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Starting from the end…

Measurements of exclusive electron 
scattering reactions can test, and 
constrain, the NN interaction and 
many-body theory.
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… Now, to the beginning
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The Nuclear Challenge



1. Many-body problem

è Numerical Technics (Quantum Monte Carlo, Lattice, 
Coupled Clusters, …)

2. Complex QCD interaction

The Nuclear Challenge



1. Many-body problem

è Numerical Technics 

2. Complex QCD Effective interaction

The Nuclear Challenge



1. Many-body problem

è Numerical Technics 

2. Complex QCD Effective interaction

The Nuclear Challenge



The Nuclear Interaction

Many ways to derive an 
effective interaction.

All models contain 
experimentally 

determined parameters.
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NN phase shifts constrain 
models up to pion threshold 

(~400 MeV/c c.m.)

No significant constrains     
@ higher momenta.

We provide new experimental constraints from 
electron scattering data!



High-Energy Electron Scattering 101
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High-Energy Electron Scattering 101
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𝑞⃗, 𝜔

Electron
Detector

Proton
Detector

Cross-section    = 
Probability of finding a proton with Pi in the nucleus 

X   Probability for Pi to absorb q (momentum transfer)



High-Energy Electron Scattering 101
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High-Energy Electron Scattering 101
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But….  Shells are not fully occupied!

Paschalis, Petri, Macchiavelli, Hen, and Piasetzky, arXiv 1812.08051 (2018)

Shell
Occupancy

40Ca
16O
12C

31P 30Si

51V

90Zr 7Li
48Ca 208Pb

Full Occupancy



Short-Range Correlations (SRC)



Today: Short-Ranged Interactions 
Across Resolutions

Many-Body System

NN Interaction

Nucleon 
Sub-Structure

(1)

(2)

(3)



Focus on 2018/19 results

Data:
• Nature 566, 354 (2019)
• Nature 560, 617 (2018)
• PRL 122, 172502 (2019)
• PRL 121, 09201 (2018)
• arXiv: 1811.01823

1902.06358

Theory: 
• Phys. Lett. B 791, 242 (2019)
• Phys. Lett. B 793, 360 (2019)
• Phys. Lett. B 780, 211 (2018)
• Phys. Lett. B 785, 304 (2018)
• arXiv: 1812.08051



Many-Body System

NN Interaction

Nucleon 
Sub-Structure

(1)

(2)

(3)
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Realistic 12C 
(AV18+UX)

Wiringa, PRC (2014); Carlson, RMP (2015).
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Nucleon pairs that are close together in the nucleus

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



Breakup the pair => 
Detect both nucleons => 

Reconstruct ‘initial’ state



np dominance
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Low Pair C.M. Motion

Cohen, PRL (2018).

𝑃@.B. = 𝑃=! + 𝑃="



Low Pair C.M. Motion

Cohen, PRL (2018).
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Going neutron rich:
What do excess neutrons do?

42

don’t 
correlate?

correlate with 
core protons?

correlate with 
each other?



Proton vs. Neutron Knockout
M. Duer



Correlation Probability: 
Neutrons saturate Protons grow

Duer et al., Nature (2018)



Duer et al., Nature (2018)

Protons ‘Speed-Up’ In Neutron-Rich Nuclei



Interim Summary

~kF

p
n

k<kF
Mean-field k>kF

Correlated / 
high-p

• Nuclear momentum 
distribution have two 
distinct regions.
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Many-Body System

Nucleon 
Sub-Structure

Short-Ranged  
Interaction
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Probing the NN Interaction

• Measure one- and two-nucleon knockout cross-sections.

• Compare with calculations using different NN interactions.

• See which one works best
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QMC Pair distance distributions

Cruz Torres and Lonardoni et al. (2019)
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Cruz Torres and Lonardoni et al. (2019)

QMC Pair distance distributions
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QMC Pair distance distributions



GCF Factorization
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P-A-I-R-S



Weiss et al., Phys. Lett. B (2018); 
Cruz Torres et al., Phys. Lett B (2018); 
Weiss et al., Phys. Lett B (2019);
Cruz Torres and Lonardoni et al. (2019).
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Scale & Scheme Independence

Cruz Torres and Lonardoni et al. (2019)
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Momentum–Position Equivalence

Cruz Torres and Lonardoni et al. (2019)
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P-A-I-R-S



GCF: Pairs Spectral Functions

𝑆1 𝑝, 𝜀 = 𝐶F
1G, HI! ; 𝑆1GHI! 𝑝, 𝜀 +
𝐶F
G1, HIK ; 𝑆1GHIK 𝑝, 𝜀 +

2𝐶F
11, HIK ; 𝑆11HIK 𝑝, 𝜀

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).
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Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).



