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Status	of	hadron	spectroscopy:	
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QCD	dilemma	

αs"

αs"      αs"

confinement 

asymptotic 
freedom 

weakly	coupled,	
pert.	theory		is	
applicable	

strongly	coupled,	
pert.	theory	does		
not	apply	



quarks	

mesons	

baryons	

no	useful	1st-principle	
relaDon	connects	these	

strongly	interacDng	parDcles	
of	the	Standard	Model	

strongly	interacDng	parDcles	
in	Nature		

gluons	

“psychological”	problem	
--	theory	is	divorced	from	reality	--	



“pracDcal”	problem			
–	long-distance	QCD	effects	limits	on		new	physics	searches	–		

QED:	11658472	x	10-10	

										(1.2	x	10-3)	
EW:	15.4	x	10-10	 LO+NLO	had:	682	x	10-10	 l-by-l	14	x	10-10	

had	data	

+	dispersion	relns	

δQED=±0.02	x	10-10	
δEW=±0.2	x	10-10	

δNLO=±4.6	x	10-10	

(g-2)μ	/2:	experimental	precision		δexp	=	±	6.3	x	10-10		

12,672	diagrams!	

δ	l-by-l	≈	±	3	x	10-10	
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QED:	11658472	x	10-10	

										(1.2	x	10-3)	
EW:	15.4	x	10-10	 LO+NLO	had:	682	x	10-10	 l-by-l	14	x	10-10	

had	data	

+	dispersion	relns	

δQED=±0.02	x	10-10	
δEW=±0.2	x	10-10	

δNLO=±4.6	x	10-10	

(g-2)μ	/2:	experimental	precision		δexp	=	±	6.3	x	10-10		

12,672	diagrams!	

δ	l-by-l	≈	±	3	x	10-10	

this will ultimately be 
the dominant SM error 
and larger than δexp 



A	beoer	understanding	of	long-
distance	QCD	is	essenDal		

We have something called a 
standard model, but its 

foundations are kind of scandalous. 
We have not known how to define 

an important part of it 
mathematically rigorously, ...  

Frank	Wilczek	

hop://www.edge.org/conversaDon/frank	wilczek-power-over-nature	



Possible	strategies	for	dealing	with	the	
“scandalous”	situaDon	

Theorists:   abandon old ideas, try to dream up new ones 

Experimenters:  try to identify previously unrecognized 
                             patterns in the data   
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π+π-	

X(3872)	



X(3872)	Mass	

3870.6 3870.8 3871 3871.2 3871.4 3871.6 3871.8 3872 3872.2 3872.4

BaBar

CDF

Belle

LHCb

New W.A.

)0)+M(D*0M(D

New W.A. 3871.62 +- 0.16 
X(3872) mass measurements

“B.E.”=3 ± 193 keV 

3871.61±0.16±0.19	MeV	

~6K	events	

~600	events	

3871.95±0.48±0.12	MeV	

CDF	PRL	1003	152001	

LHCb	EPJ	72	1972	

"	

MX(3872)	is	indisDnguishable	from	mD0	+	mD*0	

3871.69±0.09	MeV	

PDG14:	3871.69±0.12	



X(3872)	“Binding	Energy”	

the better it is measured, 
the closer it is to zero 

Is	this	a	“coincidence?...	
or	is	the	data	telling	us	something?	

MX(3872)	–	(mD0	+	mD*0)	



Thresholds	may	be	interesDng	



Look	at	light	baryon	thresholds	

baryon-anDbaryon:							
						2	S-wave	threshold	states:													 B	

B	

_	 B	
B	

_	
JPC=1--	 JPC=0-+	

e+e-	!	BB	 J/ψ	(ψ’)	!	γBB	_	 _	



0-+	pp	system	

p	
p	_	

JPC=0-+	

J/ψ	(ψ’)	!	γ  pp	_	

_	



J/ψ	!	γ	pp	at	BESII	_	
0.0	 0.1	 0.2	 0.3	

_	

BESII		PRL	91,	02001	(2003)	



J/ψ	!	γ	pp	at	BESIII		(PWA)	_	

BESIII		PRL	108,	112003	(2012)	

M=1832±5+19	±19	MeV	-17	

Γ=13±20+11	±4	MeV	-33	

JPC=0-+	

FSI	included:	A.	Sibirtsev	et	al,	PRD71,	054010	(2005)	



“protonium:”	a	pp	bound	state?		

