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Short range correlation in nuclei:  
	



n 
Free Neutron 
τ ≈ 15 min 

Bound Neutron 
τ = ∞ 



n 
Free Neutron 
τ ≈ 15 min 

Bound Neutron 
τ = ∞ 

Is the partonic-structure of bound 
nucleons same as that of free nucleons ? 
 
What is the connection between 

?
Close 
nucleons 



Hard scattering : 
 
High-energy (small de Broglie wavelength λ)  
and large-momentum transfer  q)  
 
 
 
 
 
Hard scattering has the resolving power 
required to probe the internal (partonic) 
structure of a complex target 

~1 fm 

R 

R<λ 1<⋅Rq



Deep	Inelas*c	Sca-ering	(DIS)			
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W2 

Incident	
lepton	

E,	E’		5-500	GeV	
Q2		5-50	GeV2	

w2		>4		GeV2	

0	≤	XB	≤	1	

	

xB	gives	the	frac*on	of	nucleon	momentum	
carried	by	the	struck	parton	

Informa*on	about	nucleon	vertex	is	contained	in	
F1(x,Q2)	and	F2(x,Q2),	the	unpolarized	structure	
func*ons	

sca2ered	
lepton	

Electrons,	muons,	neutrinos	
SLAC,	CERN,	HERA,	FNAL,	JLAB	
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The	European		Muon	Collabora*on	(EMC)	effect		

After 30 years no consensus on cause of EMC effect 
 

Close 
nucleons 

Aubert et al., PLB (1983); Ashman et al., PLB (1988); Arneodo et al., PLB (1988); Allasia et al., 
PLB (1990); Gomez et al., PRD (1994); Seely et al., PRL (2009); Schmookler et al., Submitted 
(2018) 
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Short-Range Correlations (SRC) 



Nucleon pairs that are close together in the nucleus 
 

Momentum space: high relative and low c.m. 
momentum, compared to the Fermi momentum (kF) 

What Do I Mean by SRCs? 
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Exclusive triple – coincidence measurements 

Quasi-Free scattering off a nucleon in a 
short range correlated pair 
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triple – coincidence measurements 
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triple – coincidence measurements 
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triple – coincidence 
measurements 
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triple – coincidence 
measurements 
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triple – coincidence 
measurements 



Probing Correlations Using 
Hard Knockout Reactions 

Same with high energy 
protons  
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Exclusive SRC studies 

Neutron 
Detector BigBite Spectrometer 



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

EBAF	 arge	 cceptance	 pectrometer	
[ ]	



12C(e,e’pn) / 12C(e,e’p) 

[12C(e,e’pp)  /  12C(e,e’p)] / 2 

[12C(e,e’pp)  /  12C(e,e’pn)] / 2 

BNL / EVA 

R. Subedi et al., Science 320, 1476 (2008).  

12C 
12C(p,ppn) / 12C(p,pp) 

The high momentum tail in nuclei is dominated by SRC pairs 

Most of the SRC pairs (90%) are np only 5% pp and 5% nn  

Piasetzky et al., PRL. 97 (2006) 162504.    



M.F. 

! Same # of high-momentum protons and neutrons 

M. Duer et al. (CLAS Collaboration), Nature, 560 (2018)  617-621 

( , ' )A e e p ( , ' )A e e n

M.F. SRC 

Asymmetric nuclei 



p 
n 

Nucleons has Isophobia 
(np – dominance) 



At 300-600 MeV/c there is an excess strength in 
the np momentum distribution due to the strong 
correlations induced by the  tensor NN potential. 

pn 

pp 

Schiavilla, Wiringa, Pieper, Carson, PRL 
98,132501 (2007).  

Sargsian, Abrahamyan, Strikman, Frankfurt 
PR C71 044615 (2005). 

Ciofi and Alvioli 
PRL 100, 162503 (2008). 

