiments	and	theory		
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QCD	and	the	origin	of	mass	

How	does	the	rest	of	the	proton	mass	arise?		
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Probe	micro	structures	

Two methods 
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Deep	inelasAc	experiments	

Jerome I. Friedman et al ，1990 Nobel 

Nuclear atom 

Proton/neutron 

quarks 

MIT:  
Friedman, Jerome 
Kendall, Henry 
SLAC 
Taylor, Richard E.,  
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ConsAtuent	Quark	Model	
In	1964	the	model	was	proposed	independently	by	Gell-Mann	and	Zweig.		
Three	fundamental	building	blocks	1960’s	(p,n,λ)	⇒	1970’s	(u,d,s)	

Mesons are bound states of quark and antiquark:  

Baryons are bound states of 3 quarks:  
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Successful	of	Quarks	

Google	search	by	Steve	Olsen:		
Quark:																			32,800,000	results	(0.38	seconds)	
Pope	BeneDict:			58,400,000	results	(0.32	seconds)		

Quark	is	probably	the	most	well	known	parAcle	physics	quanAty		
among	general	public.		
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Light mesons come from nonets 
Following SU(3), the nine possible qq’bar combinations containing u, d, s light 
 quarks are grouped into an octet and a singlet  

S=0, L=0 S=1, L=0 
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P-wave meson nonets above 1.0 GeV  

Spin-triplets  

Spin-singlets  

Scalar Axial-vector  Tensor 

S=1, L=1 

S=0, L=1 
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Baryons come into octets & decuplets from SU(3)  
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PredicAon	of	Quark	model 

Predicted mass   
 mΩ = 1670 MeV 
Measurement:     
m Ω = 1672.45 ± 0.29 MeV 

Ω − (sss) 

1965:		the	Ω-	was	discovered	at	
the	Brookhaven	Lab	in	NY.	USA		
with	S=-3	&	M	=	1672	MeV,	

near	the	Gell-Mann-Okubo	predic.on	
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Ω-	 s-1/3	

s-1/3	
s-1/3	

 three s-quarks 
in the same 

quantum state 

Das ist verboten!! 
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The strong interaction “charge” of each quark comes in 3 
different varieties 

Y.	Nambu	
M.-Y.	Han	

 

s-1/3	

s-1/3	

s-1/3	

the 3 s-1/3 quarks in the 
Ω− have different strong 
charges (colors) & evade Pauli 

Ω-			

1 2 

3 

PRB,139,1006(1965) 
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QCD: real particles are color-singlets 
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Exotic color-free states 
Other possible “white” combinations of quarks and gluons  
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Scalar 0++ resonances at BES 

J/ψ radiative decays 

J/ψ hadronic decays 

σ  ,  κ,  f0(980),  f0(1370),  f0(1500) and f0(1710) 
 are well established in PDG.    

OZI suppressed decays 
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σ  and it’s pole  
0++ 2++ 

b1(1235)π background 

J/ψ→ωπ+π− 

BESII, PLB 598(2004)149 

ψʹ→π+π−J/ψ 

BESII PLB 645(2007)19 
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κ and it’s pole 

Neutral κ 

Charged κ 
BESII PLB693(2010)88 

 PLB698(2011)183 
κ+→Ksπ+ 

K*→Ksπ− 
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Signal of f0(980)à ππ, KK 
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Evidence for lightest scalar mesons 
1.  Lightest scalar meson nonets:  

2. Too many “light” scalar mesons, a puzzle:  
         f0(600), f0(980), f0(1370), f0(1500), f0(1710), f0(1790)… 

Which one is nr=0 state?  
S=1, L=1 

Scalar above 1 GeV:  
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Problem with qq assignment for the light scalar meson nonet   

Also:  
       1. Where are the light JP=1+ and 2++ partner nonets?  
       2. In qqbar meson nonets, the I=1 state (a0(980)), has no s quarks. 
       3. m(f0(980))=m(a0(980)) implies that mixing & small s quark content in f0(980) and  
           a0(980)  
       4. f0(980) and a0(980) are possible di-quark-anti-diquark bound states or loosely  
           bounded  meson-antimeson molecule states.   
            R.L. Jaffe PRD 15, 267 (1977),  J.D. Weinstein &N. Isgur  PRD 27, 588(1983)  
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Too	many	light	0++	scalar	in	J/ψ	decays!	
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What’s the nature of the light scalar? 
The structures of scalars are complicated!  
The isoscalar members couple to the vacuum of QCD and reflect its structure.  
The fact that there is not just one scalar, but many, may be echoed as GeV scales  
 give way to TeV and we learn, as the LHC has found Higgs scalar(s),  
 that break electroweak symmetry. 

Recent review: M. Schumacher arXiv:1403.7804 
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Mixing with a scalar glueball 
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For	detailed	review	see	BESIII	yellow	book	:			
	Physics	at	BES-III	,		D.	M.	Asner	et	al.		
	arXiv:0809.1869		
InternaAonal	Journal	of	Modern	Physics	A,	1-856,	(2009)		
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BESIII experiment 



Loca.on	of	IHEP 
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12	km	west	away		
from	Forbidden	city	 
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Satellite view of BEPCII /BESIII 

BESIII 
detector 

LINAC 

South 
1989-2004	BEPC		
			Lpeak	=	1×1031	/cm2/s	
	
2009-Now		BEPCII		
			Lpeak	=	1×1033	/cm2/s	
2004:	started	BEPCII/BESIII		
												construcAon	
2008:	test	run	
2009	-	now:	BESIII	physics	run				
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BEPCII storage rings 
Beam energy:  
     1.0-2.3 GeV 
Design Luminosity:  
     1×1033  cm-2s-1 

Optimum energy: 
     1.89 GeV 
Energy spread: 
     5.16 ×10-4 

No. of bunches: 
      93 
Bunch length: 
     1.5 cm 
Total current: 
      0.91 A 
Circumference： 
      240m 
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Energy range of BEPCII 
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BESIII	detector 
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Installation in 2008, data taking started in 2009.     
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MDC	and	TOF	installaAon 

Hai-Bo Li 
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EMC installation 

Hai-Bo Li 
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Be Beam-pipe installation 

Hai-Bo Li 
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BESIII moved to IP: precision < 1 mm 

Hai-Bo Li 
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First	collision	event	on	July	19,	2008	

Hai-Bo Li 
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Ψ(2S)èπ+π−J/ψ,		J/ψàμ+μ− Ψ(2S)èπ+π−J/ψ,		J/ψàe+e− 



MDC	design 
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MDC	performance	 
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dE/dx  
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TOF 
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TOF time resolution  

Bhabha@J/ψ 
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Barrel	TOF 

End-cap	TOF 



Particle identification from TOF 
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EMC 
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EMC	performance 
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BESIII	Collabora.on 
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Physics Programs at BESIII 

S (GeV ) BEPCII reaches here 

Light hadron:  
 Spectroscopy  
 Light hadron decays 
 Glueball & exotics 

Charmonium physics 
 Transitions  
 Decay dynamics  
 Charmonium states  
 XYZ states…  

Charm meson 
&charm baryon 
 Pure leptonic 
 Semileptonic  
 Hadronic decays  
 Neutral D mixing 
 Strong phase  
 Rare charm decays  

QCD&τ physics 
R values  
Cross-sections 
Transition form  
 factors  
Two-photon  
Tau-mass  
tau decay  

New Physics 
 Dark sector  
 Light Higgs 
 cLFV  
 BNV  
 Light particles  
 Forbidden  
 decays… 
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BESIII datasets  

Direct production of 1−− states studied with 
 world's largest scan dataset  
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 Results on light hadrons 
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Statistics limited, but we have a lot of more data ready.  
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Anomalous lineshape of f0(980) in J/ψ→γf0(980)π0 , f0àπ+π−  

