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Nuclear Structure Studies at Jefferson Lab 

§  Spa4al	
  structure	
  of	
  nuclei	
  
–  Few-­‐body	
  form	
  factors	
  
–  Charge	
  radii	
  of	
  light	
  nuclei	
  	
  
–  Neutron	
  skin	
  of	
  208Pb,	
  48Ca	
  
	
  

§  Nucleon	
  momentum	
  distribu4ons	
  in	
  nuclei	
  
–  Spectral	
  func4ons	
  (nucleon	
  energy-­‐momentum	
  distribu4ons)	
  at	
  low	
  and	
  high-­‐momentum	
  

•  Tests	
  of	
  ab	
  ini4o	
  structure	
  calcula4ons	
  
•  Input	
  for	
  neutrino	
  scaOering	
  measurements	
  
•  Long-­‐range	
  correla4ons	
  

–  N-­‐N	
  short-­‐range	
  correla4ons	
  (SRCs):	
  high-­‐momentum,	
  high	
  density	
  components	
  of	
  nuclei	
  
•  Input	
  for	
  neutrino	
  scaOering,	
  neutron	
  stars,	
  	
  

–  Connec4ons	
  between	
  cluster	
  structure,	
  NN	
  correla4ons,	
  and	
  the	
  EMC	
  effect	
  
	
  

§  Beyond	
  nucleonic	
  degrees	
  of	
  freedom:	
  
–  Is	
  the	
  nucleon	
  in	
  the	
  nucleus	
  the	
  same	
  as	
  a	
  free	
  nucleon?	
  
–  Hypernuclei	
  
–  Hadroniza4on	
  and	
  Color	
  Transparency	
  



Elastic e-A scattering: Nuclear Charge Distributions 

In ‘70s a large data set was acquired on elastic electron scattering (mainly at Saclay) over large 
Q2-range and for variety of nuclei 
 

“Model-independent” analysis of these data provided accurate results on charge distribution for 
comparison with the best available theory:  Mean-Field Density-Dependent Hartree-Fock 

Correlations?? 



Elastic Electron-Deuteron Scattering - Polarization 

JLab6: Combined data ⇒ 
Deuteron’s Intrinsic Shape 
 
JLab12: Tensor polarized 
quasielastic measurements: 
cleaner probe of D-wave 
contributions 
	
  



3,4He charge and magnetic form factors 

Calcula)ons	
  w/MEC	
  give	
  a	
  good	
  descrip)on	
  charge	
  
up	
  to	
  2	
  (GeV/c)2	
  (distance	
  scales	
  of	
  0.5	
  fm),	
  but	
  fail	
  
sooner	
  for	
  the	
  3He	
  magne)c	
  form	
  factor	
  
	
  
Importance	
  of	
  understanding	
  effects	
  of	
  exchange	
  
currents,	
  rela4vity,	
  3-­‐body	
  forces,	
  …….?	
  



Low Q2 Form Factors: Charge radii 

Recent	
  data	
  from	
  6	
  GeV	
  era	
  
§  Proton	
  magne4c	
  radius	
  from	
  polariza4on	
  measurements	
  of	
  GM	
  
§  7Li,	
  10B	
  charge	
  radii	
  
§  Neutron	
  skin	
  of	
  208Pb:	
  Rn	
  -­‐	
  Rp=	
  0.33	
  ±	
  0.17	
  fm	
  [Parity	
  viola)ng	
  e-­‐A]	
  
	
  

Future	
  approved	
  experiments	
  
§  Proton	
  charge	
  radius	
  [novel	
  zero-­‐degree	
  calorimeter,	
  windowless	
  target]	
  
§  Neutron	
  skin	
  of	
  208Pb	
  and	
  48Ca	
  
§  3H-­‐3He	
  charge	
  radius	
  difference	
  [neutron	
  skin	
  of	
  3H]	
  

–  Calcula4ons	
  give	
  ΔR	
  =	
  0.2	
  fm	
  
–  Aim	
  for	
  10%	
  measurement	
  of	
  the	
  difference	
  [currently	
  50%]	
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Electroweak	
  Asymmetry:	
  
