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What	are	Short-Range	CorrelaKon	(SRC)		

•  Are	close	together	(wave	funcKon	overlap)	

•  Have	high	rela)ve	momentum	and											
low	c.m.	momentum	compared	to												
the	Fermi	momentum	(kF)	
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The	EMC	Effect.	
Neutrino-Nucleus	ScaTering.	

The	NuTeV	Anomaly.	

Neutron	S
tars.	

Nuclear	Sy
mmetry	Energ

y.	
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Energy	Sharing	in	Imbalanced	Fermi	Systems.	

Contact	InteracKon	in	Universal	Fermi	
Systems.	

Why	Study	High-Momentum	Nucleons?	



•  Spectroscopic	factors	
extracted	from	A(e,e’p)	
measurements	yield	
only	60-70%	of	the	
expected	single-parKcle	
strength	

•  Missing:
–  ~20%:	Long-Range	
CorrelaKons	
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Beyond	the	Shell-Model:	NN	CorrelaKons	
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Beyond	the	Shell-Model:	NN	CorrelaKons	

Fermi	
Gas	

12C					

56Fe,	12C,	3He,	D	

C.	Ciofi	degli	ac	et	al.,	Phys.	Rev.	C	53,	1689	(1996)								O.	Benhar	et	al.,	Phys.	LeT.	B	177,	135	(1986)	
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Beyond	the	Shell-Model:	NN	CorrelaKons	

Fermi	
Gas	

12C					

56Fe,	12C,	3He,	D	

Dominated	by	2N-SRC?	
How	many		
2N-SRC	pairs		
are	there?	

C.	Ciofi	degli	ac	et	al.,	Phys.	Rev.	C	53,	1689	(1996)								O.	Benhar	et	al.,	Phys.	LeT.	B	177,	135	(1986)	



Exclusive	2N-SRC	Studies	
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Exclusive	2N-SRC	Studies	

		

xB	>	1.2	
Large-Q2	

AnK-Parallel	KinemaKcs	



•  High	intensity	
polarized	electron	
beam.	
– 1994	–	2012:	6	GeV	
– 2015:	upgraded	to	
12	GeV	

•  3	(now	4)	
experimental	halls.	

•  7	years	of	12	GeV	
program	already	
approved.	
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D	

Jefferson	Lab	(JLab)	



Hall-A:	High-ResoluKon	Spectrometers		
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Hall-A:	High-ResoluKon	Spectrometers		

21	



Hall-A:	High-ResoluKon	Spectrometers		
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Building	BigBite	and	HAND	
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12C(e,e’pN)	Results	
•  Knockout	high-iniKal-momentum	proton,	look	for	
correlated	nucleon	partner.	

•  For	300	<	Pmiss	<	600	MeV/c	all	nucleons	are	part	
of	2N-SRC	pairs:	90%	np,	5%	pp	(nn).	

A.	Tang	et	al.,	Phys.	Rev.	LeT.	90	(2003)	042301	
E.	Piasetzky	et	al.,	Phys.	Rev.	LeT.	97	(2006)	162504	

R.	Shneor	et	al.,	Phys.	Rev.	LeT.	99	(2007)	072501	

~90%	np-SRC	

~5%	pp-SRC	
0.3	 0.4	 0.5	 0.6	
Missing	Momentum	[GeV/c]	
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R.	Shneor	et	al.,	Phys.	Rev.	LeT.	99	(2007)	072501	

Neutrons	
heat	protons	
in	neutron	
stars?	
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Schiavilla	et	al.,	PRL	98,132501	(2007)	

Ciofi	and	Alvioli	PRL	100,	
162503	(2008)	

Sargsian	et	al.,	PRC	71	
044615	(2005)	

np	

pp	

Pair	density	calculaKons:	

3He	

Bonn	

np	

pp	

I.	Korover,	N.	Muangma,	
and	O.	Hen	et	al.,	Phys.	
Rev.	LeT	113,	022501	
(2014).	

[%]	

np	

pp	

pp/np	raKo	increase	with	Pmiss	
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From	

		Light	

	 	 	 	to	
	 	 	 	 	Heavy	

	 	 	 	 	 	 	 	Nuclei	



CorrelaKons	in	Heavy	Nuclei	
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V(r) r

Shell 
model 
of 12C 

12C (p,n) 

208Pb (p) 

208Pb (n) •  Bridging	the	gap	between	light	
nuclei	and	neutron	stars?	

•  General	properKes	of	Fermionic	
systems?	



Open	(e,e’)	trigger,	Large-Acceptance,	Low	luminosity	(~1034	cm-2	sec-1)	

EBAF	 arge	 cceptance	 pectrometer	
[ ]	



O.	Hen	et	al.	(CLAS	CollaboraKon),	Phys.	LeT.	B	772,	63	(2013)	

Reanalyzed	exisPng	CLAS	data	
via	a	data-mining	iniPaPve	

5	GeV	electrons	on	12C,	
27Al,	56Fe,	and	208Pb:	
	

1.  Cut	(e,e’p)	kinemaKcs	
to	simulate	previous	
measurements*.	

2.  Look	for	a	correlated	
recoil	proton.	

*QuasielsKc	knockout	of	high-iniKal-momentum	protons	

Q2	dist.	@	xB	>	1.2	

Missing-Mass	

Mining	CLAS	Data	for	SRCs	



3D	ReconstrucKon	
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12C	

56Fe	

208Pb	

Back-to-back	
=	SRC	pairs!	