Fitted mass:  
M = 989.9±0.4 MeV 
Γ = 9.5 ± 1.1 MeV 
The peak is midway 
 between 2mK0 and 2mK+mass 
 & width = 2(mK0-mK+)  
The width is so narrow! 
 about 2(mK0−mK+)=7.8 MeV!  
PDG2010:  
    Γ=40—100 MeV   

Preliminary 
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f0(980) π0 mass in J/ψ→γf0(980)π0,  f0(980)èππ 

f0(980)→π−π+	
f1/η	
3.7σ	

f1/η	
1.2σ	 f0(980)→π0π0	

η(1405) η(1405) 

BESIII:	PRL	108	(2012)	182001	

First	observaAon	of	
η(1405)→f0(980)π0	

(isospin-violaAng	decays)	
and	J/ψ→γf0(980)π0	
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4.2)%(17.9 
))980(a)1405((BR
))980(f)1405((BR 

0

0
0 ±≈

π→η
π→η

Comparison:  isospin breaking: η(1405)→f0(980)π0  
BESIII:	PRL	108	(2012)	182001	

In	general,		magnitude	of	isospin	violaAon	in	strong	decay	should	be		
less	than	1%	or	at	0.1%	level.		For	example:			

%9.0
)'(BR
)'(BR  ,

|P|
|P|102.0

)/J'(BR
)/J'(BR 0

3
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0

=
ηππ→η
πππ→η
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However:	
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ηʹ→3π	in	J/ψ→γπ+π−π0	
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Results in J/ψèγηη 

• 	f0(1710)	and	f0(2100)	are		
dominant	scalars	

• f0(1500)	exists	(8.2σ)	

• 	f2’(1525)	is	the	dominant	
tensor	

• 	f2(1810)	and	f2(2340)	exist		
(6.4	and	7.6σ)	

• 	No	evidence	for	fJ(2220)		

Phys. Rev. D. 87, 092009 (2013) 	



Results in J/ψèγϕϕ 
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arXiv:1602.01523 [hep-ex]   

Based	on	1.3	billion	J/ψ	data	set			
A	full	parAal	wave	analysis	is	done.	 

0-+ 

0++ 

2++ 

η(2225)	is	confirmed.	
η(2100)	and	X(2500)	
	are	firstly	observed.	 
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Decay	rate	of	pure	glueball	from	LQCD	

BR(J/ψèγG(0++))	=	3.8(9)×10−3	
Pure	scalar-glueball	rate	in	J/ψ	radiaAve	decays:		

Long-Cheng	Gui	et	al.		
PRL	110	(2013)	021601		

γf0(1710)	è	γηη	

Pure	Tensor-glueball	rate	in	J/ψ	radiaAve	decays:		

BR(J/ψèγ	G(2++))	=	1.1(2)×10−2	 Yi-Bo	Yang	et	al.		
PRL	111(2013)091601	Large	decay	rate	is	predicted!		

But	no	experimental	evidence!	

Need	more	experimental	informaAon!	
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Proton-antiproton threshold 
enhancement and 0−+ particles     
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Observation of pp mass threshold enhancement 
at BESII and BESIII 

Mpp-2mp (GeV) 

0 0.1 0.2 0.3 

  J /ψ →γ pp

BESII	

M=1859              MeV/c2 
 

Γ < 30 MeV/c2 (90% CL) 

 +3    +5 
-10  -25 

PRL 91 (2003) 022001 

J / ,J / ppψ π π ψ ψ γ+ −ʹ→ →

Chinese Physics C 34, 421 (2010) 

M=1861 +6 
-13

+7
-26 MeV/c2 

Γ < 38 MeV/c2 (90% CL) 

16-3-2	
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 PWA of J/ψ→γpp @ BESIII 

f0(2100) / f2(1910)  fixed to 
PDG. Sig. of X(ppbar) >>30σ 

BESIII: PRL 108, 112003 (2012) 

The	spin-parity	is	determined		
to	be	0−+:		6.8	σ	
The	final	state	interacAon	(FSI)	
	is	considered	in	the	PWA.	 

X(pp̄) :

⇥10�5
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 X(1835)	in	J/ψèγπ+π−ηʹ	at	BESII	

σ

= ± ±

Γ = ± ±

 (Stat. sig. ~ 7.7 ) :
 1833.7 6.1( ) 2.7( )

67.7 20.3(stat) 7.7(syst)MeV

BESII result
M stat syst MeV

PRL 95,262001(2005) 

BESII J/ψ→γπ+π−ηʹ	 

      ηʹ→ηπ+π− 
      ηʹ→γρ 

BESII: 58M  
J/ψ events, 
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X(1835) consistent with 
 0−+, but the others are  
not excluded 

 ConfirmaAon	of	X(1835)	in	J/ψèγπ+π−ηʹ	at	BESIII	

PRL 106, 072002(2011) 

f1(1510) 

two new resonances!  

BESIII: 225M  
J/ψ events, 
new structures! 
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What’s the nature of new structures? 
PRD73,014516(2006) Y.Chen et al 

0−+: 2560(35)(120) 
2++: 2390(30)(120) 

ü It is the first time resonant structures  
   are  observed in the 2.3 GeV/c2 region,  
 
   LQCD predicts that the lowest lying  
   pseudoscalar glueball: around 2.3 GeV/c2.  
 
 
   J/ψ-->γππη' decay is  a good channel  
   for finding 0-+ glueballs.  
 
ü Nature of X(2120)/X(2370)  
   pseudoscalar glueball ?  
  η/ηʹ excited states?  
 
 
  PRD82,074026,2010 J.F. Liu, G.J. Ding and M.L.Yan  

PRD83:114007,2011  (J.S. Yu, Z.-F. Sun, X. Liu, Q. zhao),  
 and more…  
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X(18??)	near	the	threshold	posiAon	of	proton-anAproton		

★  J/ψèγ (3(π+ π−))   X(1840) PRD 88,091502 (2013)  
○ J/ψèω (a0π)    X(1870)  PRL107, 182001  
▲ J/ψèγ (η’ππ)     X(1835)  PRL106, 072002  
■ J/ψèγ(ppbar)   X(pp) PRL108,112003  
┼ Jψèγ  (ωϕ)       X(1810)  PRD 87, 032008 

Are	they	the	same	parAcle?		
It	is	crucial	to	idenAfy	these		
observaAons.	



X(1835)	in	 
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J/ ! �KsKs⌘

M = 1844± 9(stat)+16
�25(syst) MeV/c2

� = 192+20
�17(stat)

+62
�43(syst) MeV/c2

B(J/ ! �X)B(X ! KsKs⌘) =

[3.31+0.33
�0.30(stat)

+1.96
�1.29(syst)]⇥ 10�5

X(1835):  m(KsKs)<1.1 GeV/c2 

PRL115, 091803 (2015) 



Short	summary	on	light	hadron 

• Many	scalar	resonances	below	and	above	1	
GeV	have	been	observed.			

• Many	structures	observed	near	the	proton-
an.proton	threshold.		

•  No	evidence	has	been	found:	glueball,	hybrid	
states,	…	exo.c	states		

•  Need	more	data	to	understand	these	
structures.		 
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Charmonium family 
c c 

n(2S+1)LJ 

J= total ang. mom. S= spin (0 or 1) 

n=radial q.n. L= S, P, D, … 

It is one of the simplest  
bound states of QCD.  
(like positronium or 
Hydrogen in QED) 

Open 
Charm 

Heavy	quarkonium:	progress,	puzzles,	and	opportuniAes		
Eur.	Phys.	J.	C	(2011)	71:	1534	
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ηc(1S) 
•  The lowest lying S-wave spin singlet charmonium, discovered in 

1980 by MARKII. Properties not well known. 
•  J/ψ radiative transition:   M ~ 2978.0MeV/c2,        Γ ~ 10MeV 
      γγ  process:            M = 2983.1±1.0 MeV/c2,   Γ = 31.3±1.9 MeV 
•  CLEOc found the distortion of the ηc line shape in ψ’ decays. 
•         hyperfine splitting M(J/ψ)-M(ηc(1S)) is the important exp. input to 

test LQCD, but is dominated by error on M(ηc(1S)). 

