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for	B=p:	JLAB	&	e+e-	are	complementary	

not	
accessible	

with	protons		

Fermi	&	Dirac	form	factors	
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8me-like	”Sachs”		form-factors	

--	formulae	&	defini8ons	--	
Born	cross	sec3on:	
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8me-like	”Sachs”		form-factors	

Coulomb enhancement factor 

in	point-like	approx	

--	formulae	&	defini8ons	--	
Born	cross	sec3on:	
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8me-like	”Sachs”		form-factors	

Coulomb enhancement factor 

in	point-like	approx	

integrated	
cross	sec3on:	

“effec3ve”	form	factor	

--	formulae	&	defini8ons	--	
Born	cross	sec3on:	
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8me-like	”Sachs”		form-factors	

Coulomb enhancement factor 

in	point-like	approx	

integrated	
cross	sec3on:	
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“effec3ve”	form	factor	

--	formulae	&	defini8ons	--	
Born	cross	sec3on:	

effec3ve	
form	factor:	
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8me-like	”Sachs”		form-factors	

Coulomb enhancement factor 

in	point-like	approx	

integrated	
cross	sec3on:	
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			analy3city:	
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--	formulae	&	defini8ons	--	
Born	cross	sec3on:	

effec3ve	
form	factor:	



e+e-	!	pp	at	threshold	_	
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e+e-	!	pp	at	threshold	_	

σ

mpp-2Mp	_	

		

σ 0 =
π 2α 3

2M
p
2 Geff (2Mp

)
2

			 ≈0.85nbG
eff
(2M

p
)
2

_	pp	

		
σ
pp
= 4πα

2βC
3m2 G

eff
(m

pp
)
2
1+1 2τ( )

	 
for	pp:	C= πα /β

1−exp(−πα /β)
		→πα

β

Integrated	cross	sec8on:	

2Mp	

pp	Rydberg	states	
(Bohr-levels)	

_	
mpp	_	

in	point-like	approx:	

Sommerfeld resummation factor 
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p	 p	_	
Beryllium	beam	pipe	

Tracking	volume	

vacuum	

e+e-	!	pp	near	threshold	for	Ecm<1.9	GeV	
--	experimental	issues	--	

_	

KEp<11	MeV	
range	<	0.5	mm	Be	+	C	

p	_	

p	
neither p nor p 
get into tracker 

- 

proton stops 

proton stops 
& annihilates 



BaBar:	produce	boosted	pp	pairs	via	isr	

large	angle	ini8al	state	radia8on	(isr):	

p and p boosted 
into the  detector 

_ 



e+e-	!	pp	data	near	threshold	via	isr	

850	pb	

large-angle	ini8al	state	radia8on	
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PRD87,	092005		

β≈0.1 

β≈0.5 



CMD3:	Detect	p	annihila8ons	in	beam	pipe	

Ecm<2mp	

Ecm<2mp	

Calorimeter	energy	

Solodov	talk	at	Bad	Honnef		2018	

2mp	

_	



CMD3:	e+e-	!	pp	at	Ecm=2mp	threshold	

_	

Ecm=2mp	 Ecm=2mn	

σEcm=1.2	MeV	

CMD3		Solodov	talk	at	Charm	2018	
BaBar		PRD	87,	092005	(2013)	
CMD3		PLB	759,	634	(2016)	

--	fast	cross	sec8on	jump	at	threshold:	σth<1	MeV	--	



“excellent”	FSI	fit,	pre-CMD3	data	

850	pb	

10		 20		

fails	to	get	the	rapid	jump	in	cross	sec8on	seen	by	CMD3	

NLO	
NNLO	



|Geff(Mpp)|	
"	1.0	

very sharp fall-of 
 at threshold 

"	 CMD3	

CMD3		|Geff(2mp)|≈1			!	pointlike	behavior	

NPA929,102(2014)	



look	at	other	channels	
rapid	dips	in	σ(e+e-	!	3(π+π-))	 and	σ(e+e-	!	K+K-π+π-))	

but	not	in	σ(e+e-	!	2(π+π-))	



3(π+π-)	&	K+K-π+π-	important	for	q2<4mp
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remarks	
rapid	threshold	jump	in	σ(e+e-!pp)	

	-	much	faster	than	growth	of	phase	space	
	-	consistent	with	expecta8ons	for	point-like	
					charged	par8cles	

≈	constant	above	threshold	cross	sec8on	
	-	rapid	fall-off	of	effec8ve	form-factor	
	-	very	different	from	point-like	expecta8ons	

drops	in	σ(e+e-!	3(π+π-))	&	σ(e+e-!K+K-π+π-)	
	-	but	not	in	σ(e+e-!	2(π+π-))		

e+e-	!π+π-π+π-	

e+e-	!	3(π+π-)	

e+e-	!	K+K-π+π-	

_	



What	about	other	baryons?	



e+e-	!	nn	(or	ΛΛ)	at	threshold	_	
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	 for	nn	(ΛΛ):	C=1
σ
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σ ∝β

no	“jump”	



SND:		e+e-	!	nn	at	threshold	_	



indica8ons	of	σ(e+e-	!	nn)	jump	at	
Ecm=2mn	

_	

Nucl.Phys.B517,3(1998)	

