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EMC:		Bound	Nucleons	≠ Free	Nucleons
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EMC:		No	Scale	Separation	???
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EMC:	Nuclear	Effect!
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1. Proper	treatment	of	‘known’	nuclear	effects
[explain	some	of	the	effect,	up	to	x≈0.5]

• Nuclear	Binding	and	Fermi	motion,	Pions,	Coulomb	Field.
• No	modification	of	bound	nucleon	structure.

2. Bound	Nucleons	are	‘larger’	than	free	nucleons.	
• Larger	confinement	volume	=>	slower	quarks.
• Mean-Field	effect.
• Momentum	Independent.
• Static.

3. Short-Range	Correlations
• Beyond	the	mean-field.
• Momentum	dependent.
• Dynamical!

EMC	– Everyone’s	Model	is	Cool	(G.	A.	Miller)

Theory:	1000	papers,	3	Ideas
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11J.	Seely et	al.,	Phys.	Rev.	Lett.	103,	202301	(2009).

EMC:	(non-trivial)	Nuclear	Effect!



Temporal	fluctuations 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)

Beyond	the	Mean-Field:	
Short-Range	Correlations



Beyond	the	Mean-Field:	
Short-Range	Correlations
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EMC	and	SRC	are	Correlated!
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EMC	and	SRC	are	Correlated!

EMC	Effect	Predominantly	Associated	
with	High-Momentum	Nucleons?

Practical	Implications:
1. NuTeV anomaly [ask	me	later	if	interested]

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

1. d/u	ratio	at	large-xB and	SU(6)	breaking [Hen	et	al.	PRD	
2011]
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Nucleon:	Simple	2-State	Model

PLC are smaller => Dominate high-x F2

Blob-like config. (BLC)

Point-like config. (PLC)



17

Nucleon:	Simple	2-State	Model

Medium interacts with BLC, energy
denominator increases, PLC Suppressed: 

𝝐𝑴 < 𝝐

Blob-like config. (BLC)

Point-like config. (PLC)

A-1
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PLC	Suppression	Dominated	by	SRC!
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PLC	Suppression	Dominated	by	SRC!



G.A.	Miller

Small	Amplitude	=>	Large	Probability!	



arXiv:	1607.03065	(2016)

SRC	contact

[SRC	Scaling	Factor]

SRC	Scaling	factors
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EFT	description	of	bound	nucleon	structure:



1. EFT:

2. QCD:

Hen et al., Reviews of Modern Physics, In-Print (2017)

Bound	nucleons	in	EFT	and	QCD
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𝐹56 𝑥, 𝑄5 = 𝐹5: 𝑥, 𝑄5 		+							𝑔5 𝐴, Λ 					 2 		𝑓5 𝑥, 𝑄5, Λ
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1. EFT:

2. QCD:
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Bound	nucleons	in	EFT	and	QCD
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1. EFT:

2. QCD:
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Bound	nucleons	in	EFT	and	QCD
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“SRC” “Partonic”

Need	to	probe	and	constrain	both	
SRC	and	the	partonic modification!	
[In	comes	JLab6	- JLab12	- EIC]



Test	of	Bound	Nucleon	Modification?

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

(1)	Perform	DIS	off	
forward	going	nucleon.(2)	Infer	its	momentum	

from	the	recoil	partner.

Focus	on	the	deuteron:



Tagging	Concept	d(e,e’Nrecoil)

• High	resolution	
spectrometers	for	(e,e’)	
measurement	in	DIS	
kinematics

• Large	acceptance	recoil	
proton	\ neutron	detector

• Long	target	+	GEM	detector	
– reduce	random	
coincidence

29



Building	Large-Acceptance	Detectors
Large	Acceptance	
Detector	(LAD@Hall-C)

Backward	Angle	Neutron	
Detector	(BAND@Hall-B)
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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. 
 

R&D	@	MIT	/	UTSM	/	TAU
Construction	@	BATES



Beyond	the	Mean-Field:	
Short-Range	Correlations
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2N-SRC

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

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

• A/d (e,e’)	cross	section	
ratios	sensitive	to	
nA(k)/nd(k)

• Observed	scaling	
for	xB ≥	1.5.