Mass width 

C.L.<0.0001 C.L.=0.0014 

cc

 γγ,  pp, B decays 
 ψ(1S, 2S)àγηc 
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  Possible interference has been taken into account 

KsKπ KKπ0 ππη 

KsK3π 2K2ππ0 3(ππ) 

ηC resonance parameters from ψʹ→γηC at BESIII 

mass:	2984.3±0.6stat±0.6sys	MeV/c2	
width:	32.0±1.2stat±1.0sys	MeV		

Phys.Rev.Le[.	108	(2012)	222002	
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Comparison	of	the	mass	and	width	for	ηc(1S)	

•  The	most	precise	measurement	
•  Be[er	agreement	with	LQCD	
					calculaAon.	

Hyperfine	spli}ng:		
ΔM(1S)	=	112.6	±	0.8	MeV	

BESIII	

La}ce	2012:	arXiv:1211.2253	
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Method for studying hc (1p1) 
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   ψ’àπ 0hc, hcàγηc , ηc exclusive decays 

Simultaneous	fit	to	π0	recoiling	mass	χ2/d.o.f.	=	32/46	
Mass		=		3525.31±0.11±0.14	MeV/c2	
Width	=		0.70±0.28±0.22	MeV/c2	
	

CLEOc	exclusive	results			
Mass	=3525.21±0.27±0.14	MeV/c2	
evts.		=136±14	

Summed distribution  

832±35 evts. 

CLEOc:	PRL	101	182003	(2008)	

BESIII:	PRD	86,	092009	(2012)	

					Hyperfine	mass	spli}ng	:		
									ΔMhf(1P)=	M(hc	)	-	<m(1	3PJ	)>	
									BESIII:	0.01±0.11±0.14	MeV/c2	
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First observation of ψʹàγηc(2S)@BESIII 

•  Observed	signal	in	KsK+π-+c.c.，found	evidence	in	K+K-π0	
			

•  First	measured	Br(ψʹ	→γηc(2S))=(6.8±1.1±4.5)	×10-4				
										PotenAal	model	expectaAon:		(0.1-6.2)×10-4						PRL	89	162002	(2002)	
													CLEOc:	<7.6×10-4																																																				PRD	81	052002	(2010)	

StaAsAcal	significance	>10	σ	 BESIII:  PRL109, 042003 (2012) 
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Phys.Rev.Lett. 115 (2015)011803 
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The	“XYZ”	Charmonium-like	states	
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Conventional Charmonium spectrum  
Predicted Higher ccbar :  
T. Barnes et al.    
Phys. Rev. D 72, 054026  
(2005)  
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Most of them from  
 B factories. 

BESIII, Belle, CLEO-c 

For a recent review:  
 arXiv:1601.02092 
 H.X. Chen et al.  
Published at  Physics Report 
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“XYZ”: Charmonium-like states 
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J/ψπ+π− 
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e+e−→ π+π−J/ψ events at BESIII 

•  Four charged tracks, two soft charged pions, and J/ψà l+l− 

J/ψ àe+e- J/ψ àµ+µ- 
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J/ψ signal 
BESIII:  PRL110, 252001 (2013) 

882±33 
J/ψ àµ+µ- 

595±28 
J/ψ àe+e- 
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 e+e−→ π+π−J/ψ cross section  
Belle:  PRL99, 182004 (2007) 

BaBar:  PRD86, 051102 (2012) 

BESIII: σ(e+e-→ π+π-J/ψ) 
        = (62.9±1.9±3.7) pb 
 agree with BaBar & Belle 
 with higher precision!  BESIII:  PRL110, 252001 (2013) 
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Dalitz plots and 1D projections 

101 

BESIII:  PRL110, 252001 (2013) 
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Is it real signal? 

102 

Ø  Is it from π+π-  S-waves,  σ, f0(980)?                                  NO 
Ø  Is it from π+π-  D-wave,  f2(1270)?                                      NO 
Ø  Are there two states (near 3.4 and 3.9 GeV)?                   NO 
Ø  Do we see it  in both J/ψèe+e-  and µ+µ-  ?                      YES 
Ø  The signal appears in both low and high π+π- mass ?       YES                                              
Ø  Statistic fluctuation ?                                                         NO 
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BESIII:  PRL110, 252001 (2013) 
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Belle ISR,  PRL 110, 252002 
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Neutral	Zc(3900)	in	e+e−àπ0π0J/ψ	 
M = 3894.8± 2.3± 3.2 MeV/c2

� = 29.6± 8.2± 8.2 MeV

PRL 115, 112003 (2015) 
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  e+e−èπ±(D*0D)++c.c. 

•  M = 3883.9±1.5±4.2 MeV; Γ = 24.8±3.3±11.0 MeV 
•  σ×B = 85.3±6.6±22.0 pb 

Assume Zc(3885) = Zc(3900) 

Large non-DD decays！ 
106 

BESIII: PRL,112,022001 
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Quantum number of Zc(3885) 

BESIII: PRL,112,022001 
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 Zc(4025) in e+e−àπ− (D*D*)++c.c. @4.26 GeV 

Fit	to	π±	recoil	mass	yields	401±47	Zc(4025)	events.					>10σ		
	The	pole	mass	and	with:		
M(Zc(4025))	=	4026.3±2.6±3.7	MeV;		Γ(Zc(4025))	=	24.8±5.7±7.7	MeV	

�������
��	��

��	���



���

��
�

�

±±=
→

→→
=

±+

±±+

∓

∓∓

	

	

πσ

ππσ ������
��	������ ��� ±±=→ ±+ ∓�πσ

108 

PRL	112,	132001(2014)			

ParAal	reconstrucAon	technique:		reconstruct	D+	from	D*+	decay,	bachelor	π−,		
and	at	least	one	so]	π0	from	D*	à	D0	π	or	D*+à	D+π0	decays	.		
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Cross-sections of e+e−→ π+π−hc(1P) 

Reconstruct	hcèγηc,		
ηc	16	exclusive	modes		
using	data	2.4/�		
at	different	energy	points.		

BESIII:PRL,111,242001 
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Puzzle of “Y(4260)” 

)%6.70.66(
))1()4260((
))1()4260((

±=
→Γ
→Γ

−+

−+

SY
PhY c

ψππ
ππ

S(hc(1P))	=	0		
S(J/ψ)	=	1	

Mechanism	of	π+π−hc	producAon	is	exoAc!			
Study	of	the	substructure	is	moAvated	!		

Spin-flip			No	spin-flip	

Process	with	spin-flip	of	heavy	quark	is	not	suppressed.	

Assuming	the	π+π−hc(1P)		is	from	Y(4260)	decay:		
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Discovery	of		e+e-→	π−Zc(4020)+à	π+	π-hc(1P)	

• Obvious structure near 4.2 GeV 
•  Indication of Zc(3900) state 
•  About 1500 hc events observed @4.23, 4.26 和 4.36 GeV 

111 

BESIII:PRL,111,242001 
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Discovery of Zc(4020)± 

Combing 4.23/4.26/4.36 
GeV data, 16 ηc decay 
modes  è significance  
8.9σ  
M(Zc(4020)) =  
      4022.9±0.8±2.7 MeV;  
Γ(Zc(4020)) =  
            7.9±2.7±2.6 MeV 

BESIII:PRL,111,242001 

σ(e+e-àπ+π-hc) : 
   8.7±1.9±2.8±1.4 pb  @ 4.230 GeV 
   7.4±1.7±2.1±1.2 pb  @ 4.260 GeV 
 10.3±2.3±3.1±1.6 pb  @ 4.360 GeV 

No significant  Zc(3900)  (2.1σ) 

112 



2016-03 Hai-Bo Li 113 

Observa.on	of	Zc(4025)0	in	e+e−à	π0π0	hc 

PRL,	113,	212002	(2014) 
M = 4023.9± 2.2± 3.8 MeV/c2

The	width	is	fixed	to	the	value	of	charged	state. 

