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BES’s	30th anniversary
proton’s	100th Anniversary

antiproton

The	proton	was	already	70	yrs old	when	BES	started

How	can	BES	have	anything	new	to	say	about	protons	(&	baryons)?	

2019:	100th year	of	the	proton



After	100	years,	proton	remains	mysterious

different ways to measure it
give different results

proton’s radius = ???

muonic hydrogen
Lamb	shift e-pàe-p

ep	elastic
scattering
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20th century	techniques	have	failed

we need new, 21st century, techniques

???



time-like	baryon	form-factors
-- the	view	from	the	side	of	the	fence	--

space-
like

time-like _



Very	little	data

only	combined

is	measured

form-factors	are
complex

hyperon	form-factors
are	accessible		

related	by	crossing	symmetry

Fermi	&	Dirac	form	factors

Space-like	(q2<0)

Robert	Hofstadter

Time-like	(q2>4mp)
2

Huge	amount	of	data

100’s	of	experiments
starting	in	1954

Separate	determinations
of	GE,	GM &	Gpol

e+

e-

Geff
2
=
GM

2
+ 1
2τ GE

2

1+ 1
2τ

Geff only

proton	form-factors

1961	Nobel	Prize



time-like	proton	form-factor	in	2005

We	must	investigate
the	anomaly	seen	in

ppàe+e-

e+

e+

e-

e-

ppàe+e-

e+e-àpp_

_
_

?



e+e-àpp	at	threshold_

σ

mpp-2Mp_

_pp

Integrated	cross	section:

2Mp

pp	Rydberg states
(Bohr-levels)

mpp_

in	point-like	
approx:
a	non-zero	cross-
section	right	at	the
threshold!

Sommerfeld resummation factor

..

σ pp (mpp ) =
4πα 2βC
3mp

2 Geff mpp( ) 2 1+1/ 2τ( )

for point-like charged particles:  C = πα / β
1− exp −πα / β( )→

πα
β

  ← when β → 0



This	is	what	is	seen

Ecm=2mp Ecm=2mn

σEcm=1.2	MeV

850pb

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

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

not by BESIII 😧but by BaBar and CMD

Just as expected for a charge=1 
point-like fermion

rproton=	0.85	fm

& produced by a q2≈3.5 GeV 𝜸*

but the proton is not point-like

e+

e-

lg*=	0.1	fm



2019	results	from	BESIII

_

ISR	technique

s(e+e- àpp) Geff(q2)

BESIII	PRD99	092002	(2019)

GE(q2) GM(q2)

1905.09001	(2019)

1st precise	separate	determinations	of	GE and	GM



time-like	proton	form-factor	oscillations?

confirm	BaBar
discovery
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dipole	fit	residuals
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What	about	neutral	baryons?

_

Integrated	cross	section:

no	Rydberg states
(Bohr-levels)

in	point-like	
approx:

_

σ

mnn-2Mn_

no	“jump”	expected

σ nn (mnn ) =
4πα 2βC
3mn

2 Geff mnn( ) 2 1+1/ 2τ( )

e+e-à nn (or	ΛΛ)	at	threshold

for point-like neutal particles (nn or ΛΛ):    C = 1



a	σ(e+e- à nn)	threshold	jump_

BESIII results will be reported soon

similar to the pp
with large errors 

_
500	pb

SND



σ(e+e- àΛΛ)	&	Geff at	threshold	

_

σ ΛΛ mΛΛ( ) = 4πα
2β

3mΛ
2 Geff mΛΛ( ) 2 1+1/ 2τ( )

BESIII
BaBar
DM2

BESIII
BaBar
DM2

no sign of σ ∝ β  threshold behaviour

BESIII	PRD	97,	032013	(2018)

500	pb

SND



Hint	of	σ(e+e-àK+K- K+K-)	peak	@	2mΛ

-- “seen”	by	both	BaBar and	BESIII	--

M=2232	±3.5	MeV
Γ=7.5±13.5	MeV

BESIII	PRD	100,	039009

e+e- à fK+K- e+e- à K+K-K+K-

PRD	86,	012008

2mL



e+e- àS+S- at	threshold

threshold jump?
is	so,	it’s	small
Ds ≲70	pb

70	pb

_



e+e- àΛcΛc
+ --

≈225	pb “jump”	at	threshold

consistent	with	Dσ ≈	145	pb jump
expected	for|Geff|=1	&	a	pointlike Lc

β≈0.025 • Belle
§ BESIII

225	pb

2mΛc

Belle	PRL	101	172001
BESIII	PRL	120	132001



compare	e+e-àBB threshold	“jumps”

S(eq)2

p uud 1

n udd 2/3

L uds 2/3

S+ uus 1

S0 uds 2/3

S- dds 1/3

X0 uss 2/3

X- dss 1/3

W- sss 1/3

Lc ucd 1

0.51±0.10

1.7±0.3

0.89±0.33
0.60±0.20 Serednyakov SND

Solodov CMD3

BESIII	PRD	97	032013

BESIII	PRL	120	132001

_

???

???

???

σ 0 =
π 2α 3

2MB
2 Ds/s0

“jump”	for	a	point-
like	q=1	charged	
particle

baryons are not point-like charged & neutral particles
-- but their constituents are --

≲0.13 BESIII	preliminary

???

???
need	data	at	these	thresholds
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_

???

???

???

σ 0 =
π 2α 3

2MB
2 Ds/s0

“jump”	for	a	point-
like	q=1	charged	
particle

new way to look at baryons

≲0.13 BESIII	preliminary

???

