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ROSENBLUTH SEPARATION

? Q2 = 1.75, 3.25, and 5 GeV2
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VECTOR FORM FACTORS

? Proton data

? Neutron
(deuteron) data

2.2.1 Proton form factor measurements

Figure 4 shows Rosenbluth separation results performed in the 1970’s as the ratio GEp/GD, where GD is the
dipole FF given below by Eq. 14; it is noteworthy that these results strongly suggest a decrease of GEp with
increasing Q2, a fact noted in all four references [Ber71, Pri71, Bar73, Han73]. As will be seen in section
3.4, the slope of this decrease is about half the one found in recent recoil polarization experiments. Left
out of this figure are the data of Litt et al. [Lit70], the first of a series of SLAC experiments which were
going to lead to the concept of “scaling” based on Rosenbluth separation results, namely the empirical relation
µpGEp/GMp ∼ 1. Predictions of the proton FF GEp made in the same period and shown in Fig. 4 are from
Refs. [Iac73, Hoh76, Gar85], all three are based on a dispersion relation description of the FFs, and related to
the vector meson dominance model (VMD).

Figure 5: Data base for GEp obtained by the Rosen-
bluth method; the references are [Han63, Lit70, Pri71,
Ber71, Bar73, Han73, Bor75, Sim80, And94, Wal94,
Chr04, Qat05].

Figure 6: Data base for GMp obtained by the
Rosenbluth method; the references are [Han63, Jan66,
Cow68, Lit70, Pri71, Ber71, Han73, Bar73, Bor75,
Sil93, And94, Wal94, Chr04, Qat05].

A compilation of all GEp and GMp data obtained by the the Rosenbluth separation technique is shown in
Figs. 5 and 6; in these two figures both GEp and GMp have been divided by the dipole FF GD given by:

GD =
1

(1 + Q2/0.71GeV 2)2
with GEp = GD, GMp = µpGD, and GMn = µnGD. (14)

It is apparent from Fig. 5 that the cross section data have lost track of GEp above Q2 ∼ 1 GeV2. It is difficult
to obtainG2

E for large Q2 values by Rosenbluth separation from ep cross section data for several reasons; first,

10
Figure 20: GEn data as in Fig. 18, compared to the
fits [Kel04] (thick line) and [Gal71] (thin solid line).
Platchkov’s fits [Pla90] with 3 differentNN potentials
shown as dotted [Rei68], dot-dashed [Lac81] and long
dashes [Wir84] lines, respectively.

Figure 21: The complete data base for GMn, from
cross section and polarization measurements. Shown
as a solid curve is the polynomial fit by Kelly [Kel04];
note that the recent data of [Bro05] are not included
in this fit.

corrections, and the ratio GE/GM even less being a ratio of ratios. Nevertheless polarization data ultimately
will require radiative corrections, particularly as experiments continue into the domain of yet larger Q2. So is
the discrepancy between Rosenbluth and polarization data entirely due to inaccuracy or incompleteness in the
radiative correction? An immediate consequence of the previous statements is that radiative corrections for
elastic ep scattering in general have to be reexamined, as in their presently practiced form they are unable to
reconcile the cross section results with polarization results.

Encouraging progress has been made including the one process certainly neglected in all previous ra-
diative corrections, the exchange of two photons, neither one of them “soft” (this will be further discussed
in section 3.5). Several calculations [Gui03, Afa05a, Blu03] suggest that this one diagram may contribute
significantly to the ε-dependence of the cross section; other considerations lead to the conclusion that the con-
tribution from the two-photon term is too small at the Q2-values of interest [Bys06], and/or leads to a definite
non-linearity in the Rosenbluth plot which has not been seen in the data so far [Tom05].

Following the publication of the JLab recoil polarizationGEp/GMp ratios up to 5.54 GeV2, the entire cross
section data base for the proton has been reanalyzed by Brash et al. [Bra02], leaving all data above Q2 = 1
GeV2 out, using the data from [Jon00, Gay02] above this value ofQ2, and allowing for relative renormalization
of all cross section data so as to minimize the χ2 of a global fit forGMp. The fitting function is the inverse of a
polynomial of order 5. The renormalized values of GMp show less scatter than the original data base, and the
net effect of imposing the recoil polarization results is to re-normalize all GMp data upward by 1.5-3% when
compared with the older Bosted parametrization [Bos95], as shown in Fig. 23.