Natural of isospin  
 partner, ZC

0(4020) 
 observed.  



e+e� ! ⇡±Z⌥
c (3900)(

p
s = 4.23� 4.26GeV )
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PRL 115, 222002 (2015) 

PRL 115, 112003 (2015) 



e+e� ! ⇡±Z⌥
c (4025)(

p
s = 4.23� 4.26GeV )
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e+e� ! ⇡+(D⇤D̄⇤)� + c.c. e+e� ! ⇡0(D⇤D̄⇤)0

PRL	115,	182002	(2015) 
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What are the Z states 
With	electric	charge	thus	has	two	more	light	quarks!	è	Nquark	≥	4	!			
Clear		signature	of	exoAc	state	
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What’s X(3872)? 
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Nature of X(3872) 
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X(3872) at BESIII: e+e- àγX(3872)  

Sum of these energy points 
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Discovery of e+e- àγX(3872) 

The	ψ’	signal	is	used	to	do	the	calibra.on	and	resolu.on	studies:		
N=1818;		ΔM=0.34±0.04	MeV;	ΔσM=1.14	±0.07	MeV	

N(X(3872))		=		20.1±4.5														6.3σ		
M(X(3872))	=	3871.9±0.7±0.2	MeV				[PDG:	3871.68	±0.17	MeV]	

BESIII: PRL112,092001 

120 
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Indication of Y(4260)àγX(3872) 
BESIII: 1310.4101 

          
] J/ψππB[Y(4260)

γX(3872)]B[Y(4260)
5%J/ψππB[X(3872)  takeand  Y(4260), from all Assuming

102.2)(5.7
J/ψππee

J/ψπγπγX(3872)ee 3

%11

]

)(

)(

=
→

→

=→

×±=
→

→→

−+

−+

−

−+−+

−+−+

σ
σ
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“XYZ” at LHC: observation of X(3872)  at CMS 

In addition to the discovery channel Bà X(3872)K(*), X(3872) is  
observed in pp and ppbar collisions at LHC(CMS and LHCb) and  
Tevetron.   

Inclusive production 

Inclusive production: pp à π+π− J/ψ + anything: 10<pT<50 GeV & |y|<1.2  

CMS: JHEP 1304(2013)154; LHCb, EPJC 72 (2011)1972 
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XYZ at LHC 
Advantage:   
ü    High statistics, B decay events,  
       LHCb identified spin-parity of X(3872):  1++, PRL 110, 222001 (2013)  

       Confirmations of Zc(4430):   LHCb PRL112, 222002 (2014)  
       Confirmation of X(4140) and observation of X(4300):  LHCb, CMS PLB734(2014)261  
ü   Inclusive productions (X(3872)), LHCb, CMS   
ü   Access differential cross-sections of prompt X productions  
Disadvantage:  
ü   High backgrounds and large combinatorial background 
ü   Hard to probe the XYZ states correlated with e+e- production 

processes, like Y(4260), Y(4360), Y(4660), and related Zc states   
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Summary  
BESIII	providing	exci.ng	data	on	light	hadron	and	charmonia		

l The	light	scalar	in	QCD	plays	an	important	ruleà	hadron	mass	
l The	spin-parity	of	the	ppbar	mass	threshold	enhancement	in	J/
ψàγ	ppbar	was	first	determined	as	0−+.	

l Two	new	structures	above	2.0	GeV	observed	in	J/ψ→γηʹπ+π−	
decays		

l The	first	observa.on	of	ηc(2S)	in	ψʹ→γηc(2S)	decay.		
l Precision	measurements	of	ηC(1S)	parameters	in	ψʹ→γηc(1S).		
l XYZ	states	at	BESIII	are	just	at	start	point		
l  	Many	others	are	not	presented	here…		D/Ds/Λc/tau/…	

More than 120 papers published since 2009,  
160 Ph.D theses during last 10 years.   



Thanks	
You	are	welcome	to	join	BESIII	Collabora.on! 
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Back up slides 
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A list I did not cover at BESIII 

•  Precise τ mass measurement  
•  Collins asymmetry 
•  π+π− form factor and Nucleon Form 

factor 
•  Light hadron physics 
•  Charmounium spectroscopy: XYZ  
•  Charm meson and charm baryon 
•  New physics at low energy  
15-11-5 Hai-Bo Li 127 



Precise τ mass measurements 
ü  τ mass is a fundamental parameter in SM. 
ü  For the threshold scan method, precise  
      determinations of the beam energy and 
      energy spread are extremely important!  
      Beam energy measurement: 2×10−5 

ü   Data set:  29 pb-1 in 10 days 
   

Laser photons backscattered  
on beam particle. 15-11-5 Hai-Bo Li 128 



Collins effects 
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Collins effects 
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Jaffe-Ji 1990 



Collins effects at e+e− annihilations 
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Reference frame 
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Collins effects in e+e-àπ+π-X @Q2=13GeV2 

15-11-5 Hai-Bo Li 133 

e+e� ! ⇡+⇡�X@
p
s = 3.65GeV (65bp�1)



Collins effects in e+e-àπ+π-X @BESIII 
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u First time confirmed at an e+e- 
collider other than B-factories 

u Comparisons will test the 
universality and provide 
information on evolution  



Asymmetry comparisons in RF0  
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(g-2)µ and Hadronic vacuum polarization  

Difference: experiment — SM 

aµ 
exp  –  aµ 

SM = (26.1 ± 8.0) × 10 
–10 

     Æ  3.3 ”standard deviations“ (e+e–) 

     Æ  2.4 ”standard deviations“ (τ) 

-700 -600 -500 -400 -300 -200 -100 0

a!  –  a!    exp " 10–11

BN
L-E821 2004

JN 09 (e+e–-based)

DHMZ 10 (�-based)

DHMZ 10 (e+e–)

HLMNT 11 (e+e–)

BNL-E821 (world average)

–299 # 65

–195 # 54

–287 # 49

–261 # 49

0 # 63
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Hadronic vacuum polarization and g-2 

  

aµ
had,LO =

α 2

3π 2 ds
4mπ

2

∞

∫
K(s)

s
R(s)
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Comparison of e+e- à π+π- in ρ region  

Further check from BESIII.    
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Cross section e+e− àπ+π−	with ISR 

3.9 fb−1 data at ψ(3770) 
 

<1.0% 

arXiv:1507.08188 
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π+π−	Form Factor (Gounaris-Sakurai Parameterization)  
 

arXiv:1507.08188 

Comparison: BESIII and KLOE  Comparison: BESIII and BABAR 
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Contribution to aµ
ππ,LO 
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Baryon FFs with time-like data  
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Proton FFs from 2012 test run 
Phys. Rev. D 91, 112004 (2015) 
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Prospect: proton FFs with 2015 data 
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Cross-section and FFs 

eΛ ( )

e+e� ! ⇤⇤̄

Threshold enhancement ? 
Will be updated with more data.   

e+e� ! ⇤⌃̄0 + c.c.,⌃0⌃̄0,⌃+⌃̄�...
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Meson transition form-factors Pàγ*γ* 

15-11-5 146 Hai-Bo Li 



Existing data on SL transition form-factors 
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BESIII sensitivity for  e+e� ! e+e�⇡0
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 Light hadron physics—η/η’  decays 
η/η’:	lightest	pseudoscalar	nonet		
ü  Test	fundamental	symmetries	in	QCD	at	low	energy		
ü  Probe	physics	beyond	the	Standard	Model	(SM)		
ü  BESIII	data:	η:	1.4×106	;	:η’:		6.8	×106,			
ü  Background	free	from	J/ψ	decays 
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η’→π+π-η                              PRD83,012003 (2011) 
η/η’→π+π-,π0π0                             PRD83, 032006 (2011) 
η’→π+π- π0, π0π0π0                    PRL108, 182001(2012) 
η/η’→ invisible                    PRD87, 012009(2013)  
η/η’→ π+eν                           PRD87, 032006(2013) 
η’→3(π+π-)                            PRD88, 091502(2013)  
η’→2(π+π-), π+π-π0π0                PRL112,251801(2014) 
η’→γe+e-                                               PRD92,012001(2015)   
η→π+π- π0, η/η �→ π0π0π0   PRD92,012014(2015)  
η’→ωe+e-                                               PRD92,051101(2015)   
η’→γγπ0 (preliminary)        being submitted to PRL 
η’→γπ+π- (Preliminary)       being submitted to PRD 
η’→K+π-                                                  Being submitted to PRD  
η’→ π+π- π0, π0π0π0             Being submitted PRL 

14 drafts:  
10 published  
 4 ready for publication 
A few analyses under  
internal review .    

