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Introduction 
•  Only bound 2 nucleon system 
•  Reference systems for SRC and EMC studies 
•  Prime testing ground models: where is the limit for 

the description in terms of nucleons and mesons 
•  At short ranges (< nucleon size), what happens when 

nucleons overlap ? 
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Review Articles: 
•  M.Garcon and J.W. van Orden Adv.Nucl.Phys.26(2001)293 
•  R. Gilman and F. Gross, J. Phys. G: Nucl. Part. Phys. 28 (2002) R37–R116 
•  R.J.Holt and R. Gilman  http://arxiv.org/abs/1205.5827v1 

 



Challenges 
•  Reaction dynamics 

•  photon interacts with a bound nucleon 
•  what is the EM current structure at high  
  Q2 and large virtuality 

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

•  Deuteron wave function 
•  probe NN wave function at small distances 
•  search for manifestations of new degrees of freedom 

All these problems are interconnected 
New, high energy, high Q2 data will provide new information! 
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Reactions 

•  D(e,e’): elastic scattering including 
recoil polarization (T20) 

•  D(γ,p)n at high energy (but Q2 = 0) 
•  D(e,e’p) at moderate and high Q2 
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D(e,e’) 
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 Calculation: H.Arenhövel et al. PRC 61, 034002
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Figure 13: Elastic ed scattering observables calculated with the v/c expan-
sion [123]: NRIA with the Bonn OBEPQ-B potential (dotted curve); same plus
all relativistic corrections to leading order (dashed); all of the former plus the
!"# exchange current (solid). NEMFF: Galster.
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Experiments: 
 
•  Hall A : L.C.Alexa et al. PRL 82 (1999) 1374 
•  Hall C: D.Abbott et al. PRL 82 (1999) 1379 
•  Hall C: D.Abbott et al. PRL 84 (2000) 5053 
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exhibit a smooth falloff with Q2 with no apparent diffrac-
tive structure.
The double-dot-dashed and dot-dashed curves in Fig. 2

represent the RIA calculations of Van Orden, Devine, and
Gross (VDG) [7] and Hummel and Tjon (HT) [8], respec-
tively. The VDG curve is based on the Gross equation
[21] and assumes that the electron interacts with an off-
mass-shell nucleon or a nucleon that is one-mass-shell
right before or after the interaction. The HT curve is
based on a one-boson-exchange quasipotential approxi-
mation of the Bethe-Salpeter equation [22], where the
two nucleons are treated symmetrically by putting them
equally off their mass shell with zero relative energy. In
both cases, the RIA appears to be lower than the data.
Both groups have augmented their models by including
the rpg MEC contribution. The magnitude of this con-
tribution depends on the rpg coupling constant and ver-
tex form factor choices [23]. The VDG model (dashed
curve) uses a rpg form factor from a covariant sepa-
rable quark model [24]. The HT model (dotted curve)
uses a vector dominance model. The difference in the
two models is indicative of the size of theoretical uncer-
tainties. Although our data favor the VDG calculations,
a complete test of the RIA1MEC framework will require
improved and/or extended measurements of the nucleon
form factors and of the deuteron B�Q2�, planned at JLab.
Figure 3 shows our data in the “low” Q2 range, where

they overlap with data from other laboratories. The previ-
ous measurements tend to show two long-standing diverg-
ing trends, one supported by the SLAC data and the other
one by the CEA [3] and Bonn [5] data. Our data agree with
the Saclay data [6] and confirm the trend of the SLAC data.

FIG. 3. The present A�Q2� data compared with overlapping
data from CEA [3], SLAC [4], Bonn [5], Saclay [6], and
IA1MEC theoretical calculations [26].