Another useful fit to the nucleon FFs which gives a good representation of the data is the one by Kelly
[Kel04]. This fit uses ratios of polynomials with maximum powers chosen such that GEp, GMp and GMn

have the asymptotic 1/Q4 behavior required by pQCD; in [Kel04] GEn was also re-fitted with a Galster FF, as

24
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THE PARADIGM OF NUCLEAR MANY-BODY THEORY

? To a remarkably large extent, atomic nuclei can be described as
non relativistic systems consisting of point-like particles, whose
dynamics are dictated by a phenomenological Hamiltonian

H =
∑
i

p2
i

2m
+
∑
j>i

vij +
∑
k>j>i

vijk

I vij provides a very accurate descritpion of the observed properties
of the two-nucleon system, in both bound and scettering states, and
reduces to Yukawa’s one-pion-exchange potential at large distances

I inclusion of vijk needed to explain the ground-state energies of the
three-nucleon systems

I vij is spin and isospin dependent, non spherically symmetric, and
strongly repulsive at short distance

I nuclear interactions can not be treated in perturbation theory in the
basis of eigenstates of the non interacting system
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THE MEAN-FIELD APPROXIMATION

I Nuclear systematics offers ample evidence supporting the
further assumption, underlying the nuclear shell model, that the
potentials appearing in the Hamiltonian can be eliminated in
favour of a mean field

H → HMF =
∑
i

[
p2
i

2m
+ Ui

]
[
p2
i

2m
+ Ui

]
φαi

= εαi
φαi

, α ≡ {n, `, j}

I For proposing and developing the nuclear shell model, E.
Wigner, M. Goeppert Mayer and J.H.D. Jensen have been
awarded the 1963 Nobel Prize in Physics

I A quote from Blatt & Weiskopf (AD 1952): “The limitation of any
independent particle model lies in its inability to encompass the
correlation between the positions and spins of the various
particles in the system”
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THE NUCLEAR GROUND STATE

I According to the shell model, in the nuclear groud state protons
and neutrons occupy the A lowest energy eigenstates of the
mean field Hamiltonian

HMFΨ0 = E0Ψ0 , Ψ0 =
1

A!
det{φα} , E0 =

∑
α∈{F}

εα

I Ground state of 16O: Z = N = 8

(1S1/2)2 , (1P3/2)4 , (1P1/2)2

Bottom line: the shell model is not the whole story !
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NUCLEON KNOCKOUT REACTIONS

I Nucleon knockout reactions, in which the outgoing nucleon and
the scattered beam particle are detected in coincidence, have
been readily recognized as a powerful tool for investigating the
validity of the shell model

Nuclear Physws 18 (1960) 46---64, ( ~  North-Holland Pubhsh,ng Co, Amsterdam 
Not to be reproduced by photoprmt or microfilm without wrttten permtssion from the publisher 

Q U A S I - E L A S T I C  S C A T T E R I N G  OF 153 MeV P R O T O N S  BY 
p - S T A T E  P R O T O N S  IN C t2 

I. Exper imenta l  
T J G O O D I N G  and H G P U G H  

A ERE,  Harwell, Dzdcot, Berks 

Received 31 March 1960 

A b s t r a c t :  For  the  reaction Ci2(p, 2p)B 11 at  153 MeV, the  energies of the two pro tons  emit ted m 
each event  are measured  wi th  plastic scintillators, and added The summed-energy  spec t rum 
shows a well-defined peak corresponding to an energy loss of 16 MeV in the reaction, and 
events  in this peak are in terpreted as those an which a p ro ton  is knocked ou t  of the p-shell in 
carbon For  coplanar  p-s ta te  events, angular  correlations and energy spectra  are measured 
wi th  one counter  fixed a t  15 °, 20 °, 30 °, 40 °, 60 ° and 80 ° relative to the Incident beam and the 
angle of the o ther  varied between 15 ° and 80 ° on the  o ther  side of the beam The angular  
correlations are sharp ly  peaked, while for the peak the  separat ion angle between the two 
outgoing p ro tons  depends markedly  on the angle at  which one p ro ton  is detected, vary ing  
from 35 ° when the fixed counter  is set at  15 ° to 110 ° when it is at  80 ° The results  are consis tent  
wi th  the mechanism of quasi-elastic p - - p  scat ter ing when the m o m e n t u m  dis t r ibut ion of the 
s t ruck p ro tons  is taken into account  