Branching fractions 
Differential rates 
TFF 



Example  η  ́àγe+e−  
ü  Probe inner structure  
ü  Measure Transition FF 

PRD92,012001(2015)  
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Example  η  ́àγe+e−  
PRD92,012001(2015)  
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Example η  ́à 2(π+π-),π+π-π0π0  

15-11-5 Hai-Bo Li 152 



Light hadron -- Baryon 
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Summary  
•  High statistics samples at BESIII provide opportunities for 

hadron spectroscopy  
•  Hadron physics is more than spectroscopy and decays :  

TFFs, Nucleon Form factors, Collins effects, …  
•  Huge data also provide test of SM in low energy.  
  
  I have no time to mention the following :   
•  Precise R value (<3%) between 2.0-4.6 GeV  
•  Charm meson and charm baryon at threshold are unique 
•  Probe New Physics: cLFV, LNV, invisible decays, Dark 

photon, light CP-odd Higgs …   
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BESIII: D+ ! µ+⌫µ
PRD 89, 051104(R) (2014) (2.92 fb�1 data taken at 3.773 GeV)

Method: e+e� !  (3770) ! D+D�

-
e+

�
e�"!

# 
 (3770)

{D�

{
D+

�
�✓

⇥
⇥⇥�

⇡� ⇡�

⇣⇣⇣1K+

��⇡
µ+

�
�↵ ⌫µ

Tag

Signal

K⇡⇡ KS⇡ KSK

KK⇡ K⇡⇡⇡0 ⇡⇡⇡

KS⇡⇡
0 K4⇡ KS⇡⇡⇡

(1.703± 0.003)⇥ 106 D� tags were reconstructed in 9 hadronic modes

In signal side, required only one charged track which was positively identified
as µ+ with muon chamber measurements

By examining M2

miss

= (E
beam

�Eµ+)2� (~pD̄
tag

� ~pµ+)2 to select D+ ! µ+⌫µ
decays

Gang RONG (IHEP) Leptonic D Decays CKM2014 9 / 47

Gang Rong CKM2014 
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            BESIII results:  BESIII: D+ ! µ+⌫µ
PRD 89, 051104(R) (2014) (2.92 fb�1 data taken at 3.773 GeV)

There are 451 candidate D+ !
µ+⌫µ events in the |M2

miss

| < 0.12
GeV2/c4 signal region

After subtracting 42.0 ± 2.3 back-
ground events, 409.0 ± 21.2 D+ !
µ+⌫µ events retained in signal region

Results

B(D+ ! µ+⌫µ) = (3.71± 0.19± 0.06)⇥ 10�4

fD+ = (203.2± 5.3± 1.8) MeV

|Vcd | = 0.2210± 0.0058± 0.0047

Gang RONG (IHEP) Leptonic D Decays CKM2014 10 / 47

CLEO-c: D+ ! µ+⌫µ
PRD 78, 052003 (2008) (818 pb�1 data taken at 3.773 GeV)

µ+⌫

K0
L⇡

+

Results
1 Fix the ⌧+⌫ contribution relative to the µ+⌫ in the fit to MM2 distribution:

149.7± 12.0 µ+⌫ events and 25.8 ⌧+⌫, ⌧+ ! ⇡+⌫̄ events were obtained
B(D+ ! µ+⌫µ) = (3.82± 0.32± 0.09)⇥ 10�4

fD+ = (205.8± 8.5± 2.5) MeV

2 Free the ⌧+⌫ contribution relative to the µ+⌫ in the fit to MM2 distribution:
153.9± 13.5 µ+⌫ events and 13.5± 15.3 ⌧+⌫, ⌧+ ! ⇡+⌫̄ events were obtained
B(D+ ! µ+⌫µ) = (3.93± 0.35± 0.09)⇥ 10�4

fD+ = (207.6± 9.3± 2.5) MeV

Gang RONG (IHEP) Leptonic D Decays CKM2014 8 / 47

D+ ! µ+⌫

CLEO-c results: 818 pb-1:  
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BESIII, PRD89, 051104(R), 2014  



Comparison of Form Factors

0.6 0.65 0.7 0.75 0.8 0.85 0.9

f D!K
+ (q2 = 0)

HPQCD (2010) ⇤0.747 ± 0.011 ± 0.015

Fermilab/MILC (2005) �
0.73 ± 0.03 ± 0.07

Sum Rules (2009) ⌃0.75+0.11
�0.08

CLEO-c (2009) �0.739 ± 0.007 ± 0.005 ± 0.000

Belle (2006) •0.695 ± 0.007 ± 0.022

BaBar (2007) ⇧0.727 ± 0.007 ± 0.005 ± 0.007

BESIII (2014)
Based on preliminary result

?0.7368 ± 0.0026 ± 0.0036

Theory:

Experiment:

0.5 0.55 0.6 0.65 0.7 0.75 0.8

f D!⇡
+ (q2 = 0)

(2011)⇤0.666 ± 0.020 ± 0.021

Fermilab/MILC (2005) �
0.64 ± 0.03 ± 0.06

⌃0.67+0.10
�0.07

�
0.666 ± 0.019 ± 0.004 ± 0.003

•
0.624 ± 0.020 ± 0.030

(2014)
Preliminary

⇧
0.610 ± 0.017 ± 0.010 ± 0.005

?
0.6372 ± 0.0080 ± 0.0045

The averages of these four determined form factors are

f D!K
+ (0) = 0.735± 0.004 and f D!⇡

+ (0) = 0.637± 0.008.

The BSIII made the best precise determinations of these two form factors.

Gang RONG (IHEP) Leptonic D Decays CKM2014 33 / 47

Gang Rong CKM2014 
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Extraction of |Vcd | and |Vcs |
Leptonic D+ and D+

s Decays

�(D+
(s) ! `+⌫`) =

G 2
F f

2
D+

(s)

8⇡
|Vcd(s)|2m2

`mD(s)

 
1� m2

`

m2
D(s)

!2

Input fD+ = (209.2± 3.3) MeV and fD+
s
= (248.6± 2.7) MeV from the Flavor

Lattice Averaging Group
Directly determine |Vcd | and |Vcs |

Semileptoinc D0 and D+ Decays

d�(D ! ⇡(K )e+⌫e)

dq2
= X

G 2
F

24⇡3
|Vcd(s)|2p3|f

D!⇡(K)
+ (q2)|2

Input f D!⇡
+ (0) = 0.666 ± 0.029 and f D!K

+ (0) = 0.747 ± 0.019 from lattice
QCD calculations
Directly determine |Vcd | and |Vcs |

Extract |V
cd

| and |V
cs

| with measured branching fraction or the product of
|V

cd(s)| and f (f is decay constant or form factor) in conjunction with
Masses and leftimes of D mesons and leptons given in PDG2013
Newly updated decay constants and form factors calculated in LQCD

