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Introduction:  Role  of  the  Deuteron
• Key  system  to  investigate  the  
short  range  part  of  the  NN  
interaction  (repulsive  core).

• Structure  needs  to  be  
understood  in  detail  at  all  
length  scales

• Basis  for  SRC  (structure)  
studies

Ideally  ‘measure’   the  momentum  
distribution  ⇒ study  the    d(e,e’p)  
reaction
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mostly unexplored

Momentum  Distribution
virtually  no  experimental  d(e,ep)n  data  exist  for  pm >  0.5  GeV/c  
without  large  contributions  of  FSI,  MEC  and  IC

important  for  SRC  
studies

several  low  Q2 data
available
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Problems
• Reaction  dynamics:
• how  does  the  photon  interact  with  a  deeply  bound  nucleon  ?
• what  is  the  EM  current  structure  ?

• Final  State  Interactions
• high  Q2 :  eikonal approximations   valid  ?

• Deuteron  wave  function
• can  one  probe  NN  wave  function  at  small  distances  ?
• can  one  find  evidence  for  new  degrees  of  freedom  ?
• important  for  the  interpretation  of  DIS  data  

All  these  problems  are  interconnected
High  Q2 data  are  necessary  for  progress!
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Experimental  Goal:
Obtain  data  closely  related  to  the  deuteron  
wave  function  (momentum  distribution)  with  a  
minimum  of  “other  contributions” such  as  FSI,    
MEC,  IC  etc.

Ideally  ‘measure’ the  momentum  distribution
⇒ study  the    d(e,e’p)  reaction
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D(e,e’p)  in  PWIA

Experimental  
Momentum  distributions:

Plane  Wave  IA:
• Hit  nucleon  does  not  interact  with  
the  recoiling  system

• Described  by  a  plane  wave  
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Missing  Momentum  Dependences

MAMI Q2 = 0.33 (GeV/c)2

Blomqvist et al. PLB 429 (1998)
JLAB Q2 =  0.67 (GeV/c)2

Ulmer et al. PRL89 (2002) 062301-1 

large  FSI  included  

large  IC+MEC

large  FSI
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Mini-­Review:  W.B.  and  M.Sargsian,  International  Journal  of  Modern  
Physics  E  Vol.  24,  No.  3  (2015)  1530003  



D(e,e’p)  Reaction  Mechanisms

expected  to  be  
small  at  large  Q2

supressed  for  
x>1

reduced  at  certain
kinematics  ?
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At  high  Q2  FSI  as  Re-­Scattering
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JLAB:  CLAS  and  Hall  A

•Q2 =  0.8,  2.1  and  3.5  (GeV/c)2 :  constant  for  each  set
• pmiss =  0.2,  0.4  and  0.5  GeV/c  :  angular  distribution
•
• angular  range  for  each  pmiss  dependent  on  kinematics

• Simultaneous  measurement  of  kinematics
• focus  on  Q2 dependence
• e6  running  period
• Q2 =  2,  3,  4,  5  (GeV/c)2

CLAS

Hall  A

Egyian  et  al.  (CLAS)  PRL  98  (2007)  

Boeglin  et  al.  PRL  107  (2011)  262501  

10/13/15 EMMI  Workshop:  Cold  dense  
nuclear  matter

11



WB  et  al.  PRL  107  (2011) 262501  
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Q2 =  2.1  (GeV/c)2

New  Momentum  Distributions

• Large  FSI
• small  wave  
function  
sensitivity
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Q2 =  0.8  &  2.1  (GeV/c)2
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Q2 =  2.1  (GeV/c)2
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Q2 =  2.1  &  3.5  (GeV/c)2
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Angular  Distributions
Q2 =  2.1Q2 =  0.8   Q2 =  3.5

large  FSI  over  wide  
angular  range

small  FSI  at  
small  angles

small  FSI  at  
small  angles

Eikonal  regime  seems  to  be  reached

10/13/15 EMMI  Workshop:  Cold  dense  
nuclear  matter

18



Extraction  of  ρ(α,pt)
• attempt  to  extract  ρ(α,  PT)  from  experimental  data
• Theoretical  foundation:  

Relativistic  Description  of  the  Deuteron,  L.L  Frankfurt  and  M.  
Strikman,  Nuclear  Physics  B148 (1979)  107