12C	
27Al	56Fe	208Pb	
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Mixed	Events	Phase-Space	

Opening	Angle	



Assuming	scaTering	off	2N-SRC	pairs:		
•  (e,e’p)	is	sensiKve	to	np	and	pp	pairs	
•  (e,e’pp)	is	sensiKve	to	pp	pairs	alone	

=>	(e,e’pp)/(e,e’p)	raKo	is	sensiKve	to	the	np/pp	raKo	

Assuming	
No	FSI	

A e,e ' pp( )∝ # ppA ⋅2σ p

A(e,e ' p)   ∝ # ppA ⋅2σ p + # pnA ⋅σ p

                 = # ppA ⋅2σ p 1+
1
2
# pnA
# ppA

⎡

⎣
⎢

⎤

⎦
⎥

⇒ #npA
# ppA

= 2 ⋅ A(e,e ' p)
A e,e ' pp( ) −1

⎡

⎣
⎢

⎤

⎦
⎥
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SensiKvity	to	SRCs	
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SensiKvity	to	SRCs	

Corrected	for	Final-
State	InteracKons	

(FSI)	on	the	outgoing	
nucleon	

	

(ATenuaKon	and	Single-
Charge	Exchange.)	
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SelecKvity	of	SRC	Pairs	

�  Extract	the	number	of				
					pp	(np)	SRC	pairs	in					
					nuclei	relaKve	to	12C.	

C.	Colle	and	O.	Hen	et	al.,	Phys.	Rev.	C	92,	024604	(2015)	

All	pairs	
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SelecKvity	of	SRC	Pairs	
All	pairs	

ZRA	

�  Extract	the	number	of				
					pp	(np)	SRC	pairs	in					
					nuclei	relaKve	to	12C.	

�  Pair	number	increases		
					very	slowly	with	A	
 
�  consistent	with	1S0	(3S0)		
					pairs	creaKng	SRCs.	

C.	Colle	and	O.	Hen	et	al.,	Phys.	Rev.	C	92,	024604	(2015)	

Sn=0	pairs	
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SelecKvity	of	SRC	Pairs	
All	pairs	

ZRA	

�  Extract	the	number	of				
					pp	(np)	SRC	pairs	in					
					nuclei	relaKve	to	12C.	

�  Pair	number	increases		
					very	slowly	with	A	
 
�  consistent	with	1S0	(3S0)		
					pairs	creaKng	SRCs.	

C.	Colle	and	O.	Hen	et	al.,	Phys.	Rev.	C	92,	024604	(2015)	

Sn=0	pairs	

SRC	P
airs	a

re	VE
RY	Se

lecPv
e!	



SelecKvity	in	Light	Nuclei	

pp	

pn	

SRC	pairs	are	consistent	with	Q	=	0	
back-to-back	pairs	

4He	

R.	Wiringa	et	al.,	Phys.	Rev.	C	89,	024305	(2014).	
T.	Neff,	H.	Feldmeier	and	W.	Horiuchi,	Phys.	Rev.	C	92,	024003	(2015).	
I.	Korover,	N.	Muangma,	and	O.	Hen	et	al.,	Phys.	Rev.	LeT	113,	022501	(2014).	 42	



np-pairs	dominance	in	heavy	nuclei	
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What	can	we	learn	from	
this	result	on	general	

Fermi	systems?	

np-pairs	dominance	in	heavy	nuclei	
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Momentum	
distribuPon	of	an	
imbalanced	two-
component	Fermi	

system	

KineKc	Energy	Sharing	
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Pauli	Principle:	

	

					np	correlaPons:	

KineKc	Energy	Sharing	in	Asymmetric	Nuclei	
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Pauli	Principle:	

	

					np	correlaPons:	

KineKc	Energy	Sharing	in	Asymmetric	Nuclei	

	



48	VMC	CalculaKons:	R.	Wiringa	et	al.,	Phys.	Rev.	C	89,	024305		(2013)	

No	CorrelaKons	

With	CorrelaKons	

48Ca	

108Ag	
9Be	 56Fe	

27Al	

Table 1: Kinetic energies (in MeV) of proton and neutron

A y Ep
kin En

kin Ep
kin � En

kin
8He 0.50 30.13 18.60 11.53
6He 0.33 27.66 19.06 8.60
9Li 0.33 31.39 24.91 6.48
3He 0.33 14.71 19.35 -4.64
3H 0.33 19.61 14.96 4.65
8Li 0.25 28.95 23.98 4.97
10Be 0.2 30.20 25.95 4.25
7Li 0.14 26.88 24.54 2.34
9Be 0.11 29.82 27.09 2.73
11B 0.09 33.40 31.75 1.65

N − Z
A <T>p	 n	<T>n	 <T>p	−	<T>n	

Light	Nuclei	(A<12)	

Heavy	Nuclei	(27<A<108):	
							M.	Vanhalst,	W.	Cosyn,		and	J.		
							Ryckebusch,	arXiv:	1405.3814.	

CalculaKons	Predict	CorrelaKons	wins	



p	
n	

Summary:	Universal	Structure	of	Nuclei	



Importance	of	CorrelaKons	

Papers	published	in	Science,	PRL,	PL,	PRC,	PRD,	…	
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Personal	Message:	
	

•  Next	generaKon	experiments	will	be	
much	more	accurate	(e.g.	x	10	–	100	
staKsKcs).	

	

•  Concrete	quan)ta)ve	theoreKcal	
predicKons	could	be	tested!	
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Quasi-ElasKc	ScaTering	

Energy scale:  several GeV 

0<xB<A: 
• Counts the number of nucleons 
involved in the reaction. 
• Determines the minimal initial 
momentum of the scattered nucleon. 

QE	

Q2 = −qµq
µ

xB =
Q2

2mω



K.	Egiyan	et	al.,	PRL	96,	082501(2006).	

•  A(e,e’)	cross	secKon	raKos	
sensiKve	to	nA(k)/nd(k)	

•  Observed	scaling	in	σA/σd	
for	xB	≥	1.5:	

Q2	=	2	[GeV/c]2	

2N-SRC	

K.	Egiyan	et	al.,	Phys.	Rev.	C	68,	014313	(2003).	 N.	Fomin	et	al.,	Phys.	Rev.	LeT.	108,	092502	(2012).	
L.	Frankfurt	et	al.	,	Phys.	Rev.	C	48,	2451	(1993).	

High-Momentum	Scaling	
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High-Momentum	Scaling	

K.	Egiyan	et	al.,	Phys.	Rev.	LeT.	96,	082501(2006).	

A	 a2(A/D)	 A	 a2(A/D)	
3He	 2.1	±	0.1	 12C	 4.7	±	0.2	
4He	 3.6	±	0.1	 63Cu	 5.2	±	0.2	
9Be	 3.9	±	0.1	 197Au	 5.1	±	0.2	
O.	Hen	et	al.,	PRC	85,	047301	(2012)	

N.	Fomin	et	al.,	PRL	108,	092502	(2012)	
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Nuclei	have	a	high-momentum	tail!	
	

