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Physicists	view	nuclei	in	different	ways
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Atomic	/	Solid-state:
Heavy,	charged,	blob

Nuclear:	
The	world!	

Particle:
Bag	of	partons
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Nuclei	in	the	Eye	of	a	Physicist	
My	goal	for	today:	

Convince	you	that	you	should	care	
about	(some)	aspects	of	nuclear	
structure!	Specifically,	short-range	
fluctuations.
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Outline

1. Introduction	to	Short-Range	Correlations

2. Universal	description	of	fluctuations	of	
strongly	interactive	Fermi	systems.

3. Implications	to	nuclear	PDFs	(EMC	effect)

4. Why	you	should	care?!
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Many-body	Schrödinger	Equation

Main	Challenges:
1. No	‘fundamental’	Interaction	=>	residual	interaction	

between	quarks	that	makeup	the	nucleons.
2. Phenomenological	parametrizations	are	complex!	

(over	18	operators)

The	Nuclear	Many-Body	Challenge
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Solution:	Effective	Theories

All	effective	theories	relay	on	the	same	
common	idea:	
Scale	separation	of	long	and	short	range	

dynamics	in	nuclei



Whole	is	different	from	the	sum	of	parts!
𝑛"#(𝑘&, 𝑘") ≠ 𝑛#(𝑘&) * 𝑛#(𝑘")
𝜌"# 𝑟&, 𝑟" 		≠ 𝜌# 𝑟& 	 * 𝜌#(𝑟")

Specifically,	in	coordinate	space:
SRC:		𝜌"#(𝑟&, 𝑟") ≠0		for	|𝒓𝟏 − 𝒓𝟐| ≈ 𝑹𝑵
LRC:	 𝜌"#(𝑟&, 𝑟") ≠0		for	|𝑟& − 𝑟"| ≈ 𝑅8

(Some)	Interesting	questions:
Is	there	a	way	to	factorize	the	two-body	density?	Can	we	
separate	the	’mean-field’	and	‘SRC’	effects?	Are	the	SRC	
effects	universal?
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Challenge	of	Correlations



SRC	are	pairs	of	nucleon	that	are	close	together	
in	the	nucleus	(wave	functions	overlap)

=>	Momentum	space:	pairs	with	high	relative	
momentum	and	low	c.m.	momentum	compared	to	the	
Fermi	momentum	(kF)

SRC	101



• Nuclear:					0.16	nucleons/fm3

• Nucleon:				0.36	nucleons/fm3

• SRC	pair:	~	0.55	nucleons/fm3
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Nuclear	Density	Scales

SRC	pairs	have	~	x3.5	larger	density	compared	to	
saturation	nuclear	density!	
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Why	SRC?
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kF

(Fermi-gas	like)

Why	SRC?
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Why	SRC?

kF

(Fermi-gas	like)



Universal	structure	of	nuclear	
momentum	distributions



Exclusive	2N-SRC	Studies
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Exclusive	2N-SRC	Studies
Breakup	the	pair	=>	

Detect	both	nucleons	=>	
Reconstruct	‘initial’	state



Proton-Neutron	Dominance

~90%	np-SRC

~5%	pp-SRC
0.3 0.4 0.5 0.6
Missing	Momentum	[GeV/c]

12C

[%]

O.	Hen	et	al.,	Science	
364	(2014)	614

I.	Korover et	al.,	PRL	113	(2014)	022501R.	Subedi et	al.,	Science	320	(2008)	1476

A.	Tang	et	al.,	PRL	(2003);											E.	Piasetzky et	al.,	PRL	(2006);											R.	Shneor et	al.,	PRL	(2007)



NEW	DATA	– c.m.	Motion
“…	high	relative	momentum	and	low	c.m.	momentum

compared	to	the	Fermi	momentum	(kF)”

E.	Cohen	et	al.	(CLAS	Collaboration)



NEW	DATA	– Repulsive	Core	(?)
Pushing	the	nuclear	wave	function	to	the	limit…

E.	Cohen	et	al.	(CLAS	Collaboration)



NEW	DATA	– Asymmetric	Nuclei

Protons	are	more	correlated	in	neutron	rich	nuclei

M.	Duer et	al.	(CLAS	Collaboration)

np-SRC	ModelData

1

0.6

1.4

1.8 A	(e,e’N)	[high-Pm /	low-Pm]
12C(e,e’N)	[high-Pm /	low-Pm]



Symmetric	Nuclei

Asymmetric	Nuclei



Consistent	set	of	(e,e’),	(e,e’p),	(e,e’pN)	and	(p,2pn)	
measurements,	on	a	variety	of	nuclei,	allow	quantifying	

SRCs	with	unprecedented	accuracy!

1. SRC	Exist	in	Nuclei	(!)	and	account	for:
• ~		20%	of	the	nucleons	in	nuclei.
• ~100%	of	the	high-p	(k>kF)	nucleons	in	nuclei.