Measure	
  of	
  neutron	
  distribu)on	
  
rela)ve	
  to	
  proton	
  distribu)on	
  

	
  

PREX	
  [208Pb]	
  	
  	
  and	
  	
  	
  CREX	
  [48Ca]	
  	
  

22
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Neutron	
  	
  Skin	
  	
  

ΔR	
  correlated	
  with	
  
neutron	
  maOer	
  EOS	
  

Horowitz	
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PREX-I PRL	
  108	
  	
  (2012)	
  	
  112502	
  

Neutron	
  skin	
  is	
  highly	
  correlated	
  	
  
with	
  neutron	
  star	
  proper)es	
  

J.	
  Piekarewicz,	
  
arXiv	
  1305.7101	
  

Rn	
  (fm)	
  

Density	
  dependence	
  of	
  
symmetry	
  energy,	
  	
  L	
  X.	
  	
  Roca-­‐Maza	
  	
  

ΔR to 0.06fm [Pb] / 0.02fm [48Ca] 

S.	
  Riordan,	
  Nuclear	
  
Structure	
  WG	
  

B.	
  Michaels,	
  Dense	
  
Nuclear	
  MaZer	
  WG	
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Quasielastic A(e,e’p) scattering 
PWIA	
  approxima4on	
  for	
  proton	
  knockout	
  

–  Reconstruct	
  ini)al	
  proton	
  binding	
  energy	
  (Em),	
  momentum	
  (pm)	
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Quasielastic A(e,e’p) scattering 
PWIA	
  approxima4on	
  for	
  proton	
  knockout	
  

–  Reconstruct	
  ini)al	
  proton	
  binding	
  energy	
  (Em),	
  momentum	
  (pm)	
  
–  Proton	
  Em,pm	
  distribu)on	
  modeled	
  as	
  sum	
  of	
  independent	
  shell	
  

contribu)ons	
  (arbitrary	
  normaliza)on)	
  



High momentum tails in A(e,e’p) 

JLab	
  E89-­‐004:	
  3He(e,e’p)d	
  
	
  
Measured	
  far	
  into	
  high	
  momentum	
  tail:	
  
Cross	
  sec)on	
  is	
  ~5-­‐10x	
  expecta)on	
  

High	
  momentum	
  pair	
  can	
  be	
  frm	
  ini)al	
  
state	
  short-­‐range	
  correla)ons	
  (SRC)	
  
OR	
  
Final	
  State	
  Interac)ons	
  (FSI)	
  and	
  Meson	
  
Exchange	
  Contribu)ons	
  (MEC)	
  

p p p 
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Hall C: push up to Q2 = 3.5 (GeV/c)2 

R = σEXP / σPWIA isolates FSI  

W Boeglin et al.  
PRL 107 (2011) 262501  

Key progress: Understanding and Minimizing FSIs  
Hall B: D(e,e’p)n measurements 
over wide kinematic range 
 
Rescattering well described for θR 
below ~90 degrees 
 

FSI smaller at low θR 
 

K. Egiyan, PRL 98 (2007) 262502 

pm	
  =	
  200	
  MeV/c	
  	
  

pm	
  =	
  500	
  MeV/c	
  	
  



Future program: momentum distributions, spectral functions 

ü  Measure cross sections for pm up to 1 GeV/c 
ü  Q2 = 4.25 (GeV/c)2 

ü  Errors: dominated by statistics: 7%  - 20% 
ü  Estimated systematic error ≈ 5 % 
ü  Very good theoretical support available 

208Pb	
  under	
  analysis	
  
-­‐	
  Long-­‐range	
  correla4ons	
  
-­‐	
  High	
  pm	
  values	
  
	
  
40Ar	
  spectral	
  func4on	
  
-­‐	
  Input	
  to	
  ν	
  oscilla4on	
  expts	
  
	
  
3H/3He	
  ra4o	
  of	
  n(k)	
  
-­‐	
  Separate	
  p,	
  n	
  
-­‐	
  Test	
  few-­‐body	
  calcs	
  
	
  
Deuteron	
  n(k)	
  