It should be noted that another JLab experiment has mea-
sured A�Q2� in theQ2 range 0.7 to 1.8 �GeV�c�2 [25]. The
two curves are from a recent nonrelativistic IA calculation
[26] using the Argonne y18 potential without (dot-dashed
curve, Fig. 3) and with (dashed curve, Fig. 3) MEC, and
exhibit clearly the necessity of MEC inclusion also in the
nonrelativistic IA.
Figure 4 (top) shows values for the “deuteron form

factor” Fd�Q2� �
p

A�Q2� multiplied by �Q2�5. It is
evident that our data exhibit a behavior consistent with
the power law of QDS and pQCD. Figure 4 (bottom)
shows values for the “reduced” deuteron form factor [27]
fd�Q2� � Fd�Q2��F2

N �Q2�4�, where the two powers of
the nucleon form factor FN �Q2� � �1 1 Q2�0.71�22

remove in a minimal and approximate way the ef-
fects of nucleon compositeness [27]. Our fd�Q2�
data appear to follow, for Q2 . 2 �GeV�c�2, the
asymptotic Q2 prediction of pQCD [15]: fd�Q2� �
�as�Q2��Q2� �ln�Q2�L2��2G . Here, G � 2�2CF�5b�,
where CF � �n2

c 2 1��2nc, b � 11 2 �2�3�nf , with
nc � 3 and nf � 2 being the numbers of QCD colors
and effective flavors. Although several authors have
questioned the validity of QDS and pQCD at the momen-
tum transfers of this experiment [28,29], similar scaling
behavior has been reported in deuteron photodisintegra-
tion at moderate photon energies [30].
In summary, we have measured the elastic structure

function A�Q2� of the deuteron up to large momentum
transfers. The results have clarified inconsistencies in
previous data sets at low Q2. The high luminosity and
unique capabilities of the JLab facilities enabled measure-

FIG. 4. The deuteron form factor Fd�Q2� times �Q2�5 (top)
and the reduced deuteron form factor fd�Q2� (bottom) from this
experiment and from SLAC [4]. The curve is the asymptotic
pQCD prediction of Ref. [15] for L � 100 MeV, arbitrarily
normalized to the data at Q2 � 4 �GeV�c�2.

1377

Onset of Dimensional Scaling ? 
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Transition between nuclear and quark-gluon descriptions of hadrons and light nuclei21
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Figure 12. World data for A(Q2), B(Q2), and t20 = T20 in e-d elastic scattering
compared to recent meson-nucleon calculations. Shown are a Hamiltonian
dynamics calculation [197] without (“IMII”) and with (“IM+EII”) MEC, and
a propagator dynamics calculation [199] (“!"#”) with two choices (solid: f/g=0,
dash: f/g=6.1) for the tensor strength of the !NN interaction used in the !"#
exchange current. The best overall description of the data is with the “IM+EII”
calculation.

5.2. Quark-gluon approaches to the N-N interaction and the deuteron

The issue of quark-gluon vs. hadronic degrees of freedom was discussed in Sec. 2.
In this section we focus on the high-momentum transfer NN interaction, and the
high-momentum structure of the deuteron. It is generally accepted for these reactions
that only the leading qqq Fock state of the nucleon needs to be considered. As shown
in [10], high energy hadron-hadron reactions which can proceed via quark exchange
have cross sections an order of magnitude larger than reactions which proceed via
gluon exchange or quark-antiquark annihilation. This leads to the conclusion that the
high-energy NN reaction is dominated by quark interchange diagrams, such as that

no MEC 
contributions

with MEC 

Rel. Calculations in 
Hamiltonian dynamics: 
 
IMII and IM+EII 
 
Y.Huang and W.N.Polyzou  
PRC80 (2009) 025503 

Rel. Calculations in  
propagator dynamics: 
 
ρπγ φ/γ = 0 
ρπγ φ/γ = 6.1	

 
D.R.Phillips et al. PRC72 (2005) 014006) 
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Summary: 

•  NR models cannot describe 
the form factors up to the highest Q2   
(RC are very important) 

•  Relativistic models successfully describe Deuteron  
form factors 

•  MEC contributions are very important 
•  ρπγ exchange current important and not well  

constrained 
•  Indications of dimensional scaling exist. 