Gang RONG (IHEP) Leptonic D Decays CKM2014 34 / 47

Gang Rong CKM2014 
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Extraction of |Vcd|

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

|Vcd |

CLEO-c (2008) 4

BESIII (2014) �

Average •

CLEO-c (2009) 4

Based on BESIII preliminary result �

BaBar (2014) Preliminary ⇧

Average •

D+ ! µ+⌫µ

D ! ⇡e+⌫e

0.222± 0.009± 0.004

0.219± 0.006± 0.004

0.219± 0.005± 0.004

0.225± 0.006± 0.010

0.213± 0.004± 0.009

0.206± 0.007± 0.009

0.215± 0.003± 0.009

Average of these determined |V
cd

| from leptonic and semileptonic decays
,! |Vcd | = 0.218± 0.005

Gang RONG (IHEP) Leptonic D Decays CKM2014 35 / 47
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Extraction of |Vcs|

0.7 0.8 0.9 1.0 1.1 1.2 1.3

|Vcs |

CLEO-c (2009) 4

Belle (2013) •

BaBar (2010) ⇧

Average •

CLEO-c (2009) 4

Belle (2013) •

BaBar (2010) ⇧

Average •

CLEO-c (2009) 4

Based on BESIII preliminary result �

BaBar (2007) ⇧

Average •

D+
s ! µ+⌫µ

D+
s ! ⌧+⌫⌧

D ! Ke+⌫e

1.009± 0.040± 0.020

0.978± 0.026± 0.022

1.041± 0.033± 0.032

1.001± 0.022± 0.013

1.015± 0.030± 0.018

1.025± 0.019± 0.031

0.960± 0.034± 0.049

1.011± 0.022± 0.013

0.963± 0.010± 0.024

0.963± 0.007± 0.024

0.946± 0.015± 0.024

0.961± 0.005± 0.024

Average of the determinations from leptonic and semileptonic decays
,! |Vcs | = 0.987± 0.016

Gang RONG (IHEP) Leptonic D Decays CKM2014 36 / 47
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Reaches for rare charm decays? 

10−15 

10−14 

10−13 

10−12 

10−11 

10−10 

10−9 

10−8 

10−7 

10−6 

10−5 

10−4 

10−3 

10−2 

10−1 

10−0 

Cabibbo favor 

Single Cabibbo suppressed 

Doubly Cabibbo suppressed 

Radiative decays 

Long distance: 
Vector Meson Dominance 

Short distance FCNC 

Forbidden decays: LNV, LFV, BNV 

D0 → K
*0
γ /φγ / ργ /ωγ

D+ → K *+γ / ρ+γ DS
+ → K *+γ / ρ+γ

D0 → γγ /VV '(→ ll) / hV (→ ll) / hh 'V (→ ll)

D0 /D+ → γγ /Vl+l− / hl+l− / hh 'l+l−

D0 → µ+µ−

D0 → e+e−

D→ (h)µ+e−

D→ (hh)e+e+ / (hh)µ+µ+

BESIII 
BESIII final/B factory 

LHCb 
Super-B 
Super-τ-charm 

 SM predictions and experimental reaches 

CLEO-c 
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Threshold production of charm with 
Decays into coherent pair of D mesons:    

e+e� !  (3770)

 (3770) ! [D0D̄0 � D̄0D0]/
p
2

= �[DCP+DCP� �DCP�DCP+]/
p
2

DCP± = [D0 ± D̄0]/
p
2

Measure various combinations of rates with single tag and double tag,  
access phase and amplitudes.    

Time-integrated decay rates

8

Selected references: 
Goldhaber and Rosner, PRD 15, 1254 (1977) 
 Bigi and Sanda, PLB 171, 320 (1986) 
 Xing, PRD 55, 196 (1997) 
 Gronau, Grossman, Rosner, PLB 508, 37 (2001) 
 Atwood and Petrov, PRD 71, 054032 (2005) 
 Asner and Sun, PRD 73, 034024 (2006);PRD 77, 
019901(E) (2008)

 

1 + rf2 + rf zf y 2 ( 1 ∓ y )

zf = 2cos�f , rf =
AD̄0!f

AD0!f
, RM ⇡=

x

2 + y

2

2
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Sep 2014! Briere / CKM 2014! 11!

   K-π+π0 , K-π+π+π-          818 pb-1                PLB 731, 197 (2014)!
 [ CLEO-c data analyzed by past members, after collaboration disbanded ]!

CLEO-c “Legacy” Result!

Dataset :   2.92 fb-1   2010 - 11  ( 1 ⅔ years )      !  3.5x  CLEO-c!
Future ability :     ~ 4 fb-1 / running year          [ note: L2011 >> L2010 ]      !
!
                       K-π+                                   2.92 fb-1                PLB 734, 227 (2014)!

                       KSπ+π-                     2.92 fb-1                Preliminary @ APS, Apr 2014!

                       yCP                          2.92 fb-1                Preliminary; will submit soon!
                                     [ yCP : see slides by X.R. Lyu; talk running in parallel now ! ]!

BESIII Results!
Today’s Main Topics!

  

Sep 2014! Briere / CKM 2014! 11!

   K-π+π0 , K-π+π+π-          818 pb-1                PLB 731, 197 (2014)!
 [ CLEO-c data analyzed by past members, after collaboration disbanded ]!

CLEO-c “Legacy” Result!

Dataset :   2.92 fb-1   2010 - 11  ( 1 ⅔ years )      !  3.5x  CLEO-c!
Future ability :     ~ 4 fb-1 / running year          [ note: L2011 >> L2010 ]      !
!
                       K-π+                                   2.92 fb-1                PLB 734, 227 (2014)!

                       KSπ+π-                     2.92 fb-1                Preliminary @ APS, Apr 2014!

                       yCP                          2.92 fb-1                Preliminary; will submit soon!
                                     [ yCP : see slides by X.R. Lyu; talk running in parallel now ! ]!

BESIII Results!
Today’s Main Topics!

  

à10 fb-1 data at ψ(3770) peak 
    with 0.7×1033 cm-2s-1 lum. 
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Using external inputs for rKπ , RWS, y,  we extract : !
    cos δKπ =  1.02 ± 0.11± 0.06 ± 0.01!

* HFAG can use this, I believe: they now omit final δKπ due to external inputs …   
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We study D0 D0 pairs produced in e+e− collisions at √s = 3.773 GeV using a data sample of 2.92 fb−1

collected with the BESIII detector. We measured the asymmetry ACP
Kπ of the branching fractions of D →

K −π+ in CP-odd and CP-even eigenstates to be (12.7 ± 1.3 ± 0.7) × 10−2. ACP
Kπ can be used to extract 

the strong phase difference δKπ between the doubly Cabibbo-suppressed process D0 → K −π+ and the 
Cabibbo-favored process D0 → K −π+. Using world-average values of external parameters, we obtain 
cos δKπ = 1.02 ±0.11 ±0.06 ±0.01. Here, the first and second uncertainties are statistical and systematic, 
respectively, while the third uncertainty arises from the external parameters. This is the most precise 
measurement of δKπ to date.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

Within the Standard Model, the short-distance contribution to 
D0–D0 oscillations is highly suppressed by the GIM mechanism [1]
and by the magnitude of the CKM matrix elements [2] involved. 
However, long distance effects, which cannot be reliably calculated, 
will also affect the size of mixing. Studies of D0–D0 oscillation 
provide knowledge of the size of these long-distance effects and, 
given improved calculations, can contribute to searches for new 
physics [3]. In addition, improved constraints on charm mixing are 
important for studies of CP violation (CPV) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 − M2

Γ1 + Γ2
y = Γ1 − Γ2

Γ1 + Γ2
,

where M1,2 and Γ1,2 are the masses and widths of the two mass 
eigenstates in the D0-D0 system. The most precise determina-
tion of the mixing parameters comes from the measurement of 
the time-dependent decay rate of the wrong-sign process D0 →
K +π− . These analyses are sensitive to y′ ≡ y cos δKπ − x sin δKπ

and x′ ≡ x cos δKπ + y sin δKπ [4], where δKπ is the strong phase 
difference between the doubly Cabibbo-suppressed (DCS) ampli-
tude for D0 → K −π+ and the corresponding Cabibbo-favored (CF) 
amplitude for D0 → K −π+ . In particular,

⟨K −π+|D0⟩
⟨K −π+|D0⟩ = −re−iδKπ , (1)

where

r =
!!!!
⟨K −π+|D0⟩
⟨K −π+|D0⟩

!!!!.