		1.	It	scales:	nA(k>kF)	=	a2(A/d)	×	nd(k)	
	

		2.	Scale	factor,	a2,	determined	experimentally	
	

		3.	In	A	≥	12	nuclei,	20	–	25%	of	the	nucleons	have		
							high-momentum	(k>kF).	
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		3.	In	A	≥	12	nuclei,	20	–	25%	of	the	nucleons	have		
							high-momentum	(k>kF).	

	

Do	ALL	high-momentum	nucleons	come	
in	pairs?	What	kind	of	pairs?		
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CorrelaKons	in	Ultracold	Atomic	Gases	



Two-component	interacPng	Fermi	
systems	

The	contact	term	

Adapted	from	Debora	Jin	(JILA)	Please
	forget

	about
	nucle

ar	phy
sics	

for	a	m
oment		



A	concept	developed	for	a	dilute	two-component	Fermi	
systems	with	a	short-range	interacKon.		

61	

dilute ≡  reff << a,d

ScaTering	
length	

Distance	between	
fermions	

The	Contact	and	Universal	RelaKons	

S.	Tan		Annals	of	Physics	323	(2008)	2952,	ibid	2971,	ibid	2987	



A	concept	developed	for	a	dilute	two-component	Fermi	
systems	with	a	short-range	interacKon.		
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dilute ≡  reff << a,d

ScaTering	
length	

Distance	between	
fermions	

n(k) = C / k 4   for  k > kF
C	is	the	contact	term		

These	systems	have	a	high-momentum	tail:	

The	Contact	and	Universal	RelaKons	

S.	Tan		Annals	of	Physics	323	(2008)	2952,	ibid	2971,	ibid	2987	



A	concept	developed	for	a	dilute	two-component	Fermi	
systems	with	a	short-range	interacKon.		

S.	Tan		Annals	of	Physics	323	(2008)	2952,	ibid	2971,	ibid	2987	
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dilute ≡  reff << a,d

ScaTering	
length	

Distance	between	
fermions	

n(k) = C / k 4   for  k > kF
C	is	the	contact	term		

These	systems	have	a	high-momentum	tail:	

The	Contact	and	Universal	RelaKons	

Tan’s	Contact	term:	
1.  Measures	the	number	of	SRC	different	fermion	pairs.	
2.  Determines	the	thermodynamics	through	a	series	of	universal	

relaKons.	



Two	spin-state	mixtures	of	ultra-cold	40K	and	6Li	atomic	gas	
systems.	

	

=>	extracted	the	contact	and	verified	the	universal	relaKons	

64	

Experimental	ValidaKon	

Stewart	et	al.	PRL	104,	235301	(2010)	



Two	spin-state	mixtures	of	ultra-cold	40K	and	6Li	atomic	gas	
systems.	

	

=>	extracted	the	contact	and	verified	the	universal	relaKons	

Stewart	et	al.	PRL	104,	235301	(2010)	 65	

Experimental	ValidaKon	

Stewart	et	al.	PRL	104,	235301	(2010)	

What	About		
a	Nuclear	
Contact	?	



Nucleons	in	a	nucleus	

-321 m 10=ρUltra-cold	atoms	in	a	trap	

ρ =1044  m-3
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σ 1 ≈1  person/m2



σ 2 ≈1  person/km2

6

2

1 10≈σ
σ

68	

σ 1 ≈1  person/m2



 
reff ≈

!
2 ⋅mπ ⋅c

≈ 0.7 fm

69	

d = ρ
2( )−1/3

≈ 2.3 fm

a 3S1( ) = 5.42 fm
[The	high-momentum	
tail	is	predominantly	

3S1	(3D1)]	

A	Nuclear	Contact?	



 
reff ≈

!
2 ⋅mπ ⋅c

≈ 0.7 fm
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d = ρ
2( )−1/3

≈ 2.3 fm

a 3S1( ) = 5.42 fm

A	Nuclear	Contact?	

reff (0.7 fm) <  d(2.3 fm),  a(5.4 fm)



1.5kF < k < 3kFFor	

)()/()( 2 kndAakn dA ⋅=

Constant	 Deuteron	
Momentum	
DistribuKon	

A	Nuclear	Contact?	



dR

A	Nuclear	Contact?	

1.5kF < k < 3kFFor	

)()/()( 2 kndAakn dA ⋅=

O.	Hen	et	al.	Phys.	Rev.	C	92,	045205	(2015)	



dR

A	Nuclear	Contact?	

1.5kF < k < 3kFFor	

)()/()( 2 kndAakn dA ⋅=

O.	Hen	et	al.	Phys.	Rev.	C	92,	045205	(2015)	

Effect	of	the	one	pion	exchange	
(OPE)	contribuKon	to	the	tensor	
potenKal	acKng	in	second	order	

−B − H0( ) ΨD =VT ΨS

V00 =VT −B − H0( )−1VT



dR

A	Nuclear	Contact?	

1.5kF < k < 3kFFor	

)()/()( 2 kndAakn dA ⋅=

O.	Hen	et	al.	Phys.	Rev.	C	92,	045205	(2015)	



dR

A	Nuclear	Contact?	

1.5kF < k < 3kFFor	

)()/()( 2 kndAakn dA ⋅=

O.	Hen	et	al.	Phys.	Rev.	C	92,	045205	(2015)	

d
F

RAa
Ak

C ⋅=
⋅

)(2
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Comparing	with	atomic	systems					
					Finding	the	same	dimensionless	interacKon	strength	

Stewart	et	al.	Phys.	Rev.	LeT.	104,	235301	(2010)	
Kuhnle	et	al.	Phys.	Rev.	LeT.	105,	070402	(2010)	
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Comparing	with	atomic	systems					
					Finding	the	same	dimensionless	interacKon	strength	

For	Nuclei:	
			kF	≈	1.27	fm-1	

			a	≈	5.4	fm	
			=>	(kFa)-1	≈	0.15	

Stewart	et	al.	Phys.	Rev.	LeT.	104,	235301	(2010)	
Kuhnle	et	al.	Phys.	Rev.	LeT.	105,	070402	(2010)	
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For	Nuclei:	
			kF	≈	1.27	fm-1	

			a	≈	5.4	fm	
			=>	(kFa)-1	≈	0.15	

d
F

RAa
Ak

C ⋅=
⋅

)(2

67Cu,	197Au	
12C	

Comparing	with	atomic	systems					
					Equal	contacts	for	equal	interacKons	strength!	