D(γ,pn) 
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fits are shown in Fig. 2 together with the data from all the
high-energy !d ! pn experiments [5–9,11,12,15] used in
this study. For a sake of clearness, data have been multi-
plied by s11. The "2

# of the fits are given in the plots. The
vertical arrows indicate the s value corresponding to PT !
1:1 GeV=c. It is worth noticing that for #c:m:

p ! 35" the

last three points show a clear flat behavior well consistent
with an s#11 dependence, as it is proven by the very low
value "2

# ! 0:03 of the last PT bin (1:10–1:30 GeV=c) in
the first panel of Fig. 1.

For all but two of the fits, "2
# $ 1:34. At 55" and, in

particular, at 75", the worse "2
# could be due to discrep-

FIG. 2 (color). Deuteron photodisintegration cross section, s11d$=dt, as a function of s for the given proton scattering angles.
Dashed lines are the fits of the data to s#11 for PT % 1:1 GeV=c. The vertical arrows indicate the s value corresponding to PT !
1:1 GeV=c. Fits are not shown for #c:m:

p ! 35", 45", 135", and 145" where there are not enough data above 1:1 GeV=c. Also shown in
each panel is the "2

# value of the fit. Data are from CLAS [12] (solid red circles), Mainz [15] (open black squares), SLAC [5–7] (solid
down-pointing green triangles), JLab Hall A [11] (solid blue squares) and Hall C [8,9] (solid up-pointing black triangles).

PRL 94, 012301 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
14 JANUARY 2005

012301-4

Constituent 
counting rule 
seems to hold for 
PT>1.1 GeV/c: 

dσ

dt
∼ s−11f(θCM )

P.Rossi et al. PRL 94 (2005) 012301 

M.Mirazita et al. PRC 70 (2004) 014005 

PT>1.1 GeV/c 
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Transition between nuclear and quark-gluon descriptions of hadrons and light nuclei27

which is explained by the vanishing magnetic dipole moment for two protons coupled
to spin 0. It was also expected in the HRM that due to the observed oscillation in
the pp elastic cross section that !pp cross section would also exhibit oscillations. The
HRM theory was further developed in [246, 247].

The n spectator actually provides some advantages compared to the !d ! pn
case. In the impulse approximation, the variation in initial-state neutron momentum
varies the !pp center of mass energy, so that the energy dependence of the reaction
can be measured in a single setting. The neutron light-cone momentum fraction,
"n = (En " pzn)/M , is nearly una!ected by soft final-state rescatterings, and thus is
sensitive to the neutron’s wave function – if the !pp disintegration is a short distance
process, this implies large ppmomentum in the initial state, which through correlations
in the wave function leads to high neutron momentum, and a harder "n distribution.
The opposite is true if the !pp process depends on long-range processes.
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Figure 17. Left: cross sections for !d ! pn at "cm = 90!, showing the high-
energy s"11 scaling. Calculations are labelled QGS [248], RNA [212] and HRM
[249]. Data are labelled Mainz [250], NE8 [251, 252], NE17 [253], E89-012 [254]
and E93-017 [226]. Right: cross section for !3He ! pp+ nspectator, showing the
high-energy s"11 scaling and the much smaller size of the absolute cross sections.
The RNA and QGS curves have been adjusted by the given factor from their
expected magnitudes given in [245] to be of similar size to the data. The HRM
calculations are from [246, 247]. The cross sections shown have an experimental
cut |pn|< 100 MeV/c; the estimated correction factor for higher neutron momenta
is a factor of two. Adapted from [255].

Figure 17 shows the only published set of high-energy !3He ! pp + nspectator

data [255]. The results can be divided into two energy regions. For 1 GeV < E! <
2 GeV there is a several hundred MeV wide region with a peak or peaks in the #cm
= 90! cross sections. At the peak the cross sections are slightly less than 1/2 of the
!pn cross sections. The origin of this peak is unclear; speculations include three-body
processes or resonance excitation – though it should be remembered that there is no
indication of resonance excitation in the !d ! pn data in this energy range. For E!