This experiment 

)(rVc

12)()()( SrVrVrV TcNN +=

212112 )ˆ)(ˆ(3 σσσσ −⋅⋅= rrS

Only np-SRC 

pp- nn-  np- SRC 



Phys. Lett. B780 (2018) 211. 

a factorized ansatz 

Generalized Nuclear Contact Formalism 

•  Universal function: the zero 
energy solution to the 2 body 
problem 

•  Nucleus (A-2) 
specific function 

A universal description of SRC: 

0l s j= = =
pp, nn, np pairs  np pairs  

0,2 1 1l s j= = =

Compering ab-initio 
VMC and nuclear 
contact calculations  

Momentum Distribution 

Residual 



Phys. Lett. B780 (2018) 211. 

a factorized ansatz 

Generalized Nuclear Contact Formalism 

•  Universal function: the zero 
energy solution to the 2 body 
problem 

•  Nucleus (A-2) 
specific function 

A universal description of SRC: 

0l s j= = =
pp, nn, np pairs  np pairs  

0,2 1 1l s j= = =

Compering ab-initio 
VMC and nuclear 
contact calculations  

Momentum Distribution 

Residual 



np- dominance and Asymmetric Nuclei 

Protons have a greater probability than 
neutrons to be above the Fermi sea.  

For nuclei with  N>Z: 



Do they produce SRC pairs 
with the inner shells protons ? 

What do the outer shell  neutrons do ? 

M. Duer et al. (CLAS Collaboration), Nature, 560 (2018)  617-621 



Correlation Probability:  
Neutrons saturate Protons grow 

M. Duer et al. (CLAS Collaboration), Nature, 560 (2018)  617-621 



The	European		Muon	Collabora*on	(EMC)	effect		

After 30 years no consensus on cause of EMC effect 
 

2 2 2
A p nF Z F N F≠ ⋅ + ⋅



28 Hen, Miller, Piasetzky, Weinstein, Review	of	Modern	Physics		89,	04500	(2017).		

Theory: ~1000 papers, 3 ideas  

Nuclear Binding, Fermi motion, Pions, Coulomb field… 

1. Proper treatment of “traditional” nuclear effect  

2. In the nuclear field, nucleons are different from free.  

3. Nucleons are normally normal except when they are close 
to another nucleon (2N-SRC), nucleons are different from 
free.  

DIS, DY 



SRC		

EMC	
The	EMC	effect		is	associated	with	2N-SRC	

PRL		106,	052301	(2011),	PRC	85	047301	(2012),		RMP	89,	04500	(2017)		

High	momentum	nucleons	



Bound    =    ‘quasi Free’    +    Modified SRCs 

p 
n Tensor 

Force 



 EMC effect is isospin dependent  
 
 

Prediction 1:  

A larger fraction of the Proton than neutron 
will be modify in nuclei.  
 



Prediction 2:  

EMC effect should saturate for neutrons 
and grow for protons 

M. Duer et al. (CLAS Collaboration), Nature, 560 (2018)  617-621 



Neutrons Saturate, Protons Grow 

Schmookler, Duer, and Schmidt 
et al., submitted (2018) 
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Neutrons Saturate, Protons Grow 

Schmookler, Duer, and Schmidt 
et al., submitted (2018) 
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A ≥ 12 

A ≥ 12 



p 
n Tensor 

Force 

Bound    =    ‘quasi Free’    +    Modified SRCs 
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Schmookler, Duer, and Schmidt 
et al., submitted (2018) 



       }Fluctuations in Nuclei np-SRC 
EMC effect 



Internal	Structure	of	Bound	Nucleons	

Focus on the deuteron: 



Internal	Structure	of	Bound	Nucleons	



Summary  (I) 

np-SRC 
dominance 

In nuclei the momentum distribution of nucleons 
can be divided into two distinct regions  

k>kF k<kF 
Mean field region Correlated / high 

momentum region 

#protons = #neutrons, 
irrespectively of the neutron excess 

The fraction of correlated protons /
neutrons is grow/constant , as a 
function of neutron excess, 

Generalized Nuclear Contact Formalism 



 > p n
k kE E

 EMC: Nucleons are normally normal 
except when close to others.  
 
Proton EMC effect > neutron EMC effect.  
 