O.	Hen	et	al.	Phys.	Rev.	C	92,	045205	(2015)	
Stewart	et	al.	Phys.	Rev.	LeT.	104,	235301	(2010)	
Kuhnle	et	al.	Phys.	Rev.	LeT.	105,	070402	(2010)	
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Comparing	with	atomic	systems					

67Cu,	197Au	
12C	

At	unitary	(i.e.	
(kFa)-1	≈	0)	the	SRC	

probability	is	
~20%	for	both	

systems	

O.	Hen	et	al.	Phys.	Rev.	C	92,	045205	(2015)	
Stewart	et	al.	Phys.	Rev.	LeT.	104,	235301	(2010)	
Kuhnle	et	al.	Phys.	Rev.	LeT.	105,	070402	(2010)	
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Comparing	with	atomic	systems					

67Cu,	197Au	
12C	

At	unitary	(i.e.	
(kFa)-1	≈	0)	the	SRC	

probability	is	
~20%	for	both	

systems	
Can	approximate	universal	

relaPons	(	similar	to	Tan’s	)	be	
extracted	for	the	nuclear	physics	

case?	

O.	Hen	et	al.	Phys.	Rev.	C	92,	045205	(2015)	
Stewart	et	al.	Phys.	Rev.	LeT.	104,	235301	(2010)	
Kuhnle	et	al.	Phys.	Rev.	LeT.	105,	070402	(2010)	

Hen?	



0ρ

0
2510 ρ⋅−

0)32( ρ⋅−

?	
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Nuclear	Symmetry	Energy	



Nuclear	Symmetry	Energy	
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E(ρn ,ρ p ) = E0(ρn = ρ p ) + Esym(ρ)

ρn − ρ p

ρ
⎛

⎝⎜
⎞

⎠⎟

2

 

symmetry energy Isospin asymmetry (δ) 

(    ) 2	+ O(δ4) 	+	E(ρn , ρp)  =  E0 (ρn = ρp) 	

Energy	of	asymmetric	nuclear	maTer:	

Energy of symmetric 
nuclear matter 



Nuclear	Symmetry	Energy	

Esym(ρ) ≈ E(ρ)        − E(ρ)      PNM SNM 

Relates	to	the	energy	change	when	replacing	n	with	p	
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E(ρn ,ρ p ) = E0(ρn = ρ p ) + Esym(ρ)

ρn − ρ p

ρ
⎛

⎝⎜
⎞

⎠⎟

2

 

symmetry energy 

(    ) 2	+ O(δ4) 	+	E(ρn , ρp)  =  E0 (ρn = ρp) 	

Energy	of	asymmetric	nuclear	maTer:	

(Pure	Neutron	
MaTer)	

(Symmetric	
Nuclear	MaTer)	



Nuclear	Symmetry	Energy	

•  equaKon-of-state	of	
neutron	stars	

•  heavy-ion	collisions	

•  r-process	nucleosynthesis	
•  core-collapse	supernovae		
•  more…		

Relates	to	the	energy	change	when	replacing	n	with	p	
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E(ρn ,ρ p ) = E0(ρn = ρ p ) + Esym(ρ)

ρn − ρ p

ρ
⎛

⎝⎜
⎞

⎠⎟

2

 (    ) 2	+ O(δ4) 	+	E(ρn , ρp)  =  E0 (ρn = ρp) 	

Energy	of	asymmetric	nuclear	maTer:	

symmetry energy 

Esym(ρ) ≈ E(ρ)        − E(ρ)      PNM SNM 
(Pure	Neutron	

MaTer)	
(Symmetric	

Nuclear	MaTer)	
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Thomson	Research	Fronts	2013	



Nuclear	Symmetry	Energy	

•  equaKon-of-state	of	
neutron	stars	

•  heavy-ion	collisions	

•  r-process	nucleosynthesis	
•  core-collapse	supernovae		
•  more…		

Relates	to	the	energy	change	when	replacing	n	with	p	
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Esym(ρ) ≈ E(ρ)        − E(ρ)      PNM SNM 

  
E(ρn ,ρ p ) = E0(ρn = ρ p ) + Esym(ρ)

ρn − ρ p

ρ
⎛

⎝⎜
⎞

⎠⎟

2

 (    ) 2	+ O(δ4) 	+	E(ρn , ρp)  =  E0 (ρn = ρp) 	

Energy	of	asymmetric	nuclear	maTer:	

symmetry energy 

[SNM:	Symmetric	Nuclear	MaTer,	PNM:	Pure	Neutron	MaTer]	



*L(ρ0)	=	3ρ[dE/dρ]|ρ0	
J.	Lacmer	and	Y.	Lim,	Astrophys.	J.	771,	51	(2013)	

symmetry	energy:	Esym(ρ0)	[MeV]	

de
ns
ity

	d
ep

en
de

nc
e:
	L
(ρ

0)
	[M

eV
]	

Symmetry	Energy	@	SaturaKon	Density	

J.	Lacmer	and	A.	Steiner,	Eur.	Phys.	J.	A	50,	40	(2014)	

30.9	≤	Esym(ρ0)	≤	33.1	
45	≤	L(ρ0)	≤	67	



  
Esym ρ( ) = Esym

kin ρ0( ) ⋅ ρ
ρ0

⎛
⎝⎜

⎞
⎠⎟

α

+ Esym
pot ρ0( ) ⋅ ρ

ρ0

⎛
⎝⎜

⎞
⎠⎟

γ i
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M.B.	Tsang	et	al.,	Phys.	Rev.	LeT	102,	122701	(2009)	
A.W.	Steiner,	J.M.	Lacmer,	and	E.F.	Brown,	Astrophys.	J.	722,	33	(2010).	