> 2 GeV the cross sections exhibit approximate s"11 scaling, at a level a factor of
20 smaller than the !d ! pn data. It is important to note that the scaling is indeed

QGS: Quark Gluon String Model (L.A.Kondratyuk et al., PRC  48, 2491(1993))

RNA: Reduced Nuclear Amplitudes  (S.J. Brodsky and J.R.Hiller PRC 48, 475 
(1983))
HRM: Hard Rescattering Model (L.L.Frankfurt et al., PRL 84 3045 (2000))
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QCD Rescattering and High Energy Two-Body Photodisintegration of the Deuteron

Leonid L. Frankfurt,1 Gerald A. Miller,2 Misak M. Sargsian,3,* and Mark I. Strikman4

1School of Physics and Astronomy, Tel Aviv University, Tel Aviv 79978, Israel
2Department of Physics, University of Washington, Box 351560, Seattle, Washington 98195-1560

3Department of Physics, Florida International University, Miami, Florida 33199
4Department of Physics, Pennsylvania State University, University Park, Pennsylvania 16802

(Received 9 April 1999)
Photon absorption by a quark in one nucleon followed by its high-momentum transfer interaction

with a quark in the other may produce two final-state nucleons with high relative momentum. We sum
the relevant quark rescattering diagrams to show that the scattering amplitude depends on a convolution
between the large angle pn scattering amplitude, the hard photon-quark interaction vertex, and the low-
momentum deuteron wave function. The computed absolute values of the cross section are in reasonable
agreement with the data.

PACS numbers: 24.85.+p, 12.38.Qk, 25.10.+s, 25.20.–x

The recent experiments on high energy two-body pho-
todisintegration of the deuteron [1–3] set a new stage in
high energy (Eg $ 1 GeV) nuclear physics. The calcula-
tions using the conventional mesonic picture of nuclear in-
teractions failed to describe the qualitative features of these
measurements. Thus these experiments are unique in test-
ing the implications of quantum chromodynamics (QCD)
in nuclear reactions [4,5].
The hypothesis that the Fock state with the smallest

number of partonic constituents dominates in the two-body
large angle hard collisions predicts with considerable suc-
cess the scaling behavior of the fixed angle differential
cross sections [6]. In particular, the cross section of the
fixed angle gd ! pn reaction should scale as ds!dt "
s211. This scaling idea is successful in describing a num-
ber of processes, but it leads to many unanswered questions
[7,8]. In particular, what suppresses the contributions of
components of the hadronic wave function consisting of
a single fast parton and wee spectator partons (Feynman
mechanism) [9]? In a pQCD analysis of exclusive reac-
tions, one is faced with the additional problem of describ-
ing the absolute value of the cross section [in reactions
involving baryons, the calculations underestimate mea-
sured cross sections by orders of magnitude (see, e.g., [7])].
Examining the data [1] shows that the situation is rather
complicated for gd ! pn reactions too. Scaling is ob-
served at uc.m. # 89±, 69±, but not for smaller angles. No
existing model is able to calculate the absolute value of the
cross section [1].
Here we investigate the mechanism in which the absorp-

tion of the photon by a quark of one nucleon, followed by
a high-momentum transfer (hard) rescattering with a quark
from the second nucleon, produces the final two nucleon
state of large relative momentum. We calculate the contri-
bution due to the low momentum (,300 MeV!c) of nucle-
ons in the deuteron. This contribution is dominant since the
deuteron is a loosely bound system. Another contribution
[10], occurring when the photon breaks up a preexisting
high relative momentum state in the deuteron, depends on

the deuteron wave function evaluated at relative nucleon
momenta "few GeV!c.
The validity of our hard rescattering mechanism re-

quires several kinematic conditions. The use of the par-
tonic picture requires that the masses of the intermediate
hadronic state produced by the gN interaction be larger
than some minimum mass characterizing the threshold to
reach the continuum. This is known from deep inelas-
tic scattering [9] to be W # 2.2 GeV. Here the mass of
the intermediate (between the photon absorption and quark
rescattering) virtual state is mint "

p

2EgmN . From the
condition mint $ W one obtains Eg * 2.5 GeV. Next,
the struck quark (Fig. 1) should be energetic enough to
reach the quark of the other nucleon without radiating
soft (bremsstrahlung) gluons. Such radiation is character-
ized by a regeneration distance lr # Eg R2 [11], where
R # 0.3 fm characterizes the confinement radius. For
Eg $ 2.5 we obtain lr * 1.1 fm is larger than the nu-
cleon radius and comparable with relevant internucleon
distances in deuteron. Finally, to ensure that the quark
rescattering is hard enough, one requires that the transverse
momentum of final nucleons pt $ 1 GeV which requires
2t, 2u * 2 GeV2.
Our derivation proceeds by evaluating Feynman dia-

grams such as Fig. 1. The quark interchange mecha-
nism (see, e.g., [12]), in which quarks are exchanged
between nucleons via the exchange of a gluon and the
recoil quark-gluon system is on mass shell, is used. All
other quark interactions are included in the nonperturba-
tive partonic wave function of the nucleon, cN .

