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What we have learned about SRCs?

q SRCs is responsible for high-momentum tail

q SRCs accounts for ~20% of nucleon

q SRC pairs are back-to-back with small C.M.

q np pairs dominate over pp-pairs by ~ x20 

in nuclei from 4He – Pb

What about neutron-rich nuclei?



Proton “speed up” in neutron-rich nuclei

Duer et al., Nature (2018)



Protons are more correlated in neutron-rich 
nuclei  
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correlate with 
core protons

Pb/C





Lecture4+5:

qShort Range Correlations and EMC effect

qProton visualization

qNucleon-Nucleon (NN) interactions
§ (e,e’p) measurement on A=3



Many-Body System

NN Interaction

Nucleon 
Sub-Structure

SRCs Across Scales
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Why Nucleon-nucleon interaction?

Crucial for:

q Ab-Initio structure & reaction calculations

q Dense astrophysical objects, e.g. neutron stars

q Any calculation related to nuclear interaction
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Overall consistent at long-r/ small-k
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Large model dependence at small-r/high-k

Need to put these to test
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Large model dependence at small-r/high-k

Need to put these to test

SRCs



Testing Reaction Mechanism & NN models

qMeasure nucleon-knockout cross-section

qCompare with calculation using different 
NN interactions and modeling of reaction 

qSee which one works the best



Light Nuclei: The ideal lab to study NN 



Why A=3 nuclei?

v Proton in 3He = Neutron in 3H

v Constraints reaction mechanism

v Better to study proton in 3H than neutron in 3He
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q Exactly calculable

q Mirror nuclei

3He

3H

ØIdeal case: Test and benchmark theory



Quasi-elastic scattering (e,e’p) 

A= 3

q Missing momentum: 

𝑃!"## = 𝑃$ − 𝑞⃗

qPlane-Wave Impulse Approximation (PWIA)
v Momentum transfer absorber by a 

single nucleon

v Knocked-out nucleon did not re-scatter 
as it left the nucleus

𝑃!"## = 𝑃"

𝜎 = 𝐾 𝜎!" 𝑆( 𝑃# , 𝐸#)

High Q2 factorization



Previous studies and non-QE mechanisms

Large differences between
data & PWIA3He

19

F. Benmokhtar et al., PRL (2005)

qData is useful to study reaction mechanism, not nucleon 
distributions. 



3HeQ2 ~ 1.5 
GeV2

xB ~ 1

Previous studies and non-QE mechanisms
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F. Benmokhtar et al., PRL (2005)

qNon-QE mechanisms can be minimized using selected kinematic region



Minimizing non-QE mechanisms

M. M. Sargsian, Int. J. Mod. Phys. E10 (2001)
M. M. Sargsian et al., J. Phys. G29, R1 (2003)

Q2 > 2 GeV2
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xB > 1
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PW
IA

Q2 > 2 GeV2XB > 1

Minimizing non-QE mechanisms
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Extracted Absolute cross-section 3-body break up
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R. Cruz-Torres*,  D. Nguyen* et al., Under PRL review



Compare to different theory calculation
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R. Cruz-Torres,  D. Nguyen et al. PRL editor suggestion (2020)

3H Exp/Cracow & CK+CC1
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R. Cruz-Torres,  D. Nguyen et al. PRL editor suggestion (2020)



Much better than previous data!
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Iso-scalar sum 3He+3H
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q3H has better agreement to calculation than 3He

qData/PWIA ~ 20% at high Pmiss

qTheory describes 3H+3He data within 10% up to Pmiss = 500 MeV/c

What we have learned in A= 3:

R. Cruz-Torres,  D. Nguyen et al. PRL editor suggestion (2020)

Crucial benchmark for few-body nuclear theory 
and essential test of theoretical calculation



Path forward 
To 

Study heavier nuclei



Light Nuclei: The ideal lab to study NN 



Why effective theories for SRCs?

qComplicated NN interaction & large nuclear density

qMean-field theories don’t include SRCs

qAb-initio calculations are limited to light nuclei



Need an effective theory 
that describes SRC

The Generalized 
Contact Formalism (GCF)



High-Momenta
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SRCs



Factorization in nuclear systems

Scale separation at the short distance 

Factorization of the nuclear wave function

Many two 
body wave 

function

Two-body
Wave 

function

A-2 Residual 
system



Two-body densities in GCF



Two-body densities in GCF



Two-body densities in GCF



Integrating over R and Q



Short-r Two-body densities in GCF



High-k Two-body density in the GCF



Small-r Universality and GCF



Small-r Universality and GCF

C%
&&,( =

ρ%
&&,((r)

|φ&&( r |2

Cruz Torres and Lonardoni et al., Nature Physics (2020)



High-k universality and the GCF

C%
&&,( =

ρ%
&&,((q)

|φ&&( q |2



A/D: small-r and high-k scaling are Identical

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).
+ many works by Claudio Ciofi; Jan Ryckebusch; Frankfurt Strikman; …



GCF: can produce the high-k 

4He

High-k 1-body density



Take-away message

qA=3 cross-section is well described by the 
current theory calculation up to 500 MeV/C

q Understanding the complex NN interaction is 
a challenge and a priority of nuclear physics

qGCF allows us to study NN interaction at 
short distances and high momentum 