-­‐	
  Further	
  FSI	
  tests	
  
-­‐	
  Push	
  to	
  momenta	
  where	
  
WF	
  uncertainty	
  dominates	
  
	
  
More	
  possible…	
  

2H(e,e’p)n	
  at	
  12	
  GeV	
  

P.	
  Markowitz,	
  
Nuclear	
  Structure	
  

WG	
  



Short-range correlations: high-p components 

Cioffi Degli Atti, et al, PRC53, 1689 (1996) 

High-momentum region: short-range 
interactions, mainly 2-body physics, 

largely A-independent 

Short-Range Correlation: N-N pair 
with large relative momentum, 

small total momentum 

Mean-field region: collective behavior, 
strongly A-dependent 



Short-Range Correlations: Inclusive measurements 

High momentum tails should yield 
constant ratio if SRC-dominated 

Quasielastic 

e 
e’ 
θ	



Quasielas4c	
  scaOering	
  x	
  ≈	
  1	
  
	
  

Mo4on	
  of	
  nucleon	
  in	
  the	
  
nucleus	
  broadens	
  the	
  peak	
  

Significantly	
  reduced	
  FSI	
  –	
  
allows	
  probe	
  of	
  rela4ve	
  SRC	
  

contribu4ons	
  in	
  nuclei	
  

N. Fomin, et al., PRL 108 (2012) 092052 
 

N.	
  Fomin,	
  Nuclear	
  
Structure	
  WG	
  



2N, 3N correlations in inclusive ratios 

3He 2.14±0.04 
4He 3.66±0.07 
Be 4.00±0.08 
C 4.88±0.10 
Cu 5.37±0.11 
Au 5.34±0.11 

A/2H	
  ra4os	
  
<Q2>=2.72GeV2	
  

SRC contribution 
(relative to 2H) CLAS	
  -­‐	
  <Q2>≈1.5	
  GeV2	
  

E02-­‐019	
  -­‐	
  Q2=2.7	
  GeV2	
  
E08-­‐014	
  -­‐	
  PRELIMINARY	
  
Q2=1.3,1.6,1.9,(2.4)GeV2

	
  

A/3He	
  ra4os:	
  
1.5<x<2	
  sensi4ve	
  to	
  2N-­‐SRCs	
  

2.5<x<3	
  sensi4ve	
  to	
  3N-­‐SRCs?	
  

~20%	
  of	
  nucleons	
  in	
  
12C	
  are	
  part	
  of	
  SRC	
  
(k>275	
  MeV/c)	
  

Determine	
  if/where	
  3N-­‐SRCs	
  dominate	
  
Examine	
  momentum	
  structure	
  
Measure	
  isospin	
  dependence:	
  3H	
  vs	
  3He	
  



A-dependence of 2N-SRCs effect in light nuclei 

Density determined from    
ab initio calculation 
  S.C. Pieper and R.B. Wiringa, 
   Ann. Rev. Nucl. Part. Sci 51, 53 (2001) 
 
Data show smooth behavior  
as density increases…  
except for 9Be 
 
9Be has low average density, 
but large component of 
structure is 2α+n 
Most nucleons in tight, α-like 
configurations 
 

Cluster structure enhances 
the SRC contributions 

“SRC	
  contribu)on“	
  is	
  (A/D)	
  ra)o	
  	
  minus	
  one	
  
(so	
  contribu)on	
  is	
  rela)ve	
  to	
  deuteron)	
  



20 
20 

Isospin structure via (e,e’pN) 

Schiavilla, Wiringa, Pieper, Carlson: PRL98, 132501 (2007) 

Scaled deuteron 
momentum distribution 

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

In 12C,  90% of observed pairs are pn; 
tensor force ! isosinglet dominance 

R(pp/pn) = 0.056 ± 0.018 
R(T=0/T=1) = 20±8% 

Measure A(e,e’p) at high-Pm 
Look for correlated nucleon (p or n) 
with large momentum, opposite of Pm 

np pp 



Examine	
  breakup	
  of	
  4He	
  into	
  
high-­‐momentum	
  pair	
  with	
  
low-­‐momentum,	
  low-­‐
excita4on	
  recoil	
  2N	
  system	
  
	
  