Knowledge of δKπ is important for extracting x and y from x′

and y′ . In addition, a more accurate δKπ contributes to preci-
sion determinations of the CKM unitarity angle φ3

6 via the ADS 
method [5].

Using quantum-correlated techniques, δKπ can be accessed in 
the mass-threshold production process e+e− → D0 D0 [6]. In this 
process, D0 and D0 are in a C-odd quantum-coherent state where 
the two mesons necessarily have opposite CP eigenvalues [3]. Thus, 
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threshold production provides a unique way to identify the CP of 
one neutral D by probing the decay of the partner D . Because CPV
in D decays is very small compared with the mixing parameters, 
we will assume no CPV in our analysis. In this paper, we often 
refer to K −π+ only for simplicity, but charge-conjugate modes are 
always implied when appropriate.

We denote the asymmetry of CP-tagged D decay rates to K −π+

as

ACP
Kπ ≡ BD S−→K −π+ − BD S+→K −π+

BD S−→K −π+ + BD S+→K −π+
, (2)

where S+ (S−) denotes the CP-even (CP-odd) eigenstate. To low-
est order in the mixing parameters, we have the relation [7,8]

2r cos δKπ + y = (1 + RWS) · ACP
Kπ , (3)

where RWS is the decay rate ratio of the wrong sign process 
D0 → K −π+ (including the DCS decay and D mixing followed by 
the CF decay) and the right sign process D0 → K −π+ (i.e., the 
CF decay). Here, D0 or D0 refers to the state at production. Using 
external values for the parameters r, y, and RWS, we can extract 
δKπ from ACP→Kπ .

We use the D-tagging method [9] to obtain the branching frac-
tions BD S±→K −π+ as

BD S±→K −π+ = nK −π+,S±
nS±

· εS±
εK −π+,S±

. (4)

Here, nS± and εS± are yields and detection efficiencies of sin-
gle tags (ST) of S± final states, while nK −π+,S± and εK −π+,S±
are yields and efficiencies of double tags (DT) of (S±, K −π+) 
final states, respectively. Based on an 818 pb−1 data sample 
collected with the CLEO-c detector at 

√
s = 3.77 GeV and a 

more complex analysis technique, the CLEO Collaboration obtained
cos δKπ = 0.81+0.22+0.07

−0.18−0.05 [8]. Using a global fit method including 
external inputs for mixing parameters, CLEO obtained cos δKπ =
1.15+0.19+0.00

−0.17−0.08 [8].
In this paper, we present a measurement of δKπ , using the 

quantum correlated productions of D0–D0 mesons at√
s = 3.773 GeV in e+e− collisions with an integrated luminos-

ity of 2.92 fb−1 [10] collected with the BESIII detector [11].

2. The BESIII detector

The Beijing Spectrometer (BESIII) views e+e− collisions in the 
double-ring collider BEPCII. BESIII is a general-purpose detec-
tor [11] with 93% coverage of the full solid angle. From the interac-
tion point (IP) to the outside, BESIII is equipped with a main drift 
chamber (MDC) consisting of 43 layers of drift cells, a time-of-
flight (TOF) counter with double-layer scintillator in the barrel part 
and single-layer scintillator in the end-cap part, an electromagnetic 
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1. Introduction

Within the Standard Model, the short-distance contribution to 
D0–D0 oscillations is highly suppressed by the GIM mechanism [1]
and by the magnitude of the CKM matrix elements [2] involved. 
However, long distance effects, which cannot be reliably calculated, 
will also affect the size of mixing. Studies of D0–D0 oscillation 
provide knowledge of the size of these long-distance effects and, 
given improved calculations, can contribute to searches for new 
physics [3]. In addition, improved constraints on charm mixing are 
important for studies of CP violation (CPV) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 − M2

Γ1 + Γ2
y = Γ1 − Γ2

Γ1 + Γ2
,

where M1,2 and Γ1,2 are the masses and widths of the two mass 
eigenstates in the D0-D0 system. The most precise determina-
tion of the mixing parameters comes from the measurement of 
the time-dependent decay rate of the wrong-sign process D0 →
K +π− . These analyses are sensitive to y′ ≡ y cos δKπ − x sin δKπ

and x′ ≡ x cos δKπ + y sin δKπ [4], where δKπ is the strong phase 
difference between the doubly Cabibbo-suppressed (DCS) ampli-
tude for D0 → K −π+ and the corresponding Cabibbo-favored (CF) 
amplitude for D0 → K −π+ . In particular,

⟨K −π+|D0⟩
⟨K −π+|D0⟩ = −re−iδKπ , (1)

where

r =
!!!!
⟨K −π+|D0⟩
⟨K −π+|D0⟩

!!!!.

Knowledge of δKπ is important for extracting x and y from x′

and y′ . In addition, a more accurate δKπ contributes to preci-
sion determinations of the CKM unitarity angle φ3

6 via the ADS 
method [5].

Using quantum-correlated techniques, δKπ can be accessed in 
the mass-threshold production process e+e− → D0 D0 [6]. In this 
process, D0 and D0 are in a C-odd quantum-coherent state where 
the two mesons necessarily have opposite CP eigenvalues [3]. Thus, 
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threshold production provides a unique way to identify the CP of 
one neutral D by probing the decay of the partner D . Because CPV
in D decays is very small compared with the mixing parameters, 
we will assume no CPV in our analysis. In this paper, we often 
refer to K −π+ only for simplicity, but charge-conjugate modes are 
always implied when appropriate.

We denote the asymmetry of CP-tagged D decay rates to K −π+

as

ACP
Kπ ≡ BD S−→K −π+ − BD S+→K −π+

BD S−→K −π+ + BD S+→K −π+
, (2)

where S+ (S−) denotes the CP-even (CP-odd) eigenstate. To low-
est order in the mixing parameters, we have the relation [7,8]

2r cos δKπ + y = (1 + RWS) · ACP
Kπ , (3)

where RWS is the decay rate ratio of the wrong sign process 
D0 → K −π+ (including the DCS decay and D mixing followed by 
the CF decay) and the right sign process D0 → K −π+ (i.e., the 
CF decay). Here, D0 or D0 refers to the state at production. Using 
external values for the parameters r, y, and RWS, we can extract 
δKπ from ACP→Kπ .

We use the D-tagging method [9] to obtain the branching frac-
tions BD S±→K −π+ as

BD S±→K −π+ = nK −π+,S±
nS±

· εS±
εK −π+,S±

. (4)

Here, nS± and εS± are yields and detection efficiencies of sin-
gle tags (ST) of S± final states, while nK −π+,S± and εK −π+,S±
are yields and efficiencies of double tags (DT) of (S±, K −π+) 
final states, respectively. Based on an 818 pb−1 data sample 
collected with the CLEO-c detector at 

√
s = 3.77 GeV and a 

more complex analysis technique, the CLEO Collaboration obtained
cos δKπ = 0.81+0.22+0.07

−0.18−0.05 [8]. Using a global fit method including 
external inputs for mixing parameters, CLEO obtained cos δKπ =
1.15+0.19+0.00

−0.17−0.08 [8].
In this paper, we present a measurement of δKπ , using the 

quantum correlated productions of D0–D0 mesons at√
s = 3.773 GeV in e+e− collisions with an integrated luminos-

ity of 2.92 fb−1 [10] collected with the BESIII detector [11].