2. Have	large	relative	momentum	and	low	c.m.	
momentum.

3. Predominantly	due	to	np-SRC.
4. Universal	for	A	=	4	– 208 nuclei.	
5. np-SRC	create	a	larger	fraction	of	high-momentum	

protons	in	neutron	rich	nuclei!
6. Tensor force	dominance	at	short	distance.
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SRC	101



31

Outline

ü Introduction	to	Short-Range	Correlations

2. Universal	description	of	fluctuations	of	
strongly	interactive	Fermi	systems.

3. Implications	to	nuclear	PDFs	(EMC	effect)

4. Why	you	should	care!



Universal	Nuclear	Structure

Can	one	formulate	a	universal effective	description	
of	SRC	in	coordinate	and	momentum	space?	(YES!)

Momentum	Space

Coordinate	
Space



Consider	a	factorized	wave	function:
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4	wave	functions	and	contacts	for	L=0

p
p n

n
p
n

p
n

S=0 S=1

Factorization	in	Nuclei

(known)	Solution	for	
the	two-body	problem

Many	body,	mean-field,	
function	(a	number!)
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Factorization	in	Nuclei

(known)	Solution	for	
the	two-body	problem

Many	body,	mean-field,	
function	(a	number!)

p
p n

n
p
n

S=0 S=1
Reduced	to	2	contacts	from	symmetry	considerations

p
n= =
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One	Body:	

Two	body:

Relating	to	Momentum	Space
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Universal	Nuclear	Structure

10%	Band

Momentum	[fm-1]
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VMC
Our	Model

Weiss,	Cruz-Torres,	Barnea,	Piasetzky	and	Hen,	arXiv 1612.00923	(2016)

Excellent	reproduction	of	ab-initio	
calculations!
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Consistent	Nuclear	Contacts!
Consistent	contacts	extracted	from:	

(1) Experimental	data,	
(2) many-body	momentum space	calculations,
(3) many-body		coordinate space	calculations.	

Weiss,	Cruz-Torres,	Barnea,	Piasetzky	and	Hen,	arXiv 1612.00923	(2016)
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Consistent	Nuclear	Contacts!
Consistent	contacts	extracted	from:	

(1) Experimental	data,	
(2) many-body	momentum space	calculations,
(3) many-body		coordinate space	calculations.	

Relation	to	the	EMC	effect,	Coulomb	sum	rule,	reaction	
cross-sections,	correlation	functions	and	more….
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ü Universal	description	of	fluctuations	of	
strongly	interactive	Fermi	systems.

3. Implications	to	nuclear	PDFs	(EMC	effect)
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EMC	Effect

• Overall	increasing	as	a	
function	of	A.

• No	fully	accepted	
theoretical	explanation.

• Deviation	of	the	per-nucleon	DIS	cross	section	ratio	
of	nuclei	relative	to	deuterium	from	unity.

• Universal	shape	for	0.3<x<0.7	and	3<A<197.
• ~Independent	of	Q2.
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Motion

(Anti)	
Shadowing
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12C

9Be

4He

JLab4He 9Be

12C 27Al

40Ca 56Fe

111Ag 197Au

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

Universality	of	the	EMC	Effect



EMC	Challenge:	‘Strength	’Scales

External	Field

Weak	Binding

Strong	Binding



EMC	Challenge:	‘Strength	’Scales

Quark	Piglets

Nuclear	Field

d



EMC-SRC	Correlation

SRC	Scaling	factors	XB ≥	1.4
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L.	B.	Weinstein,	E.	Piasetzky,	D.	W.	Higinbotham,	J.	Gomez,	O.	Hen,	R.	Shneor,	Phys.	Rev.	Lett.	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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Other	Correlations…
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Other	Correlations…
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Next	Generation	Experiments
Large	Acceptance	
Detector	(LAD@Hall-C)

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. 
 

R&D	@	MIT	/	
Construction	@	BATES
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Forthcoming	RMP	Review

Hen,	Miller,	Piasetzky	and	Weinstein,	
to	appear	in	RMP	(2016)
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Forthcoming	RMP	Review

arXiv:	1607.03065	(2016)
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The	contact…

[SRC	Scaling	Factor]
SRC	Scaling	factors

EM
C
Sl
op

e

EFT	description	of	bound	nucleon	structure:
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Why	SRC?
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Why	SRC?



You	can’t	do	nuclei	at	high	
energies	without	correlations!
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Why	SRC?

• At	any	given	moment	20%	of	the	nucleons	
fluctuate	into	a	temporal	high	density	proton-
neutron	pair.

• The	structure	of	these	nucleons	is	thought	to	be	
modified	and	IS	the	cause	of	nuclear	PDFs.

• Vary	hard	to	calculate	from	first	principle.	

• Not	that	hard	to	model	using	universality



The	Correlations	group
• MIT	(Or	Hen):

– Barak	Schmookler

– Reynier Torres

– Efrain	Segarra

– Afroditi Papadopoulou

– Axel	Schmidt

– George	Laskaris

– Maria	Patsyuk

– Taofeng Wang (*visiting	scientist)

• TAU	(Eli	Piasetzky):
– Erez Cohen

– Meytal Duer

– Igor	Korover

– Adi Ashkenazy

• ODU	(Larry	Weinstein):
– Mariana	Khachatryan

– Florian	Hauenstein

• Theory	Collaborators (lots!)