Constraining	the	Symmetry	Energy	



  
Esym ρ( ) = Esym

kin ρ0( ) ⋅ ρ
ρ0

⎛
⎝⎜

⎞
⎠⎟

α

+ Esym
pot ρ0( ) ⋅ ρ

ρ0

⎛
⎝⎜

⎞
⎠⎟

γ i
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Constraining	the	Symmetry	Energy	
[Fermi-Gas	Picture]	

               Esym
kin ρ( ) = 1

3
EF ρ0( ) ⋅ ρ

ρ0
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Fermi-Gas	
Model	
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⇒α = 2
3
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Constraining	the	Symmetry	Energy	
[Fermi-Gas	Picture]	

Fermi-Gas	
Model	

þ

þ

✓	
✓	
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⇒α = 2
3

⇒ Esym
kin ρ0( ) = 12.5 MeV

⇒ Esym
pot ρ0( ) = Esym ρ0( )− Esym

kin ρ0( ) ≈18.5 MeV

  
Esym ρ( ) = Esym
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Constraining	the	Symmetry	Energy	
[Fermi-Gas	Picture]	

Fermi-Gas	
Model	

þ

þ

✓	
✓	 ✓	
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Constraining	the	Symmetry	Energy	
[Fermi-Gas	Picture]	

Fermi-Gas	
Model	

þ

þ

✓	
✓	 ✓	

Only	unknown	is	γi		
probed	in	HI	collision	
measurements	and	

neutron	stars	
observaKons	

þ
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Constraining	the	Symmetry	Energy	
[With	SRCs]	

Fermi-Gas	
Model	

þ

þ

✓	
✓	 ✓	

þ

+	ΔSRC(ρ)	 Only	unknown	is	γi		
probed	in	HI	collision	
measurements	and	

neutron	stars	
observaKons	
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Constraining	the	Symmetry	Energy	
[With	SRCs]	

Fermi-Gas	
Model	

þ

þ

✓	
✗	 ✓	

þ

+	ΔSRC(ρ)	 Only	unknown	is	γi		
probed	in	HI	collision	
measurements	and	

neutron	stars	
observaKons	✕ 
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Constraining	the	Symmetry	Energy	
[With	SRCs]	

Fermi-Gas	
Model	

þ

þ

✗	
✗	 ✓	

þ

+	ΔSRC(ρ)	 Only	unknown	is	γi		
probed	in	HI	collision	
measurements	and	

neutron	stars	
observaKons	✕ 
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Constraining	the	Symmetry	Energy	
[With	SRCs]	

Fermi-Gas	
Model	

þ
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þ

+	ΔSRC(ρ)	 Only	unknown	is	γi		
probed	in	HI	collision	
measurements	and	
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observaKons	✕ 

✕ 
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Constraining	the	Symmetry	Energy	
[With	SRCs]	
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Constraining	the	Symmetry	Energy	
[With	SRCs]	

Fermi-Gas	
Model	

þ

þ

✗	
✗	
	

✗	

þ

+	ΔSRC(ρ)	 Only	unknown	is	γi		
probed	in	HI	collision	
measurements	and	

neutron	stars	
observaKons	✕ 

✕ 
✕ 
✕ 

Adding	np-SRCs	breaks	the	Fermi-
Gas	picture	

	
=>	Need	a	correlated	Fermi-Gas	

Model	



nCFG k( )  =

SNM          PNM                  

A0

C∞ / k 4

0

,
,
,

A1

0
0

k < kF
kF < k < λkF

0

0k > λkF
0

⎧

⎨
⎪⎪

⎩
⎪
⎪ C/k4	is	a	good	parameterizaKon	

of	the	high-momentum	tail:	

Correlated	Fermi-Gas	Model	(CFG)	
[Fermi-Gas	with	an	SRC	tail]	

O.	Hen	et	al.,	Phys.	Rev.	C	91,	025803	(2015).	



O.	Hen	et	al.,	Phys.	Rev.	C	91,	025803	(2015).	

nCFG k( )  =

SNM          PNM                  

A0

C∞ / k 4

0

,
,
,

A1

0
0

k < kF
kF < k < λkF

0

0k > λkF
0

⎧

⎨
⎪⎪

⎩
⎪
⎪ C/k4	is	a	good	parameterizaKon	

of	the	high-momentum	tail:	

Correlated	Fermi-Gas	Model	(CFG)	
[Fermi-Gas	with	an	SRC	tail]	

SNM	Model:	
•  		Depleted	Fermi	DistribuKon	(A0)	
•  		High-Momentum	tail	(C/k4)	
•  		Momentum	cutoff	(λ)	



O.	Hen	et	al.,	Phys.	Rev.	C	91,	025803	(2015).	

nCFG k( )  =

SNM          PNM                  

A0

C∞ / k 4

0

,
,
,

A1

0
0

k < kF
kF < k < λkF

0

0k > λkF
0

⎧

⎨
⎪⎪

⎩
⎪
⎪ C/k4	is	a	good	parameterizaKon	

of	the	high-momentum	tail:	

Correlated	Fermi-Gas	Model	(CFG)	
[Fermi-Gas	with	an	SRC	tail]	

PNM	Model:	
•  		Free	Fermi	Gas	
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a2(A)		=	5.0	±	0.3	
a2(∞)	=	7.0	±	1.0	

Many-Body	Theory	

(cutoff	parameter)	

(cutoff	parameter)	

Average	kineKc	energy	-	Nuclei	

Average	kineKc	energy	–	SNM	

Benchmark	Against	Microscopic	CalculaKons	

O.	Hen	et	al.,	Phys.	Rev.	C	91,	025803	(2015).	



Transport	calculaKon	
of	124Sn+124Sn	and	

112Sn+112Sn	collisions	
also	yield	reduced	
kineKc	symmetry	

energy	

(cutoff	parameter)	

KineKc	symmetry	energy	

ExtracKng	the	KineKc	Symmetry	Energy	

O.	Hen	et	al.,	Phys.	Rev.	C	91,	025803	(2015).	



SRCs	reduce	the	
kinePc	symmetry	

energy	
	

[Enhance	the	potenPal	
symmetry	energy	and	alter	
its	density	dependence]	