	
  
Observe	
  transi4on	
  from	
  
tensor	
  interac4on	
  to	
  central	
  
repulsive	
  core	
  through	
  
increase	
  in	
  the	
  ra4o	
  of	
  pp-­‐
SRC	
  to	
  np-­‐SRC	
  

I	
  Korover,	
  et	
  al.	
  PRL	
  113,	
  022501	
  (2014)	
  

Isospin structure vs missing momentum 



SRC implications: ν-A scattering  (e.g. MiniBooNE) 



SRC	
  Implica)ons:	
  Symmetry	
  Energy	
  

•  equa)on-­‐of-­‐state	
  of	
  
neutron	
  stars,	
  

•  heavy-­‐ion	
  collisions,	
  

•  r-­‐process	
  nucleosynthesis,	
  	
  
•  core-­‐collapse	
  supernovae,	
  	
  
•  more…	
  	
  

Relates	
  to	
  the	
  energy	
  change	
  when	
  replacing	
  n	
  with	
  p	
  

(symmetric,	
  
#n=#p)	
  

(pure	
  neutron)	
  



Kine)c	
  symmetry	
  energy	
  of	
  correlated	
  NM	
  

O.	
  Hen,	
  et	
  al,	
  arXiv	
  1408.0772	
  
24	
  

Effect	
  of	
  np-­‐SRC	
  on	
  
kine4c	
  part	
  of	
  the	
  
symmetry	
  energy	
  

0%	
  

20%	
  

15%	
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  No	
  	
  
Correla4ons	
  

n/p	
  double	
  ra)o	
  from	
  Sn-­‐Sn	
  collisions	
  

	
  np-­‐SRC	
  MSU	
  	
  
Sn+Sn	
  data	
  



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

Summary: Short-Range Correlations 
SRCs	
  are	
  an	
  important	
  component	
  to	
  nuclear	
  structure	
  

–  ~20%	
  of	
  nucleons	
  in	
  SRC,	
  mainly	
  pn	
  pairs	
  
•  Perhaps	
  small	
  3N-­‐SRCs	
  contribu4ons	
  
•  Some	
  room	
  for	
  more	
  exo4c	
  configura4ons	
  (6q	
  bag)	
  

–  Impact	
  on	
  nuclear	
  maOer,	
  neutron	
  stars	
  
–  Important	
  for	
  realis4c	
  descrip4on	
  of	
  
	
  	
  	
  	
  	
  	
  e-­‐A,	
  ν-­‐A	
  scaOering	
  
–  Modify	
  some	
  observables	
  in	
  nucleus-­‐	
  
	
  	
  	
  	
  	
  nucleus	
  interac4ons	
  

	
  

SRCs	
  represent	
  dense,	
  energe4c	
  configura4ons:	
  
Natural	
  to	
  look	
  for	
  impact	
  on	
  proton	
  structure,	
  
possible	
  connec4on	
  impact	
  of	
  dense	
  maOer	
  on	
  
proton/neutron	
  structure	
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  of	
  nuclei	
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  in	
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–  Spectral	
  func4ons	
  (nucleon	
  energy-­‐momentum	
  distribu4ons)	
  at	
  low	
  and	
  high-­‐momentum	
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  of	
  ab	
  ini4o	
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  calcula4ons	
  
•  Input	
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  neutrino	
  scaOering	
  measurements	
  
•  Long-­‐range	
  correla4ons	
  

–  N-­‐N	
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•  Input	
  for	
  neutrino	
  scaOering,	
  neutron	
  stars,	
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  Color	
  Transparency	
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Ideal	
  packing	
  
limit	
  

4He	
  maZer	
  density	
  from	
  GFMC	
  calcula)on,	
  
courtesy	
  of	
  B.	
  Wiringa	
  

Proton vs. Nuclear Densities 
§  Proton	
  RMS	
  charge	
  radius:	
  Rp	
  ≈	
  0.85	
  fm	
  	
  
§  Corresponds	
  to	
  uniform	
  sphere,	
  R	
  =	
  1.15	
  fm,	
  density	
  =	
  0.16	
  fm-­‐3	
  
§  Ideal	
  packing	
  of	
  hard	
  sphere:	
  ρmax	
  =	
  0.12	
  fm-­‐3	
  

–  Well	
  below	
  peak	
  densi/es	
  in	
  nuclei	
  
–  Need	
  100%	
  packing	
  frac/on	
  for	
  nuclear	
  ma:er	
  
–  Can	
  internal	
  structure	
  be	
  unchanged??	
  