pd
p

p

p

p2

1

B

A

  

q

  k
  k

1

1
2

  k  + q

FIG. 1. Quark rescattering diagram.

0031-9007!00!84(14)!3045(4)$15.00 © 2000 The American Physical Society 3045

E.C.Schulte et al. PRL 87 (2001) 102302 
C.Bochna et al. PRL 81 (1998) 4576 
I.Pomerantz et al. PLB 684 (2010) 106) 
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Summary: 
 
•  Very challenging to calculate 
•  Indication of dimensional scaling but pQCD and RNA  

cannot reproduce absolute cross sections 
•  Hard re-scattering model reproduces data above  

2GeV 
•  QGS reproduces general trend  
•  Photo disintegration does not give access to  

high momentum components of deuteron wave function 



Problem  
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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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ferson Lab (JLab). A continuous wave electron beam
of 5.766 GeV at currents of up to 80 µA impinged on
targets of 2H, 3He, 4He, Be, C, Cu, and Au. Scattered
electrons were detected using the High Momentum Spec-
trometer (HMS) for electron scattering angles !e = 18!,
22!, 26!, 32!, 40!, and 50!. A detailed description of the
measurement and the analysis is available in Refs. [6, 7].
Most of the significant uncertainties are discussed in

Ref. [6], but for the very large x data used in this analysis,
some corrections become more significant. For the cryo-
genic targets, contributions from scattering in the alu-
minum endcaps of the target can be large, up to !50% for
the 3He target. This is subtracted using measurements
from an aluminum “dummy” target, after corrections are
made for the di!erence in radiation lengths between the
real and dummy targets. A systematic uncertainty equal
to 3% of the subtraction is included to account for un-
certainties in the knowledge of the relative thickness of
the targets. The cross sections were also corrected for
Coulomb e!ects (up to 10% for gold) using the e!ective
momentum approximation (EMA) calculation of Ref. [8].
We apply a conservative 20% systematic uncertainty to
this correction to account for uncertainty in the EMA.
The uncertainty due to possible o!sets in the beam en-
ergy or spectrometer kinematics is <!5% in the cross sec-
tions for x < 2, but <!2% in the target ratios.
Inclusive cross sections at x > 1 are often analyzed

using y-scaling [4, 5, 9, 10]. For high-Q2 quasielastic
scattering with no final-state interactions (FSIs), the in-
clusive cross section reduces to a product of the electron–
nucleon elastic cross sections, "eN , and a scaling function,
F (y,Q2). We determine y from energy conservation:

# +MA " $s = (M2
N +(q+ y)2)

1

2 +(M2
A"1 + y2)

1

2 , (1)

where MA and MA"1 are the masses of the target and
spectator (A-1) nuclei and $s is the minimum separation
energy. This corresponds to the minimum initial momen-
tum of the struck nucleon. The scaling function F (y,Q2)
is extracted from the cross section,

F (y,Q2) =
d2"

d"d#
[Z"p +N"n]

"1 q

(M2
N + (y + q)2)

1

2

,

(2)
and it has be shown that F (y,Q2) depends only on y
at large Q2 values for a wide range of nuclei and mo-
menta [10, 11]. Further, if the assumption of scattering
with an unexcited (A-1) spectator is correct, then F (y)
is related to the nucleon momentum distribution, n(k):
dF (k)
dk