KineKc	symmetry	energy	

ExtracKng	the	KineKc	Symmetry	Energy	

O.	Hen	et	al.,	Phys.	Rev.	C	91,	025803	(2015).	



	

Next	Step	–	IncorporaPng	CFG	model	
into:	
•  neutron	stars	equaPon-of-state	fits	
•  Transport	models	for	HI	collision	

analysis	



	

Next	(ongoing)	Step	–	IncorporaPng	
CFG	model	into:	
•  neutron	stars	equaPon-of-state	fits	
•  Transport	models	for	HI	collision	

analysis	

Mass-Radius	RelaKon	 Symmetry-
Energy	Slope	(L)	

Symmetry-
PotenKal	

Dependence	
(γ)	

Preliminary	
O.	Hen,	A.W.	Steiner,	and	E.	Piasetzky,	In-PreparaKon	(2015)	
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InelasKc	Structure	of	Nucleons	



Gluon	

Quark	

Quark	–		
				AnK-quark		
								Pair	

Looking	Inside	the	Proton	



Gluon	
Quark	

Quark	–		
AnK-quark		

Pair	

Deep-InelasKc	Structure	FuncKons		



Deep	InelasKc	ScaTering	

DIS scale:  several tens of GeV 

DIS	

xB =
Q2

2mω
Q2 = −qµq

µ
0<xB<1:  
equals the fraction of nucleon 
momentum carried by the struck 
parton (in the infinite momentum 
frame). 



DIS scale:  several tens of GeV 
Nucleon in nuclei are bound by a few MeV 
Naive expectation : 

DIS off a bound nucleon = DIS off a free nucleon  
(Except some small Fermi momentum correction) 

Deep	InelasKc	ScaTering	Off-Nuclei	



DIS scale:  several tens of GeV 
Nucleon in nuclei are bound by a few MeV 
Naive expectation : 

DIS off a bound nucleon = DIS off a free nucleon  
(Except some small Fermi momentum correction) 

Deuteron: binding energy ~2 MeV 
Average nucleons separation ~2 fm 
Naive expectation : 

DIS off a deuteron = DIS off a free proton neutron pair 

Deep	InelasKc	ScaTering	Off-Nuclei	



DIS scale:  several tens of GeV 
Nucleon in nuclei are bound by a few MeV 
Naive expectation : 

DIS off a bound nucleon = DIS off a free nucleon  
(Except some small Fermi momentum correction) 

Deuteron: binding energy ~2 MeV 
Average nucleons separation ~2 fm 
Naive expectation : 

DIS off a deuteron = DIS off a free proton neutron pair 

Deep	InelasKc	ScaTering	Off-Nuclei	



DIS scale:  several tens of GeV 
Nucleon in nuclei are bound by a few MeV 
Naive expectation : 

DIS off a bound nucleon = DIS off a free nucleon  
(Except some small Fermi momentum correction) 

Deuteron: binding energy ~2 MeV 
Average nucleons separation ~2 fm 
Naive expectation : 

DIS off a deuteron = DIS off a free proton neutron pair 

Focus	of	this	part:	
	
	
	
	
	
	
	

DIS	 QE	?	

Focus	of	this	talk	–		
connecKon	between	
DIS	and	QE	

Deep	InelasKc	ScaTering	Off-Nuclei	



EMC	Effect	

•  Overall	increasing	as	a	
funcKon	of	A.	

•  No	fully	accepted	
theoreKcal	explanaKon.	

•  DeviaKon	of	the	per-nucleon	DIS	cross	secKon	raKo	
of	nuclei	relaKve	to	deuterium	from	unity.	

•  Universal	shape	for	0.3<x<0.7	and	3<A<197.	
•  ~Independent	of	Q2.	
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EMC	Region	 Fermi	
MoKon	

(AnK)	
Shadowing	
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12C	

9Be	

4He	

JLab	4He	 9Be	

12C	 27Al	

40Ca	 56Fe	

111Ag	 197Au	

J.	Gomez	et	al.,	Phys.	Rev.	D	49,	4348	(1994).	SLAC	
J.	Seely	et	al.,	Phys.	Rev.	LeT.	103,	202301	(2009).	

Universality	of	the	EMC	Effect	
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12C	

9Be	

4He	

JLab	4He	 9Be	

12C	 27Al	

40Ca	 56Fe	

111Ag	 197Au	

J.	Gomez	et	al.,	Phys.	Rev.	D	49,	4348	(1994).	SLAC	
J.	Seely	et	al.,	Phys.	Rev.	LeT.	103,	202301	(2009).	

Universality	of	the	EMC	Effect	

+	In-Medium	Form-Factor	Measurements	Program	
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Nuclear	Structure	

p	
n	



r

V(r)	

Where	is	the	EMC	Effect?	
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High	local	nuclear	maTer	
density,		large	momentum,	

large	off	shell,		large	virtuality	
(v	=	pμ2-m2)	

Largest	aTracKve	force	

SRC	

Mean-Field	

np	

pp	 nn	

~80%	nucleons	
~30%	kineKc	

energy	
~20%	nucleons	

~70%	kineKc	energy	



r

V(r)	

Where	is	the	EMC	Effect?	
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High	local	nuclear	maTer	
density,		large	momentum,	

large	off	shell,		large	virtuality	
(v	=	pμ2-m2)	

Largest	aTracKve	force	

SRC	

Mean-Field	

np	

pp	 nn	

~80%	nucleons	
~30%	kineKc	

energy	
~20%	nucleons	

~70%	kineKc	energy	

J.	Seely	et	al.,	Phys.	Rev.	LeT.	103,	202301	(2009).	



SRC	Scaling	factors	XB	≥	1.4	EM
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Sl
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EMC-SRC	CorrelaKon	

L.	B.	Weinstein,	E.	Piasetzky,	D.	W.	Higinbotham,	J.	Gomez,	O.	Hen,	R.	Shneor,	Phys.	Rev.	LeT.	106	(2011)	052301.	
O.	Hen	et	al.,	Phys.	Rev.	C	85	(2012)	047301.	
O.	Hen	et	al.,	Int.	J.	Mod.	Phys.	E.	22,	1330017	(2013).	
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EMC	Effect	Predominantly	Associated	
with	High-Momentum	Nucleons?	