 In neutron stars  
proton momentum > Simple Fermi Gas prediction. 
 

In neutron-rich nuclei: 

Summary (II)  

EMC is associate with 2N SRC 



Related talks in this workshop 



Nov       2018 
NARITASAN SHINSHO-JI TEMPLE COMPLEX, Japan 

I thank the organizers for the invitation 
Shunzo Kumano  
Shinya Sawada  
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A~1057 

The EMC effect Neutron Stars 

In neutron-rich nuclei (N>Z) 



§  At high nucleon momentum  
distributions are similar in shape for  
light and heavy nuclei:  SCALING. 
 

§  Can be explained by 2N-SRC dominance.  
§  Within the  2N-SRC dominance picture one can get the 

probability of 2N-SRC in any nucleus, from the scaling factor.  

But: For fixed high Q2 and xB>1, xB 
determines a minimum pi  

In A(e,e’) the momentum of the struck 
proton (pi) is unknown. 

e e/ 

q pi 

Prediction by 
Frankfurt, Sargsian, 
and Strikman: 

)()( knCkn DAA ⋅=

Adapted from 
 Ciofi degli Atti  

ω

ω

ωµ
µ

m
Qx

EE
qqqQ

B 2

'
2

222

=

−=

−=−=



    

22 4.1 GeVQ >

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

JLab. CLAS A(e,e') Result 

K. Sh.  Egiyan et al. PRC 68, 014313 (2003) 

More r(A,d) data: 
SLAC   D. Day et al. PRL 59,427(1987)  
JLab.   Hall C  E02-019 



Results	from	JLab	Hall	C	(E02-019)	

a2N(A/d) 

  

Q2=2.5GeV2 

N.	Fomin	et	al.		Phys.	Rev.	Le2.	108:092502,	2012.			

More	r(A,d)	data:	
SLAC			D.	Day	et	al.	PRL	

59,427(1987)		

Jlab	/Hall	B:	K.	Sh.		Egiyan	et	al.	PRC	68,	014313	(2003)	
K.	Sh.		Egiyan	et	al.	PRL.	96,	082501	

(2006)	
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Nucleons 

E E` 

(ω,q) 

nucleus	

Incident	
lepton	

sca2ered	
lepton	

xB> 1 xB> 2

2N-SRC	 3N-SRC	

Inclusive electron scattering A(e,e’)   

0≤ xB≤ A
)
)(2

(
2

'

T
B pq

Qx
⋅

=

Momentum scaling à 

-->	Counts	the	number	of	
SRC	clusters	in	nuclei	 Data	mining	(EG2c)	a2N(A/d) 

Barak Schmookler et al.,submitted to Science 



Large Acceptance Detector  
for JLab experiment 

מונה לגילוי פרוטון רותע 



BackwardAngle Detector  for 
JLab experiment (Hall B) 

ניסוי מתוכנן ל    JLAB   בארה"ב 
האם יש אפקט  EMC בדיואטרון?  TAU	/	MIT/UTSM /	ODU	

מונה לגילוי ניוטרון רותע 
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Korover et al. Phys. Rev. Lett. 113 (2014)  
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ניסוים שבוצע במעבדת המאיץ זפרסון בארה"ב 

Phys Review Letter  99, 072501 (2007) 

Science  320,1476 (2008) 

רן שניאור )2008( 

איגור קורובר 

אור חן 
(2015) 

(2015) 

Science  346          (2014) 



Pmiss 

P 

q 
12C 

Pmiss 

Precoil 

q 
e- 

e- 

p 

p 

3D 
Reconstruction 

triple – coincidence measurements 



p 
n 

Nucleons has Isophobia 
(np – dominance) 



p 
n Tensor 

Force 



0l s j= = =
pp, nn, np pairs  np pairs  

0,2 1 1l s j= = =

arXiv:1612.00923 

a factorized 
ansatz 

Generalized Nuclear Contact Formalism 
A universal description of SRC without many-body calculations 