# "2%kn(k).
Figure 1 shows the momentum distribution determined

from the new E02-019 data on the deuteron where we
have taken "p and "n to be the o!-shell (cc1) cross sec-
tions as developed in Ref. [15] using parameterizations
of the neutron [16] and proton [17] form factors. Be-
cause the inelastic contribution can become significant
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FIG. 1: (Color online) Extracted deuteron momentum distri-
bution (points) and calculations (curves) using three di!erent
N–N potentials [12–14]. Note that the Paris and Av14 calcu-
lations are nearly indistinguishable on this scale.

for small k and large Q2, we exclude the two largest Q2

settings and limit the remaining data to regions where
the estimated inelastic contribution <!5%. We find that
the extracted momentum distribution is Q2 independent,
although our direct limits on the Q2 dependence are
roughly 20–30% for k $ 300 MeV/c, increasing to !40%
at 400 MeV/c and !80% at 600 MeV/c. The limits on
the Q2 dependence at our higher Q2 values, as well as
the agreement with calculations up to k # 600 MeV/c,
support the idea that the FSI contributions are much
smaller than at low Q2 values, where they can increase
the PWIA cross section by a factor of 2-3 or more [11, 18–
20]. The excess in the extracted momentum distribu-
tion at k # 0.3 GeV/c is present in several previous
extractions from both inclusive and D(e,e’p) measure-
ments [4, 21].
While the y-scaling criteria appear to be satisfied for

the deuteron, the assumption of an unexcited spectator
in Eq. 1 breaks down for heavier nuclei. In the deuteron,
the spectator is a single nucleon while for heavier nu-
clei, the final state can involve breakup or excitations
of the spectator (A-1) system, especially in the case of
scattering from a pre-existing SRC which should yield
a high-momentum spectator in the final state. There
have been many attempts to correct for this e!ect via a
modification of the scaling variable [5, 22–27] or by cal-
culation of an explicit correction to the scaling function
using a spectral function to account for the excitation
of the residual system [27, 28] which provide improved
but model-dependent extractions of n(k). We can avoid
this model dependence by making comparisons between
nuclei in a region where the kinematics limit the scatter-
ing to k > kF [5, 29]. If these high-momentum compo-

N. Fomin, et al., PRL 108 (2012) 095202 

Momentum distribution from scaling analysis 



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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Missing Momentum Dependence 

MAMI Q2 = 0.33 (GeV/c)2 
Blomqvist et al. PLB 424 (1998) 33	


JLAB Q2 =  0.67 (GeV/c)2	

Ulmer et al. PRL 89 (2002) 062391	


FSI included  

IC+MEC large FSI 
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cross sections averaged 
over CLAS acceptance ! 

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



FSI as Rescattering 
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JLAB: CLAS and Hall A 
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•  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	


 

20o !"pq !140
o

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

CLAS 

Hall A 
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Angular Distribution lower Q2 
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θnq(deg)

(a)

(b)

(i)

(ii)
(iii)

(c)

R
=

σ
e
x
p
/σ

p
w
ia

pm = 200 MeV/c

pm = 400 MeV/c

pm = 500 MeV/c

Selection of angular distributions 

σ Is experimental or calculated 
cross section 

W.U.Boeglin et al. PRL 107(2011)262501  

Hall A 

∆pm = ±20MeV/c

R =
σ

σPWIA

Calculations: 
M. Sargsian PRC 82 (2010) 014612 
J.M.Laget PLB 609 (2005) 49 
S.Jeschonnek and J.W.van Orden PRC 78 (2008) -14007 
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R =
! EXP

! PWIA

for recoil angles around 
40o FSI seem to be minimal 
and independent of pm 

  
! red =

!exp

k! cc1

180 

220 

420 

500 

540 
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θnq = 35◦ θnq = 45◦ θnq = 75◦

small FSI 
difference 

large WF 
difference 

large FSI 

small WF 
difference 



25o

35o

45o

55o

65o

75o

85o

95o

105o
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each angle offset by 0.1 

‘yellow’ n(p) Paris 

‘cyan’ n(p) CD Bonn 



Why the FSI Reduction ? 