	
	

PracPcal	ImplicaPons:	
	

1.   NuTeV	anomaly		[ask	me	later	if	interested]	

2.   Free	neutron	structure	[Hen	et	al.	PRC	2012]	
	

3.   d/u	raPo	at	large-xB	and	SU(6)	breaking	[Hen	et	al.	PRD	
2011]	



•  a2à0	is	the	limit	of	a	free	
proton-neutron	pair	with	no	
interacKon	

•  ExtrapolaKng	the	EMC-SRC	
correlaKon	to	a2=0	gives	EMC	
(IMC)	effect	for	the	free	p+n:	

	
L.B.Weinstein	et	al.,	Phys.	Rev.	LeT.	106	(2011)	052301	
O.	Hen	et	al.,	Phys.	Rev.	C	85	(2012)	047301;	 O.	Hen	et	al.,	Phys.	Rev.	D	84	(2011)	117501	 125	

Free	
np	
pair	

Probing	the	Free	Neutron	
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BONUS	IMC	measurement	(d/p+n)	

IMC	Effect	Slope	
			BONUS	(2015):					-0.10(5)		.	

			EMC/SRC	(2011):	-0.09(1)		

O.	Hen	et	al.,	Phys.	Rev.	C	85,	047301	(2012);			K.	Griffioen	et	al.,	arXiv:	1506.00871	(2015).	

Free	
np	
pair	

Comparing	with	the	BONUS	Experiment	



dv
uv

≈ 4F2
n / F2

p −1
4 − F2

n / F2
p

Large	xB	ApproximaKon:	
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ExtracKng	F2n/F2p	



p ↑ = 1
2
u ↑ ud( )S=0 + 1

18
u ↑ ud( )S=1 − 1

3
u ↓ ud( )S=1

           − 1
3
d ↑ uu( )S=1 + 2

3
d ↓ uu( )S=1

Nucleon	Model	 F2n	/	F2p	 d	/	u	

SU(6)	 2	/	3	 0.5	

pQCD	(Sz=0)	 3	/	7	 0.2	

Scalar	Diquark	 1	/	4	 0	

• SU(6)	predict	d/u	=	0.5	
²  N	-	Δ	mass	difference	

implies	SU(6)	is	broken	
• Diquark	dominance	with	Sz=0	
predict	d/u	=	0.2	

• Scalar	(S=0)	diquark	
dominance	predict	d/u	=	0	

Brodsky	et	al.,	Nucl.	Phys.	B441,	197	(1995);	Melnitchouk	and	Thomas,	Phys.	LeT.	B377,	11	(1996)	

Proton	Wave-FuncKon	in	QCD	(xBè1)	



dv
uv

≈ 4F2
n / F2

p −1
4 − F2

n / F2
p

Large	xB	ApproximaKon:	
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ExtracKng	F2n/F2p	



O.	Hen,	A.	Accardi,	W.	Melnitchouk,	and	E.	Piasetzky,	Phys.	Rev.	D	84,	117501	(2011).		

Swelling Level 
Average Nucleon Virtuality 

Smearing 
Function 

Free Nucleon 
S.F. Off-Shell 

Correction 
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Comparing	with	CTEQ-JLab	Analysis	
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Comparing	with	CTEQ-JLab	Analysis	

Constraining	nuclear	off-
shell	parameters	and	the	

d/u	raKo	at	x	è	1	

O.	Hen,	A.	Accardi,	W.	Melnitchouk,	and	E.	Piasetzky,	Phys.	Rev.	D	84,	117501	(2011).		



SU(6)	

Scalar	
diquark	
(S=0)	

pQCD	
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Comparing	with	CTEQ-JLab	Analysis	

O.	Hen,	A.	Accardi,	W.	Melnitchouk,	and	E.	Piasetzky,	Phys.	Rev.	D	84,	117501	(2011).		



 O. Hen, D.W. Higinbotham, G.A. Miller, Piasetzky, and Weinstein 
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 O. Hen, D.W. Higinbotham, G.A. Miller, Piasetzky, and Weinstein 
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Other	CorrelaKons…	
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Other	CorrelaKons…	
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•  The	EMC-SRC	CorrelaKon	is	robust.	
–  Independent	of	different	experimental	and	theoreKcal	
correcKons	applied	to	the	SRC	scaling	data	

•  Models	suggested	that	the	EMC	effect	depends	
on	the	average	kineKc	energy,	<T>,	carried	by	
nucleons	in	the	nucleus	
– <T>	is	dominated	by	2N-SRC	

O.	Hen	et	al.,	Phys.	Rev.	C	85	(2012)	047301	 J.	Arrington	et	al.,	Phys.Rev.	C	86	(2012)	065204	

Physics	Behind	the	CorrelaKon?	



•  2N-SRC	pairs	are	universal	
•  Their	interacKon	is	largely	independent	of	the	
(spectator)	A-2	system	
– Depends	mainly	on	the	basic	nucleon-nucleon	
interacKon	

•  If	SRC	nucleons	are	modified	–	it	should	be	a	
universal	modificaKon,	independent	of	A	

O.	Hen	et	al.,	Int.	J.	Mod.	Phys.	E	22,	1330017	(2013).	

Can	We	Test	It?	(Yes!	ParKally…)	



Experimental	Tests	?	
•  Goal:	measure	the	virtuality	(nuclear	density)	
dependence	of	the	structure	funcKon	

•  (our)	Method:	tagged	DIS	using	d(e,e’Nrecoil)	
reacKons	
Deuterium	is	the	only	system	in	which	the	

momentum	of	the	struck	nucleon	equals	that	of	
the	recoil	(Assuming	no	FSI)	



Our	Concept…	
•  High	resoluKon	
spectrometers	for	
(e,e’)	measurement	in	
DIS	kinemaKcs	

•  Large	acceptance	
recoil	proton	\	neutron	
detector	

•  Long	target	+	GEM	
detector	–	reduce	
random	coincidence	
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…Its	realizaKon	(LAD	/	BAND)	
Large	Acceptance	
Detector	(LAD@Hall-C)	
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Figure 13: (left) The distribution of events in scattered electron energy E’ and angle θe  Events are 
distributed according to the cross section [40]. (right) The distribution of events in Q2 and x’. 
 