Nuclei: energetic, dense, complex systems 

Nuclei	
  are	
  incredibly	
  dense	
  
>99.9%	
  of	
  the	
  mass	
  of	
  the	
  atom	
  
<1	
  trillionth	
  of	
  the	
  volume	
  
~1014	
  )mes	
  denser	
  than	
  normal	
  maZer	
  
	
  	
  	
  (approaching	
  neutron	
  star	
  densi)es)	
  

	
  

Nuclei	
  are	
  extremely	
  energe4c	
  
–  “Fast”	
  nucleons	
  moving	
  at	
  >50%	
  the	
  speed	
  

of	
  light	
  (electrons	
  at	
  1-­‐10%)	
  
–  “Slow”	
  nucleons	
  moving	
  at	
  ~109	
  cm/s,	
  in	
  

an	
  object	
  ~10-­‐12	
  cm	
  in	
  size	
  [ZHz]	
  

Very	
  4ghtly	
  packed	
  and	
  incredibly	
  energe4c!	
  

The moon (A ≈ 5x1049) at 
typical nuclear densities 



Deeply-­‐inelas4c	
  scaOering	
  (DIS)	
  measures	
  structure	
  func4on	
  F2(x)	
  	
  
–  x	
  =	
  quark	
  longitudinal	
  momentum	
  frac)on	
  
–  F2(x)	
  related	
  to	
  parton	
  momentum	
  distribu)ons	
  (pdfs)	
  

Nuclear	
  binding	
  <<	
  energy	
  scales	
  of	
  probe,	
  proton/neutron	
  excita4ons	
  

	
   	
  Expected	
  	
  F2A(x)	
  ≈	
  Z	
  F2p(x)	
  +	
  N	
  F2n(x)	
  	
  
	
  

i.e.	
  insensi)ve	
  to	
  details	
  of	
  nuclear	
  structure	
  beyond	
  Fermi	
  mo)on	
  

F2(x)	
  	
  ∼ 	
  Σ	
  ei2	
  qi(x)	
  	
  	
  	
  	
  	
  i=up,	
  down,	
  strange	
  

R	
  =	
  F2A(x)	
  /	
  F2D(x)	
  
	
  

Quark distributions in nuclei: EMC effect 



A-dependence of EMC effect in light nuclei 

Density determined from    
ab initio calculation 
  S.C. Pieper and R.B. Wiringa, 
   Ann. Rev. Nucl. Part. Sci 51, 53 (2001) 

 
Data show smooth behavior  
as density increases…  
except for 9Be 
 
9Be has low average density, 
but large component of 
structure is 2α+n 
Most nucleons in tight, α-like 
configurations 

 Credit: P. Mueller 

Same cluster structure that 
enhances NN correlations 

appears to drive EMC effect 

“Size	
  of	
  EMC	
  effect”	
  is	
  	
  slope	
  of	
  (A/
D)	
  ra)o	
  vs	
  x	
  for	
  0.3<x<0.7	
  



Correlation between SRCs and EMC effect 
Importance of two-body effects? 

L.	
  Weinstein,	
  et	
  al.,	
  PRL	
  106,	
  052301	
  (2011)	
  
O.	
  Hen,	
  et	
  al,	
  PRC	
  85,	
  047301	
  (2012)	
  

J.	
  Seely,	
  et	
  al.,	
  PRL103,	
  202301	
  (2009)	
  	
  
N.	
  Fomin,	
  et	
  al.,	
  PRL	
  108,	
  092052	
  (2012)	
  

JA,	
  A.	
  Daniel,	
  D.	
  Day,	
  N.	
  Fomin,	
  D.	
  Gaskell,	
  
P.	
  Solvignon,	
  PRC	
  86	
  (2012)	
  065204	
  

5-­‐10%	
  suppression	
  in	
  all	
  nucleons?	
  