•  b determined by nucleon size 
•  cancellation due to imaginary rescattering amplitude 
•  valid only for high energy (GEA) 

6/5/12 26 Jefferson Lab Users Group 
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RLT determination 
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•  Data for            and     
•  New analysis: first results         

! = 0o ! =180o

ALT =
! 0 "! 180

! 0 +! 180

•  PWIA:        determined by  ALT
! ep
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At low Q2 ALT is well understood 

PWBA 

FSI + MEC + IC +R 

CC 

FSI + R 

WB et al.Phys. Rev C78 054001 (2008) 
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Mainz

SLAC (NE18)

Hall A

ALT (σCC1)

Q2 = 0.33 Q2 = 1.2

Q2 = 3.5

FSI Laget

H.J.Bulten et al. PRL 74,4775 (1995)   

recent analysis 



Future Experiment at 12 GeV 

  
•  SHMS,HMS coincidence experiment to determine  
  cross sections at missing momenta up to 1 GeV/c 
•  Q2 = 4.25 (GeV/c)2 

•  Selected kinematics to minimize contributions from FSI 
•  Selected kinematics to minimize effects of delta excitation  
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Calculation: M.Sargsian 

Angular Distributions up to pm = 1GeV/c 
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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  Very good theoretical support available 
ü  JLAB uniquely suited for high pm studies 

6/5/12 Jefferson Lab Users Group 
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Summary 
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•  Elastic Scattering is well reproduced by new,  
relativistic models. 

•  MEC dominate at large Q2 

•  Photo disintegration dominated by hard re-scattering 
in final state. Successful models need explicit quark-gluon  
degrees of freedom. 

•  Dimensional scaling behavior indicative of the  
emergence of new degrees of freedom. 

•  High Q2 d(e,e’p)n can be described using the  
generalized eikonal approximation 

•  High Q2 provides a window to study the Deuteron momentum  
distribution with small FSI 
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3

nents are related to two-nucleon short range correlations
(2N-SRCs), where two nucleons have a large relative mo-
mentum but a small total momentum due to their hard
two-body interaction, then they should yield the same
high-momentum tail whether in a heavy nucleus or a
deuteron.
The first detailed study of SRCs combined data in-

terpolated to fixed kinematics from di!erent experi-
ments at SLAC [29]. A plateau was seen in the ra-
tio (!A/A)/(!D/2) that was roughly A independent for
A ! 12, but smaller for 3He and 4He. Measurements
from Hall B at JLab showed similar plateaus [30, 31] in
A/3He ratios for Q2 ! 1.4 GeV2. A previous JLab Hall
C experiment at 4 GeV [11, 32] measured scattering from
nuclei and deuterium at larger Q2 values than SLAC or
CLAS, but had limited statistics for deuterium. While
these measurements provided significant evidence for the
presence of SRCs, precise A/D ratios for several nuclei,
covering the desired range in x and Q2, are limited.

 0

 3

 6 3He
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 3

 6 4He

(!
A/

A)
/(!

D
/2

)

 0

 3

 6

 0.8  1  1.2  1.4  1.6  1.8
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63Cu

 1  1.2  1.4  1.6  1.8  2
x

197Au

FIG. 2: Per-nucleon cross section ratios vs x at !e=18!.

Figure 2 shows the cross section ratios from E02-019
for the "e = 18! data. For x > 1.5, the data show the ex-
pected plateau, although the point at x = 1.95 is always
high because one is approaching the kinematic threshold
for scattering from the deuteron at x = MD/Mp " 2.
This rise was not observed in previous measurements;
the SLAC data did not have su"cient statistics to see
the rise, while the CLAS measurements took ratios of
heavy nuclei to 3He, where the cross section does not go
to zero for x # 2. Table I gives the ratio in the plateau
region for a range of nuclei at all Q2 values where there
were su"cient large-x data. We apply a cut in x to iso-
late the plateau region, although the onset of scaling in
x varies somewhat with Q2. The start of the plateau is
independent of Q2 when taken as a function of #2n,

#2n = 2$
$ $ q + 2MN

2MN

!

1 +
"

1$M2
N/W 2

2n

#

, (3)

(W 2
2n = 4M2

N + 4MN$ $ Q2) which corresponds to the
light-cone momentum fraction of the struck nucleon as-
suming that the photon is absorbed by a single nucleon
from a pair of nucleons with zero net momentum [29].
We take the ratio for xmin < x < 1.9, such that xmin
corresponds to a fixed value of #2n.