???
need	data	at	these	thresholds

only possible at an e+e- facility with ECM = 2mp ~ 2mW-



CP	violation	searches	with	hyperons

• 1964:	CPV	discovered	neutral	Kaon	system

• 2001:	CPV	in	B-meson	decays	established

• 2019:	CPV	discovered	in	D-mesons	decays

• all	CPV	effects	seen	to	date	are	consisent with	CKM

• still	no	evidence	for	CPV	with	strange	hyperons



Lee	&	Yang:	a,	b & g parameters	for		
for	Pàp D hyperon	decays

α = 2Re(S *P)

S
2
+ P

2

β = 2Im(S *P)

S
2
+ P

2

γ =
S
2
− P

2

S
2
+ P

2

α 2 + β 2 + γ 2 = 1

Phys.	Rev.	108	1645	(1957)

Pp =
α + PΛ cosθ( ) ⌢′z + βPΛ

⌢′x + γ PΛ
⌢′y

1+αPΛ cosθ

Parent Daughter

dΓ
d cosθ

∝1+αPΛ cosθ

S- &	P-waves
are	allowed



CPV	observables

dΓ
d cosθ

∝1+αPΛ cosθ

α− :   P→ π −D

α+ :   P→ π +D

ACP =
α− +α+

α− −α+D

Δβ =
β− + β+

β− − β+

β− :   P→ π −D

β+ :   P→ π +D



Measuring	these	at	BESIII

L

_

L?
L?

L?
L?

_

_

L

entangled
states

high	reconstruction	efficiency:	~40%
negligible	backgrounds:	S/B~103



Angular	distibution

dΓ ∝

+(1+αψ cos
2θΛ )PΛ (θ ) α− cosθ1 +α+ cosθ2( )
PΛ (θ ) =

1−αψ
2 cosθΛ sinθΛ

1+αψ cos
2θΛ

sinΔΦ

complex phase
between A++ &A+-
heliciity amplitudes

polarization-term allows for
independent a- and a+ dependence

and search for CPV

L

L

_

e+

e-

p
q1

qLJ/y

PL

if	the	Ls	are	unpolarized,	only
only	a-a+ can	be	measured



Angular	distibution

dΓ ∝

+(1+αψ cos
2θΛ )PΛ (θ ) α− cosθ1 +α+ cosθ2( )
PΛ (θ ) =

1−αψ
2 cosθΛ sinθΛ

1+αψ cos
2θΛ

sinΔΦ

complex phase
between A++ &A+-
heliciity amplitudes

polarization-term allows for
independent a- and a+ dependence

and search for CPV

if	the	Ls	are	unpolarized,	only
only	a-a+ can	be	measured

distinct	non-zero
Polarization



5-dimensional	likelihood	fit

+

-

Lmax:	3781	⟹.		12020	 ⇐ ΔLmax ≈ 90!

BESIII,		Nature Physics 15 ,	631	(2019)

BESIII

BESIII

BESIII

BESIII

BESIII



results

arXiv:1808.08917

Vol 15 ,	631–634
May	5,	2019

BESIII	(2019)

ç ~7𝜎 upward shift from all
previous measurements      

ç best measurement to date
(with ~1/8th of available data)



CPV	observables	in	X- àp-L decay

up-down	
asymmetry
difference

final-state	
polarization
difference

ACP =
α− +α+

α− −α+

Δβ =
β− + β+

β− − β+

β− :   P→ π −D

β+ :   P→ π +D

The	polarization	of	the	final-state L is	determined
from	the	Làp-p	up-down	decay	asymmetry



these	Ls	are	100%	polarized	
and,	event-by-event,	the	PL
direction	is	well	known.	

δ (ACP
Λ )∝ Nevts

δ (ACP
Λ )∝ PΛ

although Nevt(J/yàX- X+) ≃ 0.25 Nevt(J/yàLL),

ACP sensitivities for Ls from X decays
are ~3x better than those from J/yàLL

L

Huge	bonus	from	X CPV	studies

experimental sensitivity for ACP(L): 

for	J/yàL L :  <PL> ≈		0.13

for	J/yà X(àpL)	X(àpL)	:  <PL> =1
_

__

_

L

_

_

_



BESIII	sensitivities	with	10B	J/y events
-- compare	X-X+ with	LL --

reconstructed
events

Numbers	of	reconstructed	events

meaurement sensitivities	(s × √Nevts)

_

ç3.2M	events

ç0.8M	events

èACP=??	±0.005

èACP=??	±0.003

L

±0.0025

Adlarson and	Kupsc,	arXiv:1908.03102

X-X+ has	~3x LL sensitivity

_ _

_ _

will	go	down	to	10-3
when	all	existing	data
are	fully	analyzed



BESIII	and	baryons
-- unique	capabilities	not	even	dreamed	of	in	our	original	plans	--

time-like
_

L

Time-like	form-factors	of	nucleons	and	hyperons
-- 21st century	probes	of	the	structure	of	baryons

World’s	most	sensitive	searches	for	CPV	in	hyperon	decays
-- a	new	frontier	for	CPV	studies	



Afterword

you	never	have	enough	J/y events	

1996:	8	M	J/y’s 2016:	1.3B	J/y’s

PRL	108,112003

2002:	58	M	J/y’s

PRL	106,072002

PRL	95,262001

2011:	225	M	J/y’s 2019:	10	B	J/y’s

PRL	117,042002

???

J/yàgpp_

J/yàgpp_

J/yàgp+p-h’

J/yàgp+p-h’

J/yàgp+p-h’

M(pp)_

PRL	76,	3502

M(pp)_ PWA

What	did	I	learn	during	30	yrs at	BES?

?



Thank	you