•  Universal function: the zero 
energy solution to the 2 body 
problem 

Compering ab-
initio VMC and 
nuclear contact 
calculations  

•  Nucleus (A-2) 
specific function 
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ניסוים שבוצע במעבדת המאיץ זפרסון בארה"ב 

Phys Review Letter  99, 072501 (2007) 

Science  320,1476 (2008) 

רן שניאור )2008( 

איגור קורובר 

 (2015)אור חן 

(2015) 

Science  346          (2014)  ארז כהן מיטל דואר 
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M. Duer (TAU) 

Preliminary  

( , ' )A e e pp
( , ' )A e e np
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( , ' )A e e pp

C.M.	Mo*on	of	the	SRC	pairs	

Erez Cohen (TAU) 



C.M.	Mo*on	of	the	SRC	pairs	

E. Cohen et al., To be submitted 
next month 



New	Results	(1):	C.M.	Mo\on	

E. Cohen et al., To be submitted 
next month 



Jefferson-Lab 
[MIT] 

JINR Dubna 

[TAU] 

GSI 

Our	SRC	Worldwide	Program	/TAU	
team	

NRCN 

Sharon Beck 
Arie Beck 

Erez Cohen Meytal Duer 

Or Hen 

Accelerator facilities  
Igor Korover 

Leonid Frankfurt 

George 
Laskaris 
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Hall-A: High-Resolution Spectrometers 

Detector Hut 

Dipole Quadrupoles 



40Ca CVMC 

np 

pp 

NN 

R
es

id
ua

l 
M
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en

tu
m
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is

tri
bu

tio
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See Monday 
seminar for 

theory 
developments 

Contact Formalism vs.  
VMC Many-Body 
Calculations 



73 Weiss, Cruz-Torres, Barnea, Piasetzky and Hen, arXiv 1612.00923 (2017) 

Scale-Separated Nuclear Structure 

•  Universal function of               
the NN interaction.  

•  Taken as the zero energy 
solution to the 2 body problem 

•  Nucleus (/ system) 
specific function 

•  Depends on all nucleons 
except the SRC pair 
(primarily mean-field) 

1.  Use a factorized ansatz for the short-distance (high-momentum) 
part of the many-body wave function: 

2.  Test by comparing to many-body calculations and data from hard 
knockout measurements 



Phys. Lett. B780 (2018) 211. 

a factorized ansatz 

Generalized Nuclear Contact Formalism 

•  Universal function: the zero 
energy solution to the 2 body 
problem Compering ab-

initio VMC and 
nuclear contact 
calculations  

•  Nucleus (A-2) 
specific function 

A universal description of SRC: 

0l s j= = =
pp, nn, np pairs  np pairs  

0,2 1 1l s j= = =



 > p n
k kE E

 EMC: Nucleons are normally normal 
except when close to others.  
Proton EMC effect > neutron EMC effect.  
 

np-SRC dominance 

 In neutron stars  
proton momentum > SFG prediction. 
 

In neutron-rich nuclei: 

Summary  

EMC is associate 2N SRC / 95% / 5% 20N Z ≈ =



Two-component interacting Fermi systems 

Adapted from Debora Jin (JILA). 

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

For ulta-cold atomic gas systems of two 
different type of fermions with short-
range interaction  

effrda >>>>

Thermodynamics can be describe by a single 
parameter:  ‘contact’ 

The contact measure the number of close 
different –fermions pairs  



Two-component interacting Fermi systems 
The contact term 

In collaboration with:    O. Hen  L. B. Weinstein G.A. Miller M.M. Sargsian 

Adapted from Debora Jin (JILA). 



The contact and universal relations 
 
For systems of two different type of fermions 

With short-range interaction and large scattering length 
between different fermions 

Thermodynamics can be describe by a single parameter:  ‘contact’ 

The contact measure the number of close different –fermions pairs  

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

In these systems there is high- momentum tail: 
4/)( kCkn =

C  is the contact term  
Units: (length)-1 

effrda >>>>



Adapted from a talk by Debora Jin (JILA). 