	
  
25-­‐50%	
  change	
  in	
  the	
  ~20%	
  of	
  
nucleons	
  at	
  very	
  high	
  momenta?	
  



Nucleon overlap in nuclei? 
Nucleons are composite objects 

 charge radius ~0.86 fm 
 separation in heavy nuclei ~1.7 fm 

 
Nucleons already closely packed in nuclei; 
Maybe we should expect things to change 

Average nuclear density 
1.7 fm separation  1.2 fm separation  0.6 fm separation  

Are nucleons unaffected 
by this overlap? 
 
Do they deform as they 
are squeezed together? 
 
Do the quarks exchange 
or interact? 



Future measurements: SRCs, EMC effect 

§  Apparent	
  connec4on	
  between	
  cluster	
  structure,	
  short-­‐range	
  (high-­‐
momentum)	
  pairs,	
  and	
  suppression	
  of	
  high-­‐x	
  quark	
  distribu4ons	
  

§  So	
  far,	
  mainly	
  observed	
  in	
  correla4on	
  between	
  observables,	
  non-­‐trivial	
  A	
  
dependence	
  

§  JLab	
  @	
  12	
  GeV:	
  
–  Addi4onal	
  light	
  nuclei:	
  3H,	
  3He,	
  6,7Li,	
  10,11B,	
  40,48Ca	
  

•  Cluster	
  structure,	
  isospin	
  dependence	
  
–  Detailed	
  deuteron	
  studies,	
  aOemp4ng	
  to	
  isolate	
  SRCs	
  (high-­‐density	
  

configura4on)	
  
•  Inclusive	
  DIS:	
  quark	
  distribu4ons	
  at	
  x>1,	
  where	
  SRCs	
  dominate	
  	
  
•  2H(e,e’p)	
  at	
  large	
  missing	
  momentum:	
  modifica4on	
  of	
  proton	
  form	
  factor?	
  
•  Spectator	
  tagging	
  (backward	
  going	
  nucleon):	
  modifica4on	
  of	
  proton	
  pdfs?	
  

–  EIC	
  allows	
  for	
  significant	
  addi4onal	
  measurements	
  with	
  spectator	
  tagging	
  

C.	
  Weiss,	
  	
  Nuclear	
  
Structure	
  WG	
  

J.	
  Arrington,	
  Dense	
  
Nuclear	
  MaZer	
  WG	
  



and provide the opportunity 
to probe the quark structure  
of nuclear systems in  
new and different ways. 

Access deeply bound nuclear states in 
a potential given by the Λ-N interaction  
rather than the N-N interaction… 

T. Yamazaki 

Hypernuclei: unique window on nuclear structure  
  

The distinguishability of the hyperon permits us 
 to probe deeply-bound shells in nuclei 



Hypernuclei allow tests of Λ-N (Σ-N) interaction 
For the N-N System: 

For Λ-N System: long-range terms suppressed (by Isospin) 



        Hyperons impact Neutron Star Composition 

Hyperons enter at just 2-3 ρ0   
 
Need effective Σ-N and Λ-N  
forces in this density region! 
 
 Ξ - Hypernuclear data is 
 important input: we have none!  

? 



Why Study Hypernuclei? 
•  Contain a strongly interacting particle (Λ) that is not a proton/neutron 
­  Spectroscopy provides information on the strong interaction of the Λ	


­  Non-identical particle avoids Pauli blocking, providing access to deeply bound 

(s & p wave) states  
­  Unque opportunities for studying baryon structure in the nuclear medium 

•  Physics Issues Addressed: 
­  Λ-N force vs N-N force will provide clues to the QCD description of the  

N-N Force (one-π and one-ρ exchange are suppressed) 
­  Equation of state for neutron stars 
­  Elementary Λ-electroproduction cross section 
­  Weak interaction in the nuclear medium, w/ non-mesonic decay 

•  Hypernuclear Program at JLab: 
­  Proven the feasibility and technique of electro-production 
­  Achieved the highest possible precision in mass spectroscopy 
      (δE ~ 500 keV FWHM and δBΛ < ±100 keV) – Unique 
­  Studied the spectroscopy of a sequence of Λ-hypernuclei: 
    7ΛHe, 9ΛLi, 10

ΛBe, 12
ΛB, 16

ΛN, 28
ΛAl, and 52

ΛV –only new results of past decade 

 



JLab’s Hypernuclear Program To Date 
Nucleus	
   What Have We Learned?	
  