III.2.1 The BAND Detector 
 
To detect recoil nucleons, we propose to design and build a Backward Angle Neutron Detector 
(BAND), located either 2 m or 3.5 m upstream of the CLAS12 target and covering scattering 
angles from 160o to 170o.  The BAND will be constructed of plastic scintillator about 30-40 cm 
thick for optimal neutron detection and will be heavily segmented to optimize resolution.  It will 
also have a veto layer to veto charged particles.  Figure 14 shows the layout of CLAS12 and the 
possible locations for BAND.  We will seek external funding to build BAND from US and 
international funding agencies. 

 
Figure 14: The preliminary design of the experimental set up for CLAS12+BAND.  The left figure shows 
an elevation view of equipment racks (blue outline), light guides and phototubes of the central detectors 
(green and red), and the outside of the solenoid magnet (orange).  Possible locations of the BAND 
detector are shown in solid blue.  The right side shows the cryogenic system and beamline (green), the 
central detectors, light guides and PMTs (gray) and the equipment racks.  The solenoid magnet is not 
shown.  Red arrows indicate the possible BAND locations. 
 

Backward	Angle	Neutron	
Detector	(BAND@Hall-B)	

 
 

21 

 
Figure 13: (left) The distribution of events in scattered electron energy E’ and angle θe  Events are 
distributed according to the cross section [40]. (right) The distribution of events in Q2 and x’. 
 
III.2.1 The BAND Detector 
 
To detect recoil nucleons, we propose to design and build a Backward Angle Neutron Detector 
(BAND), located either 2 m or 3.5 m upstream of the CLAS12 target and covering scattering 
angles from 160o to 170o.  The BAND will be constructed of plastic scintillator about 30-40 cm 
thick for optimal neutron detection and will be heavily segmented to optimize resolution.  It will 
also have a veto layer to veto charged particles.  Figure 14 shows the layout of CLAS12 and the 
possible locations for BAND.  We will seek external funding to build BAND from US and 
international funding agencies. 

 
Figure 14: The preliminary design of the experimental set up for CLAS12+BAND.  The left figure shows 
an elevation view of equipment racks (blue outline), light guides and phototubes of the central detectors 
(green and red), and the outside of the solenoid magnet (orange).  Possible locations of the BAND 
detector are shown in solid blue.  The right side shows the cryogenic system and beamline (green), the 
central detectors, light guides and PMTs (gray) and the equipment racks.  The solenoid magnet is not 
shown.  Red arrows indicate the possible BAND locations. 
 



KinemaKcs	and	UncertainKes	
•  Tagging	allows	to	extract	the	structure	funcKon	in	the	
nucleon	reference	frame:	

•  Expected	coverage:	x’	~	0.3	&	0.45(0.5)	<	x’	<	0.55(0.7)	@	
	 	 	 	 	 	 	 	 	 	 	 	 	 									W2	>	4	[GeV/c]2	

x ' = Q2

2 q ⋅ p( )

Binding	/	
Off-Shell	

Rescaling	
Model	

α	
Melnitchouk	et	al.,	Z.	Phys.	A	359,	99-109	(1997)	

d(e,e’ns)	

F2bound/F2free(xB=0.6)	

BAND@Hall-B	
LAD@Hall-C	

		PLC	
Suppression	



QuesKons	for	Next	GeneraKon	
ProperPes	of	
SRC	Pairs	

Quantum	numbers?	
Central	vs.	tensor	correlaKons?	

Mean-field	to	SRC	transiKon		(Migdal	
jump)?	

c.m.	and	relaKve	moKon?	
Nuclei	far	from	stability?	

Structure	of	
SRC	nucleons	

Imbalanced	
systems	

Effect	of	SRC	
on…	

Minority	move	faster?	
Minority	have	larger	pairing	probability?	
Dynamics	of	pairing	with	symmetry?	

Structure	of	SRC	nucleons?	
Explaining	the	EMC	effect?	

Neutrino-nucleus	interacKons?	
Neutron	stars	structure	and	cooling	rate?	

Universality	of	contact	interacKons?	
Atomic	traps	studies	of	asymmetric	

systems?	



QuesKons	for	Next	GeneraKon	
Tagged	structure	funcKon	
measurements	allows	accessing	the	
internal	structure	funcKons	of	SRC	
nucleons.	[JLab	12GeV	/	EIC]	

Structure	of	
SRC	nucleons	

JLab	E11-107	
(Approved)	

Structure	of	SRC	nucleons?	
Proton	vs.	neutron	modificaKon?	
Explaining	the	EMC	effect?	



QuesKons	for	Next	GeneraKon	
New	high-intensity,	few-GeV,	
Hadron	beams	allow	high-staKsKcs	
exclusive	2N-SRC	measurements.	
[GSI	/	Dubna	/	Lanzhou]	
	

ProperPes	of	
SRC	Pairs	

	

	

!

!
!

Proposal	submiTed	to	Lanzhou:	

		

Nuclotron	

Quantum	numbers?	
Central	vs.	tensor	correlaKons?	
Mean-field	to	SRC	transiKon		(Migdal	
jump)?	
c.m.	and	relaKve	moKon?	
Nuclei	far	from	stability?	(FRIB)	



QuesKons	for	Next	GeneraKon	
New	targets	(e.g	3H,	48Ca)	allow	
studying	the	momentum	distribuKon	
of	protons	and	neutrons	and	Isospin	
dynamics	of	SRC	with	change	of	
nuclear	asymmetry.	

Imbalanced	
Systems	

40Ca	 48Ca	

54Fe	

JLab	E14-011	
(Approved)	

Minority	move	faster?	
Minority	have	larger	pairing	

probability?	
Dynamics	of	pairing	with	symmetry?	

3H	/	3He	