!gluons	

!pp	_	S-wave annihilation 

“fall-apart” decays 

2mp	

“BE” 

G.J.	Ding	&	M.L.	Yan		Phys.	Rev.	C	72,	015208	
_	

pp	_	

pp	_	



X(1835)!π+π-η’		with	58M	J/ψ	decays	
(BESII)	

7.7σ 

BESII	PRL	95,	262001	(2005)	

BESII	observa;on	of	X(1835)	in		

� 

J ψ →γ π +π − ′ η 

� 

m = 1833.7 ± 6.8 MeV

58M	J/y	events	

X(1835)	
“BE”≈ 40 MeV 

2mp	



X(1835)!π+π-η’	with	225M	J/ψ	decays	
(BESIII)	

BESIII	observa;on	of	X(1835)	in		

2mp	 225M	J/y	events	

∞|1+cos2q| 
consistent with JPC=0-+ 

J/ψ	
θγ	

γ	

π+π-η’	

? 

BESIIi	PRL	106,	072002	(2011)	

� 

m = 1836.5 ± 6.3 MeV

X
(2

12
0)

 

? 
X
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X(1835)	



What are the new structures? 

PRD73,014516(2006)	Y.Chen	et	al	

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

#  first resonant structures observed 
----in the 2.3 GeV region: 

    -LQCD predicts that the lowest –lying           
-----pseudoscalar glueball: around 2.3 GeV 

     -J/ψ!η’π+π- is a good decay      
 channel-for finding 0-+ glueballs.  

#   X(2120)/X(2370) possibilities:  
     -pseudoscalar glueball ?  
    -η/η’ radial excitations?  

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)  

way above threshold, but narrow (Γ≈80 MeV)!! 



X(1835)!π+π-η’	with	1.1B	J/ψ	events	
(BESIII)	

1.1B	J/y	events	

2mp	
2mp	

BESIII	PRL	117,	042002	



Flaoe	formula	fit:	

Fit results: 

� 

gpp 
2

g0
2 = 2.31± 0.37

X coupling to pp 

X coupling to 
everything else 

_ 

‘	

S.M.	Flaoe	PLB	63,	224	(1976)	‘	

BESIII	PRL	117,	042002	



Two-resonance	fit	

2nd resonance (X(1870)): 
M2= 2mp - 6.3±3.2 MeV 
Γ2 = 13.0 ±6.7 MeV 

1st resonance (X(1835)): 
M1= 1825.3 ±2.4+17.3  MeV 
Γ1 = 245 ±16 MeV 

-2.4 

BESIII	PRL	117,	042002	



X(1835)!π+π-η’	with	1.1B	J/ψ	events	

1.1B	J/y	events	

2mp	
2mp	

BESIII	PRL	117,	042002	



X(1835)	in	other	channels	
(BESIII)	

BESIII	PRL	115,	091803	(2015)	
BESIII	PRD	88,	091502	(2013)	

2mp	
2mp	

� 

J ψ →γ 3(π +π −)

� 

J ψ →γ KS
0KS

0η

� 

m = 1842.2 ± 4.2−2.6
+7.1  MeV

� 

m = 1844 ± 9−25
+16  MeV

PWA:	JPC=0-+	

225M	J/y	events	

1.1B	J/y	events	



1-	-	baryon-anDbaryon	systems	

B	
B	

_	JPC=1--	



1-	-	baryon-anDbaryon	systems	

B	
B	

_	JPC=1--	

			Dme-like	
form-factors	

(complex)	
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e+e-	!	BB	



1-	-	baryon-anDbaryon	systems	

B	
B	

_	JPC=1--	

space-like	
	form	factors	

			Dme-like	
form-factors	
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e±N!e±N	
elasDc	scaoering	
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e+e-	!	BB	