12C(e,e’K+)12
ΛB	
   A reference nucleus. Demonstrates improved resolution relative to π-production (0.6 vs 2 MeV).  

S-shell portion of spectrum well-reproduced by theory, p-shell portion is not. 

H(e,e’K)Λ and 
H(e,e’K)Σ0 	
  

Measurement of the elementary interactions – H(e,eK‘)Λ and H(e,e’K)Σ0 – permits absolute energy 
calibration and normalization of production cross sections.   
 

Hypernuclear program has pushed data on the elementary process to very forward angles, 
revealing substantial discrepancies with current theoretical models of the elementary process	
  

16O(e,e’K+)16
ΛN 	
   Within errors, binding energy and excited levels of mirror hypernuclei (16

ΛO from  pion production 
experiments and 16

ΛN from (e,e’K) are in agreement	
  

9Be(e,e’K+)9
ΛLi    	
   Theory doesn’t reproduce observed energies and strengths.  Possible explanations include  

current calculations of the underlying core nucleus 8ΛLi structure and spectroscopic factors.	
  

28Si(e,e’K+)28
ΛAl 	
   First sd shell hypernuclear spectroscopy w/ isotopically pure target.  Preliminary determination of 

mass suggests that it disagrees by ~1 MeV with shell model prediction (potential major impact).	
  

7Li(e,e’K+)7
ΛHe 	
   First reliable observation of 7ΛHe w/ good statistics – comparison between 7ΛHe, and data on  7ΛLi* 

and 7ΛBe from gamma decay experiments provides data on CSB in hypernuclei.  The experimental 
results are NOT reproduced by theory, bringing potential into question.	
  

52Cr(e,e’K+)52
ΛV	
   New data under analysis.  Demonstrated the feasibility of measurements of heavy hypernuclei,, w/ 

deeply bound Λ, which are not accessible using the gamma ray decay measurement technique.  	
  

10B(e,e’K+)10
ΛBe	
   New data under analysis.  Will be compared with related data on as a cross check on 

modifications to CSB calculations likely to be done to explain the 7ΛHe / 7ΛLi* / 7ΛBe result.	
  



Λ single particle energies 
E05-115 (HKS-HES)  

E94-107 
(Hall A HY) 

E01-011(HKS) 

Calculation by Millener, Dover and Gal (PRC 38, 2700 (1988), using a Woods-Saxon 
potential with a depth of 28 MeV and a radius parameter of 1.128 + 0.439A-2/3 

Per John Millener:   
   “a textbook example of  
    single particle structure” 



Technical Features: 
•  High precision and high yield 
      (δE ~ 600 keV FWHM and δBΛ ~ ±50 keV) 
•  “Free” of accidental background 
•  All major equipment already exist 
 

Physics: 
•  Few body  
      Charge Symmetry Breaking (CSB) in ΛN interactions 
 

•  Medium heavy hypernuclei 
      LS force; shell model on baryonic many-body system; 
      structure or deformation of the core nuclei probed by Λ 
 

•  Heavy hypernuclei (A~200) – precise BΛ and level spacing 
       Importance of 3B/4B forces; many body vs QCD descriptions 
 

•  Decay pion spectroscopy (Ground state of light hypernuclei; δE ~ 130 keV,δBΛ ~ ±20 keV) 
     ΛN interactions; CSB; Λ-Σ  coupling; drip line hypernuclei ( 6ΛH ) 

Future: Program on Hypernuclear Spectroscopy 
HRS - 

Electron 

HKS - 
Kaons 

HES – Decay 
Pions 

64mg/cm2 
22mg/cm2 K+ 

π- 

Septum 

New Experimental 
Design 

L.	
  Tang,	
  Nuclear	
  
Structure	
  WG	
  



Medium-stimulated gluon emission 
Causing pT broadening 

Hadronization occurs outside  
the nucleus 

	
  
	
  

Hadronization in cold nuclear matter 
Quark propagation and hadron formation 

Use	
  nuclei	
  as	
  spa>al	
  filters	
  with	
  known	
  	
  
proper>es:	
  size,	
  density	
  and	
  interac>ons	
  

v   What is the interaction of the 
struck quark before it hadronizes? 

v   How long does it take to form a 
hadron starting from an energetic 
light quark? 

v   What are the dynamics leading to 
color confinement? 