High-­Energy  Phenomena,  Short-­Range  Nuclear  Structure  and  
QCD,  L.L  Frankfurt  and  M.  Strikman,  Physics  Reports  76,  
(1981)  215
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• at  high  Q2,  FSI  is  mostly  transverse  α is    approx.  
conserved  by  FSI
• ρ(α) is  very  little  affected  by  re-­scattering
• at  high  energies:               become  important  but
• unimportant  on  LC  (photon  energy  is  0)
• ρ(α) necessary  for  interpretation  of  DIS  data  of  nuclei

 NN

Advantages  of  working  on  LC:

F2d(x) =
X

N

2Z

x

F2N (
x

↵

)⇢(↵)
d↵

↵
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Deuteron  Momentum  Distributions  on  the  Light  
Cone  (LC)

 p
− = E − pz

LC  momentum

 
α = A

pi
−

PA
−

LC  momentum  fraction

p
i

!

P
A

!

p
i

! =

i

" P
A

!
analogous   to  “x” for
quark  distributions

α is  frame  independent   for  boosts  along  the  z-­axis
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d�

dE0
ed⌦ed⌦p

= K�LC
eN (↵, pt)⇢(↵, pt)

LC  PWIA  cross  section

↵ = 2� ↵s

Spectator  (neutron)  momentum  fraction
from  experiment

Proton  momentum  fraction

remember  in  lab:     P�
D = MD A = 2

↵s = 2
Es � pzs
MD

and  
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fN (↵) = ⇢(↵) =

Z
⇢(↵, pt)

↵
d2pt

Nuclear  analog  to
parton distribution  
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Z
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LC  momentum  distribution

Normalization:

LC  Momentum  sum  rule

LC  momentum

relative  nucleon  momentum  in  np system  on  the  light  conek
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α conservation  as  function  of  nucleon  momenta

typical  proton  momenta

transverse  momentum  
transfer  in  re-­scattering  (FSI)

Topical Review R9

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0 2 4 6 8 10
k1, GeV/c

∆α

< k2
⊥ > = 0.1 GeV2/c2

0.2

0.25
0.3

0.4

<k2 ⊥ > = 0.5 GeV2/c2

Figure 2. The accuracy of the conservation of α as a function of the propagating nucleon
momentum, k1 at different values of average transferred (during the rescattering) momenta, ⟨k2

t ⟩.
Note that the eikonal approximation is theoretically justified for k1 ! 2 GeV/c.

one obtains

"p−

m
≡ p2− − p1−

m
≡ α2 − α1 = k1− − k2−

m
≪ 1, (3)

where we define αi = pi−
m

(i = 1, 2) and use the fact that k2
2⊥

m2
N

,
k2

1⊥
m2

N

≪ 1. Therefore
α1 ≈ α2. The latter indicates that, with an increase of energy, a new conservation law
emerges in which the light-cone momentum fractions of slow nucleons, α, are conserved.
The unique simplification of the high-energy rescattering is that although both the energy
and momentum of the bound nucleon are distorted due to rescattering, the combination
E − pz is not.

Figure 2 demonstrates the accuracy of this conservation law for a propagating nucleon
over a range of momenta relevant to our discussion. It is important to note that the
average transferred momentum in the NN rescattering amplitude for pN ∼ 3–10 GeV/c is〈
k2

t

〉
≈ 0.25 (GeV/c)2. Thus, starting from 3 GeV/c momenta of the propagating nucleon,

the conservation of α (∼O(1)) is accurate to better than 5% and improves with increasing
momentum. Note that the conservation of α to this level is sufficient for studying SRCs for
which the α distribution of the nucleons has a rather slow, (∝exp(−λα),λ ∼ 7) variation.
Indeed, this variation is expected to be much flatter than the corresponding distribution
generated by a mean-field interaction.