PRD	90,	112007	

	800	pb	

expec8ng	new	SND,	CMD3,	&	BESIII	data	soon	

SND	

similar to the pp 
with large errors  

_	

_	



e+e-	!	ΛΛ	

σ

mΛΛ-2MΛ	_	

σ ∝β

no	“jump”	expected	

_	

Electrically	neutral	!		no	Ryberg	states	
		-	no	Coulomb	enhancement	

Isospin	singlet,	π-exchange	not	allowed	
	-	Λ-Λ	molecule	is	unlikely			

_	



BESIII:	σ(e+e-	!	ΛΛ)	@	Ecm=2mΛ		

Ecm-2mΛ=1	MeV	

_	

pπ-=101	MeV/c	

Tracking	volume	



BESIII	sees	events	like	this	
Ecm	=	2mΛ	+	1	MeV	



γ	

γ	



BESIII	e+e-	!	ΛΛ	measurements		

Ecm	=	2mΛ	+	1	MeV	

_	

2mΛ+9	MeV	 2mΛ+409	MeV	 2mΛ+689	MeV	

Λ!π-p & π0n modes 
    are consistent 

conventional analyses 
  at higher energies 



σ(e+e-	!	ΛΛ) at  Ecm≈ 2mΛ threshold		
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PRD	76,092006	(2007)	

no sign of σ∞β fall-off β≈0.03 



|Geff(2mΛ)|!1	??	

β≈0.03 

2mΛ
	



|Geff(2mΛ)|!1	??	

β≈0.03 

2mΛ
	

Haidenbauer	&	Meissner	PLB	761,456	(2017):		“The 
only possibility could be a very narrow resonance 
sitting more or less directly at the threshold … “ 



e+e-	!ΛΛ	very	different	from	pp!ΛΛ	

Barnes	etal.,	PRC62,055203	

_	 _	_	



Hint	of	σ(e+e-!K+K-	K+K-)	peak	@	2mΛ	

M=2232	±3.5	MeV	
Γ=7.5±13.5	MeV	

--	seen	by	both	BaBar	and	BESIII	--	

mostly	φK+K-	

Y.	Sun	Lake	Louise	2018	

Babar	

BESIII	

PRD	86,	012008	(2012)	



e+e-	!	ΛcΛc	
+	 -	

Λc	is	charged,	expect	≈145pb	“jump”	
	in	point-like	approxima8on	

Λc	is	an	Isospin	singlet,	no	π-exchange	
	Λc-Λc	moleculelike	states	expected	

145	pb	



σ(e+e-	!	ΛcΛc) @ threshold	+	 -	

mΛcΛc	

_	

	≈225	pb	“jump”	at	threshold	

						≈consistent	with	δσ	≈	145	pb	
										|Geff|=1	pointlike	jump	

						but	≈flat	aver	that	(like	pp)	

		
			145pbG
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2

β≈0.025 



σ(e+e-	!	ΛcΛc) @ threshold	

225	pb	

+	 -	

2mΛc	

BESIII	PRL	120	132001	
Belle	PRL	101	172001	



baryonium?	

B	
B	
_	

JPC=1--	

e+e-	!	BB	_	

S-wave	

_	

--	sub-threshold	BB	QCD	S-wave	bound	states	--	



a	0-+	pp	bound	state	is	well	established	

p	
p	_	

JPC=0-+	

_	

S-wave	

0.0	 0.1	 0.2	 0.3	

BESII		PRL	91,	02001	(2003)	

J/ψ	(ψ’)	!	γpp	_	



J/ψ	!	γ	pp	at	BESIII		(PWA)	_	

BESIII		PRL	108,	112003	(2012)	

M=1832±5+19	±19	MeV	-17	

G=13±20+11	±4	MeV	-33	

JPC=0-+	

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



“protononium:”	a	pp	bound	state?		

pp!gluons!mesons	
																						(π+π-η’?)	

_	

pp!pp	_	 _	

S-wave annihilation “fall-apart” decays 

2mp	

“BE” 

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



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

7.7
� 

BESII	PRL	95,	262001	(2005)	

BESII	observa3on	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	1.1B	J/ψ	events	
(BESIII)	

1.1B	J/y	events	

2mp	
2mp	



Fla|e	formula	fit:	

Fit results: 

� 

gpp 
2

g0
2 = 2.31± 0.37

X coupling to pp 

X coupling to 
everything else 

_ 

‘	

S.M.	Fla|e	PLB	63,	224	(1976)	‘	



summary	
Cross	sec8on	threshold	jumps	see	for	e+e-	!	BB	

	--	both	for	charged	(pp	&	ΛcΛc)	and	neutral	(nn	&	ΛΛ)	pairs	
	--	jump	8mes	<	1	ns	(faster	than	phase	space)	
	--	consistent	with	expecta8ons	for	pointlike,	charged	par8cles	
	--	above	threshold	behavior	is	decidedly	non-pointlike	

Accompanying	structures	seen	in	other	channels	
	--	dips	in	σ(e+e-!	3(π+π-)	&	K+K-	π+π-)	at	Ecm=2mp	(but	not	2(π+π-))	
	--	peak	in	e+e-!	ϕ	K+K-	at	Ecm=2mΛ	

A	subthreshold	0-+	pp	state	seen	in	J/ψ!γpp	
	--	associated	structure	seen	in	e+e-!	π+π-	η’	

More	results	expected	soon	
	--		e+e-!ΣΣ	and	ΞΞ	at	threshold	from	BESIII	
	--more	e+e-!	pp	and	nn	from	CMDS,	SND	&	BESIII	

_	
_	 _	 _	 _	

_	_	

_	_	
_	_	



There	is	lots	s8ll	to	be	learned	about	
the	”well	known’’	stable	baryons	