TABLE I: r(A,D) = (2/A)"A/"D in the 2N correlation region
(xmin < x < 1.9). We take a conservative value of xmin = 1.5
at 18!, corresponding to #2n = 1.275, and use this to set
xmin at 22 and 26!. The last column is the ratio at 18!

after subtracting the inelastic contribution as estimated by a
simple convolution model (and applying a 100% systematic
uncertainty on the correction).

A !e=18! !e=22! !e=26! Inel. sub.
3He 2.14±0.04 2.28±0.06 2.33±0.10 2.13±0.04
4He 3.66±0.07 3.94±0.09 3.89±0.13 3.60±0.10

Be 4.00±0.08 4.21±0.09 4.28±0.14 3.91±0.12

C 4.88±0.10 5.28±0.12 5.14±0.17 4.75±0.16

Cu 5.37±0.11 5.79±0.13 5.71±0.19 5.21±0.20

Au 5.34±0.11 5.70±0.14 5.76±0.20 5.16±0.22

!Q2" 2.7 GeV2 3.8 GeV2 4.8 GeV2

xmin 1.5 1.45 1.4

There are small inelastic contributions at the higherQ2

values, even for x > 1.5. A simple convolution model [7]
predicts an inelastic contribution of 1–3% at 18! and 5–
10% at 26!. This may explain the small systematic Q2

dependence in the extracted ratios seen in Tab. I. Further
results on the role of SRCs will be based on the 18! data,
with the inelastic contributions subtracted (including a
100% model dependence uncertainty), to minimize the
size and uncertainty of the inelastic correction.
Calculations of inclusive FSIs generally show them to

decrease rapidly with increasing Q2. However, the e!ects
can still be important at highQ2 for x > 1. While at least
one calculation suggests that the FSI is A dependent [33],
most indicate that the FSI contributions which do not
decrease rapidly with Q2 are limited to FSI between the
nucleons in the initial-state SRC [3, 5, 29, 34–36]. In this
case, the FSI corrections are identical for 2N-SRCs in the
deuteron or heavy nuclei, and cancel when taking the ra-
tios. Our y-scaling analysis of the deuteron cross sections
(Fig 1) suggests that the FSIs are relatively small for the
deuteron, and the ratios shown in Tab. I have only a small
Q2 dependence, consistent with the estimated inelastic
contributions, supporting the standard assumption that
any FSIs in the plateau region largely cancel in taking
the target ratios.
In the absence of large FSI e!ects, the cross section ra-

tio !A/!D yields the strength of the high momentum tail
of the momentum distribution in nucleus A relative to a
deuteron. If the high-momentum contribution comes en-
tirely from quasielastic scattering from a nucleon in an n–
p SRC at rest, then this ratio represents the contribution

N. Fomin, et al., PRL 108 (2012) 095202 
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•  Are there ‘windows’ with small FSI in other 
systems ? 

•  3He a natural case 
•  How does re-scattering in a 2-body break up differ 

from the deuteron case 
•  What about 3 body break up 
•  Should we measure angular distributions ?  

All e,e’p measurements of 3He are dominated by FSI at 
high pm 



Rescattering in 3He e,e’p 
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Calculations: M. Sargsian 

V18 CD-Bonn 

pm = 50 MeV/c 

pm = 100 MeV/c 

pm = 200 MeV/c 

pm = 400 MeV/c 

pm = 500 MeV/c 

x1010 

x1011 

x1012 

x1012 

x1012 

Hall A 

φ=180o 

φ=0o 

φ=180o 

φ=0o 

φ=0o 

φ=180o 
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pm = 50 MeV/c 

pm = 100 MeV/c 

pm = 200 MeV/c 

pm = 400 MeV/c 

pm = 500 MeV/c 

pm = 400 MeV/c 

pm = 500 MeV/c 

pm = 200 MeV/c 

J.M.Laget  S. Jeschonnek J.W. van Orden 
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Momentum Distributions 
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mental d(e,ep)n 
data exist for  pm > 
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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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