• The small angle rescatterings of high-energy (2 ! pN ! 10 GeV/c) nucleons can be
described by the generalized eikonal approximation (GEA) which takes into account
the difference between the spacetime picture of the proton–nucleus scattering (a proton
coming from −∞) and A(e, e′p) process (a proton is produced inside the nucleus), and
also accounts for the nonzero Fermi momenta and recoil energy of rescattered nucleons

α
ch
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ge
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Experimental  ρ(α,pt) distributions

↵s, pt
K�LC

eN

• Determine  d(e,e’p)n  cross  section  for  each                            bin
• Divide  by  
• Problem:  phase  space  acceptance
• Results  should  be  as  independent   as  possible  of
phase  space  cuts

• Missing  information  due  to  finite  spectrometer  acceptance
• Interpolation  necessary  for  missing  data
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First  Results  (Preliminary)  
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• 0.8  and  2.1  (GeV/c)2 data  normalized  to  3.5  (GeV/c)2 at  low  pm
(0.04-­ 1.2  GeV/c)

• Large  FSI  at  small  α and  large  PT  for  small  Q2



Small  PT
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Larger  PT
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Q2 =  0.8 Q2 =  2.1

Q2 =  3.5

• Q2 =  0.8  does  not  follow  higher  Q2 behavior
• Qualitatively  different  (Large  FSI  etc.)  



Missing  Data
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Missing  data
• Filled  with  fitting  procedure
• Experimental  data  are  not  changed
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• First  steps  in  determining  ρ(α)
• Needs  some  more  work
• Absolute  normalization  needs  to  be  
finalized

• But  differences  between  experiment  and  
calculation  seem  to  remain



Future  Experiment  at  12  GeV

• Determine  cross  sections  at  missing  momenta
up  to  1  GeV/c
• Measure  at  well  defined  kinematic  settings
• Selected  kinematics  to  minimize  contributions  from  FSI
• Selected  kinematics  to  minimize  effects  of  delta  excitation  

10/13/15 EMMI  Workshop:  Cold  dense  
nuclear  matter

35



Measurements  in  Hall  C

Beam:  
Energy:  11  GeV
Current:  80µA

Electron  arm  fixed at:
SHMS  at  pcen =  9.32  GeV/c
θe =  11.68o
Q2 =  4.25  (GeV/c)2
x  =  1.35

Vary  proton  arm  to  measure  :
pm =  0.5,  0.6,  0.7,  0.8,  0.9,  1.0  GeV/c
HMS  1.96  ≤  pcen ≤  2.3  geV/c
Angles:  63.5o  ≥ θp  ≥ 53.1

Target:  15  cm  LHD
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FSI  Reduction

• b  determined  by  nucleon  size
• cancellation  due  to  imaginary  rescattering  amplitude
• valid  only  for  high  energy  (GEA)
10/13/15 EMMI  Workshop:  Cold  dense  

nuclear  matter
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Calculation:  M.Sargsian

Angular  Distributions  up  to  pm =  1GeV/c
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pm iss = 0.4

FSI  depend   weakly  on  pm
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Expected  Results

ü Measured  cross  sections  for  pm up  to  1  GeV/c
ü Errors:  dominated  by  statistics:  7%    -­ 20%
ü Estimated  systematic  error  ≈  5  %
üJLAB  uniquely  suited  for  high  pm study
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Summary
• High  Q2 d(e,e’p)n  can  be  described  using
generalized eikonal approximation  for  Q2 >  2  GeV/c

• There  is  a  window  to  study  the  Deuteron  momentum  
distribution

• publication  of  all  Q2 data  nearing  completion  (some
normalization   issues)
• first  attempt  to  extract  α distributions
• increase  kinematics  coverage  for  α determination  
• 12  GeV:  very  high  missing  (up  to  1GeV/c)  momenta
coming  soon  (hopefully)
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Interpolating  missing  data

⇢(↵) = �⇢LC(↵
⇤)e�(�s,l(↵�A))2

↵,�, �, �s,l, A

Fit  function:

Parameters:

↵⇤ = 1 + �(↵�A)

�s

�l

↵ < A

↵ > A

use for

use for

⇢LC(↵)Calculated  using  model:  
(e.g.  Paris  WF)
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20%  cut 2.5%  cut
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Light  Cone  Variables

Light  cone  variables  for  experimentalists:

4-­vector:      V = (V o,


V ) light  cone:      V = (V +,V −,


VT )

 V
± =V o ±Vz

 
ψ =

1
2

ln 1+ β
1− β
$

%&
'

()  V '± = eψV ±

  
V '±

V ±

Lorentz  Transformation  
along  z-­axis:  

Important  property boost  invariant

=  scalar  multiplication
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20%  cut 2.5%  cut

ρ(α) using  fit  interpolation
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