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6Li + 28Si 12C + 28Si9Be + 28Si
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Distinguishing between Stars and Galaxies Composed of 
Matter and Antimatter Using Photon Helicity Detection
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The positrons produced in fusion processes in matter stars will have predominantly a "right" helicity due
 to the nonconversation of parity in weak interactions. This helicity is transferred to bremsstahlung and
 forward in-flight annilation radiation, which will be right-circularly polarized. In antimatter stars, CP 
symmetry will make the equivalent radiation left-circularly polarized. The helicity of such radiation can
 be used to distinguish between astronomical objects composed of matter and antimatter.
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“The structure of correlated many-body systems, 
particularly at distance scales small compared to 
the radius of the constituent nucleons, presents a 
formidable challenge to both experiment and 
theory” 

(Nuclear Science: A Long Range Plan, The 
DOE/NSF Nuclear Science Advisory 
Committee, Feb. 1996 [1].)
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Short-Range Correlations
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The N-N Interaction and the Shell Model

The N-N interaction is attractive at a typical distance of 2 fm, 
but highly repulsive at distances < 0.5 fm.

repulsive

attractive

r

V(r)

The attractive part of this interaction between all of the pairs of 
nucleons in a nucleus, in combination with the Pauli principle, 
produces a mean field in which the neutrons and protons move 
like independent particles in well-defined quantum states.
Maria Mayer and J.H.D. Jensen received the Nobel Prize in
1963 for developing the shell model.
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Simple, schematic, shell-model picture of 16O (8n,8p) 
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pf


One of the best ways to study the shell model
is with “knockout” reactions (also called “quasi-elastic scattering”).

Target
nucleus

p
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pfp0
 

One of the best ways to study the shell model
is with “knockout” reactions (also called “quasi-elastic scattering”).

Target
nucleus

p p

Let’s consider a “(p,2p)” reaction. 
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One of the best ways to study the shell model
is with “knockout” reactions (also called “quasi-elastic scattering”)..
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One of the best ways to study the shell model
is with “knockout” reactions (also called “quasi-elastic scattering”)..

From p0, p1, and p2 we can 
deduce, event-by-event what
pf and the separation energy of 
each knocked-out proton is.

  



Target
nucleus

p p

Let’s consider a “(p,2p)” reaction.
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16O(p,2p) at 460 MeV from the Enrico Fermi Institute
University of Chicago:  Nucl. Phys. 79, 321 (1966).

Separtion Energy (MeV)
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During the ‘80s and ‘90s the premier tool for
knockout-reaction spectroscopy became the
“(e,ep)” reaction.

This was the result of two factors:

Target
nucleus

pe

1) Improvements in electron accelerators.

2) The ability to do “exact” reaction calculations
     because the e-p interaction is electromagnetic.

Fortuitous Collaborations: UW, 
September 2009  
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G. van der Steenhoven et al., Nucl. Phys. A484, 445 (1988). 

1988: NIKHEF 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Something is
MISSING!

Spectroscopic
factors

for (e,e’p)
reactions
show only
60-70%
of the

expected
single-particle

strength.

There must be more!
L. Lapikas,  Nucl. Phys. A553, 297c (1993)
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The N-N Interaction and Correlated Pairs

The N-N interaction is attractive at a typical distance of 2 fm, 
but highly repulsive at distances < 0.5 fm.

repulsive

attractive

r

V(r)

The short-range repulsion leads to phenomena such as the saturation 
of central nuclear densities.  But it also must manifest itself in the 
wave functions of the nucleons in the nucleus.  Because it is short 
range, high-momentum components should be affected.  Typically we 
might expect N-N interactions at short range to produce pairs of 
nucleons with large, roughly equal, and opposite momenta. 

Benhar et al., 1986
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pf


Instead of considering a single proton in a nucleus, let’s 
consider a short-range correlated neutron-proton pair. 

Target
nucleus

p
n

pn


Let’s start with a (p,2p) reaction.
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Instead of considering a single proton in a nucleus, let’s 
consider a short-range correlated neutron-proton pair.

From p0, p1, and p2 we can 
deduce, event-by-event what
pf and the binding energy of 
each knocked-out proton is.
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Let’s start with a (p,2p) reaction.

Fortuitous Collaborations: UW, 
September 2009  

24 



pf

p

p

 p1

p0

p2









Instead of considering a single proton in a nucleus, let’s 
consider a short-range correlated neutron-proton pair.

From p0, p1, and p2 we can 
deduce, event-by-event what
pf and the binding energy of 
each knocked-out proton is.

  



Target
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p p
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pn


Let’s start with a (p,2p) reaction.

We can 
then compare
pn  with pf and see
if they are roughly “back to back.”
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12C kF = 221 MeV/c
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So why did this work so well
when our count rate was only

  1 per week ?     

1.  The s-10 dependence of p-p elastic scattering, which 
preferentially selects high momentum nuclear protons.

2.    The improved resolution from using light cone variables.  

3.  The small deBroglie wavelength of the incident protons:

 = h/p =  hc/pc = 2  0.197 GeV-fm/(6 Gev)

    0.2 fm. 