2. The BESIII detector

The Beijing Spectrometer (BESIII) views e+e− collisions in the 
double-ring collider BEPCII. BESIII is a general-purpose detec-
tor [11] with 93% coverage of the full solid angle. From the interac-
tion point (IP) to the outside, BESIII is equipped with a main drift 
chamber (MDC) consisting of 43 layers of drift cells, a time-of-
flight (TOF) counter with double-layer scintillator in the barrel part 
and single-layer scintillator in the end-cap part, an electromagnetic 

Direct result : *!
   ACP = ( 12.7  ± 1.3 ± 0.7 )%!

BESIII Collaboration / Physics Letters B 734 (2014) 227–233 229

a r t i c l e i n f o a b s t r a c t

Article history:
Received 18 April 2014
Received in revised form 16 May 2014
Accepted 23 May 2014
Available online 29 May 2014
Editor: L. Rolandi

Keywords:
BESIII
D0–D0 oscillation
Strong phase difference

We study D0 D0 pairs produced in e+e− collisions at √s = 3.773 GeV using a data sample of 2.92 fb−1

collected with the BESIII detector. We measured the asymmetry ACP
Kπ of the branching fractions of D →

K −π+ in CP-odd and CP-even eigenstates to be (12.7 ± 1.3 ± 0.7) × 10−2. ACP
Kπ can be used to extract 

the strong phase difference δKπ between the doubly Cabibbo-suppressed process D0 → K −π+ and the 
Cabibbo-favored process D0 → K −π+. Using world-average values of external parameters, we obtain 
cos δKπ = 1.02 ±0.11 ±0.06 ±0.01. Here, the first and second uncertainties are statistical and systematic, 
respectively, while the third uncertainty arises from the external parameters. This is the most precise 
measurement of δKπ to date.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

Within the Standard Model, the short-distance contribution to 
D0–D0 oscillations is highly suppressed by the GIM mechanism [1]
and by the magnitude of the CKM matrix elements [2] involved. 
However, long distance effects, which cannot be reliably calculated, 
will also affect the size of mixing. Studies of D0–D0 oscillation 
provide knowledge of the size of these long-distance effects and, 
given improved calculations, can contribute to searches for new 
physics [3]. In addition, improved constraints on charm mixing are 
important for studies of CP violation (CPV) in charm physics.

Charm mixing is described by two dimensionless parameters

x = 2
M1 − M2

Γ1 + Γ2
y = Γ1 − Γ2

Γ1 + Γ2
,

where M1,2 and Γ1,2 are the masses and widths of the two mass 
eigenstates in the D0-D0 system. The most precise determina-
tion of the mixing parameters comes from the measurement of 
the time-dependent decay rate of the wrong-sign process D0 →
K +π− . These analyses are sensitive to y′ ≡ y cos δKπ − x sin δKπ

and x′ ≡ x cos δKπ + y sin δKπ [4], where δKπ is the strong phase 
difference between the doubly Cabibbo-suppressed (DCS) ampli-
tude for D0 → K −π+ and the corresponding Cabibbo-favored (CF) 
amplitude for D0 → K −π+ . In particular,

⟨K −π+|D0⟩
⟨K −π+|D0⟩ = −re−iδKπ , (1)

where

r =
!!!!
⟨K −π+|D0⟩
⟨K −π+|D0⟩

!!!!.

Knowledge of δKπ is important for extracting x and y from x′

and y′ . In addition, a more accurate δKπ contributes to preci-
sion determinations of the CKM unitarity angle φ3

6 via the ADS 
method [5].

Using quantum-correlated techniques, δKπ can be accessed in 
the mass-threshold production process e+e− → D0 D0 [6]. In this 
process, D0 and D0 are in a C-odd quantum-coherent state where 
the two mesons necessarily have opposite CP eigenvalues [3]. Thus, 
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threshold production provides a unique way to identify the CP of 
one neutral D by probing the decay of the partner D . Because CPV
in D decays is very small compared with the mixing parameters, 
we will assume no CPV in our analysis. In this paper, we often 
refer to K −π+ only for simplicity, but charge-conjugate modes are 
always implied when appropriate.

We denote the asymmetry of CP-tagged D decay rates to K −π+

as

ACP
Kπ ≡ BD S−→K −π+ − BD S+→K −π+

BD S−→K −π+ + BD S+→K −π+
, (2)

where S+ (S−) denotes the CP-even (CP-odd) eigenstate. To low-
est order in the mixing parameters, we have the relation [7,8]

2r cos δKπ + y = (1 + RWS) · ACP
Kπ , (3)

where RWS is the decay rate ratio of the wrong sign process 
D0 → K −π+ (including the DCS decay and D mixing followed by 
the CF decay) and the right sign process D0 → K −π+ (i.e., the 
CF decay). Here, D0 or D0 refers to the state at production. Using 
external values for the parameters r, y, and RWS, we can extract 
δKπ from ACP→Kπ .

We use the D-tagging method [9] to obtain the branching frac-
tions BD S±→K −π+ as

BD S±→K −π+ = nK −π+,S±
nS±

· εS±
εK −π+,S±

. (4)

Here, nS± and εS± are yields and detection efficiencies of sin-
gle tags (ST) of S± final states, while nK −π+,S± and εK −π+,S±
are yields and efficiencies of double tags (DT) of (S±, K −π+) 
final states, respectively. Based on an 818 pb−1 data sample 
collected with the CLEO-c detector at 

√
s = 3.77 GeV and a 

more complex analysis technique, the CLEO Collaboration obtained
cos δKπ = 0.81+0.22+0.07

−0.18−0.05 [8]. Using a global fit method including 
external inputs for mixing parameters, CLEO obtained cos δKπ =
1.15+0.19+0.00

−0.17−0.08 [8].
In this paper, we present a measurement of δKπ , using the 

quantum correlated productions of D0–D0 mesons at√
s = 3.773 GeV in e+e− collisions with an integrated luminos-

ity of 2.92 fb−1 [10] collected with the BESIII detector [11].

2. The BESIII detector

The Beijing Spectrometer (BESIII) views e+e− collisions in the 
double-ring collider BEPCII. BESIII is a general-purpose detec-
tor [11] with 93% coverage of the full solid angle. From the interac-
tion point (IP) to the outside, BESIII is equipped with a main drift 
chamber (MDC) consisting of 43 layers of drift cells, a time-of-
flight (TOF) counter with double-layer scintillator in the barrel part 
and single-layer scintillator in the end-cap part, an electromagnetic 

     BESIII 2.9 fb-1!
PLB 734, 227 (2014)!

Compare to CLEO-c:!
   cos δKπ =  0.81 +0.22

-0.18 
+0.07

–0.06   ( no external inputs )!
   cos δKπ =  1.15 +0.19

-0.17 
+0.00

–0.08   ( w/ external inputs )!

Strong Phase δKπ!



Conclusion on charm physics  
Charm at threshold provides opportunities for both QCD and NP  
  BESIII found charged charmonium-like structure Zc(3900) …  
  BESIII will provide best measurements of decay constants and 
form    
  factors   
Unique access to strong phases & ability to extract!  
    model-independent results with charm at threshold!  
  • Started with many CLEO-c Results! 
  • Now, the 3.5x larger BESIII dataset is producing results!  
Interest of B physics users remains high!  
 • LHCb is a huge addition to older B-factory data! 
 • But e+e- will return soon with Belle-II! 
 • Important to keep active interaction between B & D  
Future prospects are bright!  
 • More precision, new modes, new variables !! 
 • Need to maintain threshold analysis manpower  
Concerns: Mixing results from BaBar in multi-body decays can be improved with relative 
phases near threshold?  Efficiencies on the Dalitz plots are different between thresholds and B 
decays, how to consider it?  Weak phase in D decays will affect the γ extractions …  
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