(real)	

0	 4mB	
2	
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_
	



e+e-	!	pp,	nn	(ΛΛ) near	threshold	_	
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C	=	Coulomb	correcDon	
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effecDve	form	factor	
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e+e-	!	pp,	nn	(ΛΛ)		near	threshold	_	 _	 _	
mnn-2Mn	_	

mpp-2Mp	_	

_	pp	

B	

B	

	for	nn	(ΛΛ):	C=1

	
for	pp:	C= πα /β

1−exp(−πα /β) 		→
πα
β

Integrated	cross	secDon	
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PRD	87,	092005	

850	pb	

consistent	with	
|GM(2mp)|=1	

$	

|G
eff
(q

2 )
|	

σ p
p(
q2
)|
/p
b	

		

σ
pp
q2( )mpp

2

98.6	nb⋅βCm
p
2(1+1/2τ )

not	directly	measured	

σ(e+e-	!	pp)	threshold	data	
--from	BaBar,	using	iniDal-state-radiaDon--	

_	

σ(e+e-	!γisr	pp)	

_	

p	

p	_	

	
← αG

eff



PreliminaryBESIII	data	confirms	BaBar	

σ(e+e-	!γisr	pp)	

_	

|Geff|	

BESIII	preliminary	
BESIII	preliminary	

PRD	87,	092005	



|GE(2mp)|/|GM(2mp)|!1		

BESIII	preliminary	

PL	B759,	634	

PRD	87,	092005	

NP	B411,	3	

PRD	91,	112004	

σ(e+e-	!γisr	pp)	