This meant that our probe could interact with a
single member of a correlated pair!
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Centroid = -0.013  0.027 GeV/c
              =  0.143  0.017 GeV/c

Centroid =  0.289  0.017 GeV/c
              =  0.097  0.007 GeV/c

Remember this one
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Recent Development
“Evidence for the Strong Dominance

 of Proton-Neutron Correlations in Nuclei”
by

E. Piasetzky, M Sargsian, L. Frankfurt, M Strikman
and J. W. Watson

Phys. Rev. Lett., 20 October 2006

 Analysis of the EVA Data
 Assumes 100% SRC above 275 MeV/c
 Includes the motion of the pair
 Includes absorption of entering and
     exiting nucleons in the nuclear medium

Conclusion: 92 ± 18% of high-momentum protons
 have correlated neutrons.
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Spokesmen: Bill Bertozzi, MIT
  Eli Piasetzky, Tel Aviv
  John Watson, Kent State
  Steve Wood, JLab

Completed in Spring 2005
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CLAS A(e,e’) Data  
K. Sh. Egiyan et al., Phys. Rev. C  68 (2003) 014313.

Originally done with SLAC data by D.B. Day et al., Phys. Rev. Lett. 59 (1987) 427.

The observed scaling means that the 
electrons probe the high-momentum 
nucleons in the 2N-SRC phase, and the 
scaling factors determine the per-
nucleon probability of the 2N-SRC 
phase in nuclei with A>3 relative to 3He

� 

x = Q2

2Mω
>1.5 and

� 

Q2 > 1.4 [GeV/c]2

r(A,3He) = a2n(A)/a2n(3He)

then

Fortuitous Collaborations: UW, September 2009  34 



Estimate of 12C Two and Three Nucleon SRC 

•  K. Egiyan et al. related the 
known correlations in 
deuterium and previous 
r(3He,D) results to find: 

•  12C 20% two nucleon SRC  
•  12C <1% three nucleon 

SRC 

K. Sh. Egiyan et al., Phys. Rev. Lett.  96 (2006) 082501.
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E01-105: A customized (e,e’pN) Measurement 

•  high Q2 to minimize MEC    
•  x>1 to suppress isobar contributions 
•  anti-parallel kinematics to suppress FSI 

To study nucleon pairs at close proximity and their contributions 
to the large momentum tail of nucleons in nuclei.

A pair with “large” relative
momentum between the nucleons

and small center of mass momentum
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Jefferson Lab's Hall A 
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The neutron detector array 
consisted of 88 bars of 
plastic scintillator, with a 
PMT on each end of each 
bar, for “mean timing.”  

These were gathered from 
around the world.
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BigBite and Neutron Detector 
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Pmis=“300” MeV/c 

(Signal : BG= 1.5:1) 

Pmis=“400” MeV/c 

(Signal : BG= 2.3:1) 

Pmis=“500” MeV/c 

Pmis=“500” MeV/c 

(Signal : BG= 1:7) 

(Signal : BG= 4:1) 

TOF [ns] 

(e,e’pp) 

(e,e’pp) 

(e,e’pp) 

(e,e’pn) 
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(e,e’p) & (e,e’pp) Data 

R. Shneor et al., 
Phys. Rev. Lett. 99 (2007) 072501.

(e,e’pp)

(e,e’p)

Strong back-to-back correlation!
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CM motion of the pair: 

(p,2pn) experiment at BNL : σCM=0.143±0.017 GeV/c 

Theoretical prediction (Ciofi and Simula) : σCM=0.139 GeV/c 

This  experiment : σCM=0.136 ± 0.020 GeV/c 

Pc.m
vertical  ,  “500 MeV/c “ setup 

MCEEP with pair CM motion: 
σCM=50 MeV/c 

σCM=100 MeV/c  

σCM=136 MeV/c 

2 components of          and 3 kinematical setups mcp .
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Short-Range Correlation Pair Factions 
R. Subedi et al., Science 320 (2008) 1476).
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The Results from E01-015 can be found in:

1)  R. Shneor, et al., Phys. Rev. Lett. 99, 072501 (2007). 

2)  R. Subedi, et al., SCIENCE 320, 1476 (2008). 
The results of the BNL (p,2p+n) experiment are fully consistent with 
the results of the JLab (e,e’p+N) experiment:

 Different Laboratories
 Different probes
 Different Graduate Students
 Different millenia
 Same Results!
 We are observing nuclear structure
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Importance of Tensor Correlations 

•  M. Sargsian et al., Phys. Rev. C (2005) 044615. 
•  R. Schiavilla et al., Phys. Rev. Lett. 98 (2007) 132501. [shown above] 
•  M. Alvioli, C. Ciofi degli Atti, and H. Morita, Phys. Rev. Lett. 100 (2008) 

162503.  

np

pp
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A new approved experiment at Jlab E07-006 

Measurement of the 4He(e,e’pp) and 4He(e,e’pn) reactions over the 4He(e,e’p) 
missing momentum range from 400 to 875 MeV/c. 

(scaled to 4He) E01-105 12 C  

This proposal -  4He 

Density distributions: 

Sargsian et al.  

Schiavilla et al. 

(e,e’pN) calculations are needed 
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Summary of Results 
•  Almost all nucleons above the Fermi sea are part of   

2N-SRCs. 

•  These SRC pairs move inside the  
 nucleus with   c.m. motion   
 of  σ~140 MeV/c. 

•  The 2N-SRC consists of – 
 n-p pairs (90%) 

    p-p pairs(5%)  
    n-n pairs(5%). 

•  A new experiment has been  
 approved at Jlab, continuing  
 this work with the target 4He. 
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And don’t forget to buy your 2009 JLab  tee shirts. . .
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