Relative c.m.

Each pair is convoluted with c.m. motion:

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).
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AV18 / N2LO / … Gaussian

Each pair is convoluted with c.m. motion:

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).
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GCF: Realistic Spectral Functions
N3LO

AV18

Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).
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Weiss, Phys. Lett. B (2018); Cruz Torres, Phys. Lett B (2018); Weiss Phys. Lett B (2019).
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Two-Nucleon Knockout



	

Two-Nucleon Knockout



	

Frankfurt, Sargsian, and Strikman PRC 56, 1124 (1997).
Colle, Cosyn, and Ryckebusch, PRC 93, 034608 (2016).

MEC suppressed @ high-Q2,
IC suppressed at xB > 1.

Two-Nucleon Knockout



	

MEC suppressed @ high-Q2,
IC suppressed at xB > 1.

FSI suppressed in anti-parallel
kinematics. Treated using 
Glauber approximation.

Frankfurt, Sargsian, and Strikman PRC 56, 1124 (1997).
Colle, Cosyn, and Ryckebusch, PRC 93, 034608 (2016).

Two-Nucleon Knockout
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For large Q2, x>1

Pair rescattering: 
Minimize by choosing 
correct kinematics

Attenuation: 
Calculate using Glauber.

FSI: Theory Guidance

FSI ‘Blob’



Pair Rescattering

200 MeV/c

400 MeV/c

500 MeV/c

3He e,e ' p( )
R = σFull / σPWIA

M. Sargsian; Boeglin PRL (2011).



Hen et al., Phys. Lett. B 722, 63 (2013)

Glauber

Colle & Hen et al., PRC 722, 63 (2013)

Attenuation: Glauber



A-0.285±0.011

M. Duer et al., submitted (2018)

Attenuation: Glauber
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Probing the NN Interaction

What’s needed?

ü Plain-wave \w spectral functions from NN interaction

ü Data in kinematics where plain-wave works
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Theory-Data Comparisons
Experiments usually correct data for detector acceptance and 

reaction mechanism effect before comparing with theory.   
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Theory-Data Comparisons
Experiments usually correct data for detector acceptance and 

reaction mechanism effect before comparing with theory.   

This often leads to ‘model dependent data’ 😬



We bring the theory to the 
data:
• Generate PWIA A(e,e’NN) events.

• Run through detector simulation.

• Weigh by GCF cross-sections + 
reaction effects (transparency & 
single charge exchange)

• Apply event selection cuts
& overlay on data.

87

Theory-Data Comparisons



We bring the theory to the 
data:
• Generate PWIA A(e,e’NN) events.

• Run through detector simulation.

• Weigh by GCF cross-sections + 
reaction effects (transparency & 
single charge exchange)

• Apply event selection cuts
& overlay on data.

88

Theory-Data Comparisons



We bring the theory to the 
data:
• Generate PWIA A(e,e’NN) events.

• Run through detector simulation.

• Weigh by GCF cross-sections + 
reaction effects (transparency & 
single charge exchange)

• Apply event selection cuts
& overlay on data.

89

Theory-Data Comparisons



We bring the theory to the 
data:
• Generate PWIA A(e,e’NN) events.

• Run through detector simulation.

• Weigh by GCF cross-sections + 
reaction effects (transparency & 
single charge exchange)

• Apply event selection cuts 
& overlay on data.

90

Theory-Data Comparisons



No evidence of FSI enhancements
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A. Schmidt

Reaching the Repulsive Core

scalar limit
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Reaching the Repulsive Core
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• Nuclear momentum 
distribution have two 
distinct regions.

• #protons = #neutrons, 
irrespectively of        
neutron excess.

• The fraction of correlated  
protons / neutrons
grow /  saturate

with neutron excess.

+ First probe of NN 
models up to 1 GeV/c.

Interim Summary
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xB

EMC Effect: 

Iron / Deuterium 
Structure Function

35 years after discovery: 
>1000 papers; No consensus on underlying cause

But… Lots of data!

Hen et al., Rev. Mod. Phys. 89, 045002 (2017) 



High Precision data!
JLab 

(2018)
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Nature In-print (2018)
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‘Global’ EMC Data

Schmookler, Nature 
In-processing (2018)

Gomez PRD (1994) SLAC (1994)

JLab (2018)4He 9Be

12C 27Al

40Ca 56Fe

111Ag 197Au

Effect drive by nuclear structure & dynamics



RMP (2017); IJMPE (2013); PRC (2012); PRL (2011); 

EMC – SRC Correlation
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np-SRC Fluctuations in Nuclei



Many-Body System

NN Interaction

Nucleon 
Sub-Structure
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+ Many Theory Collaborators: UW, Penn State, Huji, Gent, FIU, Perugia, …
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