 

q  Complementary	
  way	
  of	
  studying	
  confinement	
  (compared	
  to	
  traditional	
  spectroscopy)	
  

q  Testis	
  theoretical	
  tools	
  used	
  to	
  determine	
  the	
  properties	
  of	
  strongly	
  coupled	
  Quark-­‐Gluon	
  Plasma	
  	
  

q  Reduce	
  systematic	
  uncertainties	
  in	
  neutrino	
  experiments	
  using	
  nuclear	
  targets	
  

ν,	
  Q2	
  

zh,	
  pT,	
  Eh	
  e	
  

e	
  



CLAS Preliminary Results : A Dependence 

l  pT broadening sensitive to quark energy loss mechanism 
l  Multiplicity ratio (absorption in nucleus) probes formation time  
l  Nuclear effect saturates at high A – Does not follow A1/3 or A2/3 

→ Could be understood if multiple scattering occurs in parton stage vs 
hadron phase ->  small production time 

l  Multiplicity ratio and Pt broadening show same trend – same cause? 
l  6 GeV only slightly overlaps kinematics of interest: need range in ν 

(energy transfer), Q2, and A. 
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Bins in yellow accessible at 5 GeV π+ 



q 	
  	
  Studies	
  in	
  proton	
  knockout	
  and	
  
pion,	
  ρ0	
  produc)on	
  off	
  nuclei	
  

q 	
  	
  Increasing	
  Q2	
  drives	
  forma)on	
  of	
  
PLC,	
  leads	
  to	
  longer	
  life)me	
  of	
  the	
  
small	
  sized	
  “pre-­‐hadron”	
  

q 	
  	
  Varia)on	
  of	
  nuclear	
  size	
  and	
  Q2	
  
probes	
  forma)on	
  of	
  PLC,	
  )mescale	
  of	
  
evolu)on,	
  and	
  interac)on	
  of	
  PLC	
  with	
  
nuclear	
  medium	
  	
  
	
  

Color Transparency “CT” 
The creation and propagation of Point-Like Configuration  

²  Create	
  color-­‐singlet	
  small	
  size	
  object	
  (PLC)	
  
²  PLC	
  has	
  reduced	
  interac)on	
  with	
  the	
  medium	
  
²  PLC	
  does	
  not	
  expand	
  immediately	
  

Provides	
  unique	
  probe	
  of	
  the	
  space-­‐)me	
  
evolu)on	
  of	
  from	
  PLC	
  of	
  valence	
  quarks	
  to	
  
fully	
  dressed	
  hadron	
  wave	
  func)on	
  



Evidence for the onset of CT 

€ 

TA =
NA

ρ

ND
ρ

L.	
  El	
  Fassi	
  et	
  al.,	
  Phys.	
  LeZ.	
  B	
  712,	
  326	
  (2012)	
  

Clear	
  dependence	
  on	
  Q2	
  
Without Color Transparency 

With Colo
r Transpar

ency 

A(e,e’π+)	
  	
  



ρ0 electroproduction	
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CT predictions at 12 GeV 



heavy 
nuclei few 

body 

quarks 
gluons 

vacuum 

Nature of Confinement 
…n-stars 

 

Precise 
few-body data: 

Charge radii 
Form factors 

Mom. distributions 

Correlations 
Neutron skin 
Hypernuclei 

Hadrons in-medium 
Effective NN (+ΛN) force 

Quark-Gluon Structure 
Of Nucleons and Nuclei 

Exotic mesons 
and baryons 

Nuclear Structure Studies at Jefferson Lab 