_	



σ(e+e-	!nn)	near	threshold	_	

c)#

SND	

no sign of σ∞β	roll-off  

e+e-	!	nn	_	

PRD	90,	112007	

NP	B517,	3	(1998)	~  same size threshold 
    jump as seen for pp _

mnn-2Mn	_	

σ

for	nn,	C=1;	σ	∞	β	_	



e+e-	!	γ*!	ΛΛ	at	threshold	

_	

mΛΛ-2MΛ	_	

σ

for	ΛΛ,	C=1;	σ	∞	β	_	



e+e-	!	γ*!	ΛΛ	at	threshold	

_	

but 1st some experimental physics 

mΛΛ-2MΛ	_	

σ

for	ΛΛ,	C=1;	σ	∞	β	_	



First	event	in	BESIII	
July	20,	2007	



events	we	don’t	usually	show	in	public	



events	we	don’t	usually	show	in	public	
Ecm	=	2mΛ	+	1	MeV	



Λ	 Λ	

_	
p	

p	_	

π+

π-
Beam	pipe	

Tracking	volume	

vacuum	

What	would	a	ΛΛ	at	rest	look	like	in	BESIII	_	

For		Λ	!	pπ-	and	Λ!	pπ+	_	_	

1	π+	&&	1	π-	with	p≈100	MeV/c	
at	least	1	track	from	r≈3cm	



about	like	this	
Ecm	=	2mΛ	+	1	MeV	



about	like	this	
Ecm	=	2mΛ	+	1	MeV	



Λ	 Λ	

_	
p	

n	_	

p-

Beam	pipe	

Tracking	volume	

vacuum	

What	would	a	ΛΛ	at	rest	look	like	in	BESIII	_	

For	Λ!	pπ-	(or	nπ0	)	and	Λ	!	nπ0	_	_

n	_	

γ γ ECL:	EM			
calorimeter	

1	π0	!	γγ  with p≈100	MeV/c	
1	n	shower	in	the	ECL	
nchg≤2	

distinct shape 
for n annihilations _	

_	



Λ	 Λ	
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n	_	

p-

Beam	pipe	

Tracking	volume	

vacuum	

What	would	a	ΛΛ	at	rest	look	like	in	BESIII	_	

For	Λ!	pπ-	(or	nπ0	)	and	Λ	!	nπ0	_	_

n	_	

γ γ ECL:	EM			
calorimeter	

1	π0	!	γγ  with p≈100	MeV/c	
1	n	shower	in	the	ECL	
nchg≤2	

distinct shape 
for n annihilations _	

_	



BESIII	e+e-	!	ΛΛ	measurements		

Ecm	=	2mΛ	+	1	MeV	

_	

2mΛ+9	MeV	 2mΛ+409	MeV	 2mΛ+689	MeV	

BESIII	709.10236	

conventional analyses 
  at higher energies 

two methods 
are consistent 



Cross	secDon:	e+e-	!	γ*!ΛΛ		

� 

σΛΛ m( ) =
4πα 2β

3m2 GM (m) 2
+

1
2τ

GE (m) 2⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥  =

4πα 2β
3m2 Geff (m)

2
1+1 2τ( )

_	

no sign of σ∞β fall-off (β≈0.03)	

1709.10236	

PRD	976,	092006	

Z.	Phys.	C48,	23		



EffecDve	Dme-like	form-factor	of	the	Λ

		
G
eff
(mΛΛ ) 	 =

3mΛΛ
2 σΛΛ

4πα 2β 1+1 2τ( )

1709.10236	

PRD	D76,	092006	

Z.	Phys.	C48,	23		

β≈0.03	

diverging?	



e+e-	!	ΛcΛc	

_	
mΛcΛc-2MΛc	

_	

Detect	one	Λc;	use	10	different	decay	modes	

mΛcΛc-2MΛc	

_	

_	

ΛcΛc	

σ

		
σ 0 ≈140	pb⋅ Geff (2mΛ )

2

expectations: 
σ(e+e-	!	ΛcΛc)	vis	isr	from	Belle	

PRL	101,	172001	

_	



e+e-	!	ΛcΛc	results	

_	

	2mΛc		

BESIII:1710.00150	

2
3
6	

237±47	pb	

	2mΛc+1.6	MeV		

β≈0.03	



e+e-	!	ΛcΛc	results	

_	

	2mΛc		

BESIII:1710.00150	

2
3
6	

237±47	pb	

	2mΛc+1.6	MeV		

β≈0.03	

		
G
E
/G

M β≈0.03
=1.14±0.16

		
G
E
/G

M β≈0.11
=1.23±0.06

β≈0.03	

β≈0.11	



|GM(2mΛc
)|>1!	

140	pb	

BESIII:1710.00150	

β≈0.03	

Belle:	PRL	101,	172001	



Is	the	Coulomb	factor	reliable?	

question to theorists: 
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BB	threshold	measurement	prospects		
BESIII	data	“in	the	can”	

-		&	under	analysis	-	

_	



Comments	
% 	M(X(3872))	is	right	at	the	D0D*0	threshold	

% the	beoer	it	is	measured,	the	closer	it	gets	
% coincidence	or	physics?	
% moDvates	studies	of	other	S-wave		thresholds	

% a	0-+	pp	bound	state?	
% seen	in	J/ψ!γ pp	&	π+π-η’		
% needs	simultaneous	mulD-channel	analyses	

MX(3872)	–	(mD0	+	mD*0)	_	

_	
_	

_	

M(π+π-η’)	
2mp	

J/ψ!γ	π+π-η’		

_	 _	

% 1-	-	nn,	ΛΛ	&	ΛcΛc	puzzles	@	threshold	
% need	more	data,	closer	to	thresholds	
% and	other	channels		
% and	theory	(especially	for	Coulomb	correcDons)	
% |GM|	@	threshold:	useful	probes	of	long-distance	QCD?		

_	
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