=>	nA(k>kF)	=	a2(A)×nd(k)

High-Momentum	Scaling	
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Breakup	the	pair	=>	
Detect	both nucleons	=>	

Reconstruct	‘initial’	state

SRC	Probes:	Exclusive	(e,e’pN)	Scattering
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12C

56Fe

208Pb

Back-to-back	=	
SRC	pairs!

3D	Reconstruction



~90%	np-SRC

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

12C

[%]

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)

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



“…	high	relative	momentum	and	low	c.m.	momentum
compared	to	the	Fermi	momentum	(kF)”

E.	Cohen	et	al.	(CLAS	Collaboration),	In-Preparation	(2017)

C.M.	Motion	and	Pairing	Mechanisms



NN	interaction	at	Short	Distances

(CLAS	Collaboration),	In-Preparation	(2017)



VMC	
4He	=	d-d
D-Wave

Short-Range	Clustering

I.	Korover et	al.	(Hall-A	Collaboration),	In-Preparation	(2017)

Preliminary



Short-Range	Clustering

I.	Korover et	al.	(Hall-A	Collaboration),	In-Preparation	(2017)

VMC	
4He	=	d-d
D-Wave

<xB>	~	1.2,		<Q2>	~	2.0
Emiss <	150	MeV
Anti-Parallel	kin.

First	(?)	observation	of	
4-nucleon	correlation?

First	(?)	confirmation	
of	ab-initio	

calculations	in	
extreme	conditions

Preliminary



M.	Duer et	al.	(CLAS	Collaboration),	In-Preparation	(2017)

Equal	Number	of	Correlated	
Protons	and	Neutrons!



M.	Duer et	al.	(CLAS	Collaboration),	In-Preparation	(2017)

Neutron	Rich	Nuclei:	Larger	Fraction	of	
Correlated	Protons



Theory	model:	
depleted	mean-field	+	
scaled	deuteron	tail.	

Simplistic,	but	works!	

Indicates	protons	move	
faster	than	neutrons!

Protons	Move	Faster	In	Neutron	Rich	Nuclei

Preliminary

M.	Duer et	al.	(CLAS	Collaboration),	In-Preparation	(2017)



Beyond	the	Mean-Field:	
Short-Range	Correlations
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RMP	Review

arXiv:	1611.09748	(2017)



• EMC	is	a	nuclear	effect.
• Can	not	be	explained	without	bound	nucleon	structure	modification.

• SRC	lead	to	high	virtuality nucleons.
• Should	contain	a	non-nucleonic	component

• EMC	and	SRC	are	connected	by	phenomenology	and	via	several	
theoretical	models	due	to	their	high	virtuality.

• Only	(?)	models	that	can	self	consistently	explain	all	available	data.
• Effect	is	in	the	amplitude	– 15%	modification	can	come	from	1%	
probability!

• JLab12	experiments	planned	to	test	and	constrain	theory!
• SRC	pair	counting	=>	number	of	modified	nucleons.
• Tagged	EMC	=>	Modification	level	of	correlated	nucleons.

46

Conclusions
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**	Your	Design	Here?	**

Beyond	JLab12:	EIC
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Deuteron	(/	nucleus) Electron

Collider	Concept
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Deuteron	(/	nucleus) Electron

Collider	Concept
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Spectator	Momentum	
=	Beam/A	+	Pinitial (boosted)

Scattered	Electron

Knockout	nucleon	(/jet)
Spectator	nucleon

Collider	Concept
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Spectator	Momentum	
=	Beam/A	+	Pinitial (boosted)

Scattered	Electron

Knockout	nucleon	(/jet)
Spectator	nucleon

Collider	Concept



54

Pz (CM)
GeV/c

Pperp (CM)
GeV/c

Pz (Lab)
GeV/c

θp
(Lab)

0 0 50 0
0.2 0 41 0
0.4 0 34 0
0.6 0 28 0
0.6 0.2 29 0.007
0.6 0.6 36 0.02

100	GeV d: γ =	50
LabCenter	of	Mass

Spectator	Momentum

Collider	Kinematics