Experiments with two spin-state mixtures of ulta-cold 40K 
and 6Li atomic gas systems extracted the contact term and 
verified the universal relations 

 

Stewart et al. PRL 104, 235301 (2010) Kuhnle et al. PRL 105, 070402 (2010) 



Is this relevant to the only Gordon 
conference in nuclear physics ?  

-321 m 10=ρ

-344 m 10=ρ

Adapted from Debora Jin (JILA). 

Self Bound  

Confined in external potential 

strong NN interaction 
(tensor) 

atom-atom interaction 
(S-wave ) 

eV/c  105.2 8⋅≈Fk

eV/c  6.1≈Fk



What about nuclear contact ? 
 

The high- momentum tail is predominantly: 

effrda >>>> ? 
fmd 8.13/1 ≈= −ρ

fm
cm

reff 7.0
2

≈
⋅⋅

≈
π

!

J=1  S and D pairs : 

Tensor force 

T=0 S=1 L=0    3S1 

T=0 S=1 L=0    3D1 
a(3S1)=5.424±0.003 fm. 

)7.0()8.1()4.5( fmrfmdfma eff>>≈



Another (same) way to look at it  
 

1>>ka 10 <<kr

-1fm  3.1MeV/c/197 250 =≥k

 fm  4.5=a 17)( >>≈ka

 fm  7.00 =r 10 ≈kr

1.0)( 1 ≈−ka
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triple – coincidence 
measurements 

? 
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קינמטיקה הפוכה 

recoil proton 

target proton 

leading protons 

nuclear  beam  

A-2 



-150  +25cm  snow 
Dubna, Rusia, March 2018 



  רוסיהJINR  מערך הניסוי  ב 

P1 

P2 

A-2 
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מרץ  2018  
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A~1057 
The EMC effect 

Neutron Stars 

In neutron-rich nuclei (N>Z) 
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Nucleons in the Nucleus 

Quarks  
in Nucleons 
in the Nucleus 

Physicists view nuclei with different resolution 
 

Rutherford scattering 

Close 
nucleons 



( , ' )  and A(e,e'pp)A e e p



A~1057 

The EMC effect Neutron Stars 

In neutron-rich nuclei (N>Z) 



M.F. 

! Same # of high-momentum protons and neutrons 

M. Duer et al. (CLAS Collaboration), Nature, 560 (2018)  617-621 

Proton	vs.	Neutron	Knockout	 ( , ' )A e e p ( , ' )A e e n

M.F. SRC 



p 
n Tensor 

Force 

What about np-dominance in asymmetric nuclei  ? 



nucleon	
Final	
stat
e	

200 (300)
N/Z<1.5 (2.5)
A <

3 3
0 0.17 / 0.16 /N fm GeV fmρ = =

5710

/ 95% / 5% 20
p

M
A

M
N Z

≈ ≈

≈ =

e

0 02 5 ρ ρ= −

Nuclear density 

Asymetry 



A few times 
average nuclear 
density 

2N-SRCs: pairs of nucleons 
close together in the nucleus 

(wave functions overlap) nucleon	
Final	
stat
e	
Hadr
ons		

200 (300)
N/Z<1.5 (2.5)
A <

3
0 0.17 /N fmρ =

5710

/ 95% / 5% 20
p

M
A

M
N Z

≈ ≈

≈ =

e

0 02 5 ρ ρ= −

≤1.f 

Nucleons 

2N-SRC 

1.7f 
 

ρo = 0.16 GeV/fm3 

~1 fm 

1.7 fm 



In neutron-rich nuclei (N>Z) 

Inversion of the momentum sharing:  





• ~95% neutrons, ~5% protons ~5% electrons (β-stability). 

• three separate Fermi  gases (n, p, e). 

SRC in neutron 
rich nuclei 

At T=0 

2/3 2/35 10% 1
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k nE
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in neutron stars ??

/ 95% / 5% 20N Z ≈ =



Barak Schmookler 

Collaborators 

Meytal Duer Or Hen 

Larry 
Weinstein 



M. Duer et al.    arXiv:1810.05343 

( , ' )  and A(e,e'pn)A e e pp
Asymmetric nuclei 