A rough value is obtained for the total  cross-section for p-s ta te  events  I t  is abou t  one-sLxth 
of the expected value in the absence of absorpt ion,  thus  showing the impor tance  of this 
process By compar ison of the exper imenta l  results wi th  dis tor ted-wave calculations it should be 
possible to determine the m o m e n t u m  dis t r ibut ion of the p-s ta te  pro tons  and the m a g m t u d e  of 
the distort ion effects themselves 

1. Introduct ion 
Many experimental  studies of (p, 2p) reactions have been made. The rater- 

action is believed to proceed at high energies through the mechanism of quasi- 
elastic scattering in which the incident proton strikes a single proton in the 
target nucleus and both scattered and recoil protons are emitted. The name 
'quasi-elastic scattering' arises because the interaction between the two protons 
is similar to elastic proton-proton scattering while the reaction as a whole is 
melastlc since a proton AS ejected from the target nucleus 

Chamberlam and Segr6 1) originally studied the reaction as a test of this 
mechanism They bombarded lithium with 340 MeV protons and looked for two 
protons emitted in comcldence With one counter fixed the maximum coinci- 
dence rate appeared when the other counter was at an angle approximately 
equal to that  expected from p - - p  scattering inside the nucleus Their results 
were qualitatively in agreement with those expected if the nucleus were a 
Fermi gas of particles in a square well 

Later  Cladis et al 2) and Wilcox and Moyer 3) at 340 MeV, and Azhglrey 
46 

52 T J GOODING AND H G PUGH 

The window of the single-channel pulse-height analyzer was set to select 
summed pulses corresponding to p-state events The output from the analyzer 
could be used to gate either mult]channel analyzer, and by self-gating the 
summed spectrum the setting of the window (shown in fig. 4) was checked. 
The summed spectrum was normally displayed ungated while the spectrum from 
one of the counters was chsplayed on the gated analyzer which was calibrated 
by scattering at various angles from hydrogen. 

Measurements were made at a variety of angles for the two counters. With 
one counter fixed the angle of the other counter was varied between 15 ° and 80 ° 
relative to the proton beam This was repeated for several angles of the fixed 
counter. Combinations such as (30 ° , 40 ° ) and (40% 30 ° ) must give the same 
information and where such measurements were duplicated the results always 
agreed within the statistical error In order to estimate the total cross-section 
for the reactlon some measurements were made with one counter raised out of 
the plane defined by the incident beam and the other proton. 

4. The Binding Energy Spectrum 

The energy balance for the (p, 2p) reaction is given by eq (1). The binding 
energy E B may be split into two parts 

EB = (2) 

where Q is the energy required for the reaction if the residual nucleus is left in 
its ground state, while E* is the excitation energy of the residual nucleus. 

T ~ is 
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Fig 4 A typical  spec t rum of ( E I +  Ea) for carbon,  measured a t  (40 °, 30 °) The coun tmg  statmtlcs 
for the points  are displayed while the  absolute error on the  cross-sect,on is 4-20 % The ar rows 
md~cate the  p o m t s  below which react ions o ther  than  (p, 2p) reactmns m a y  be detected, and the  
bracket  shows selected p-s ta te  events  The spec t rum for free p - - p  scat ter ing Is shown dot ted for 

comparison 

I Early attempts with proton beams were plagued by the strong
distortion of both the incoming and outgoing particles
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THE (e, e′p) REACTION

I Consider the process e+A→ e′ + p+ (A− 1) in which both the
outgoing electron and the proton, carrying momentum p′, are
detected in coincidence

e e′

p′

q,ω

I Assuming that there are no final state interactions (FSI), the
initial energy and momentum of the knocked out nucleon can be
identified with the measured missing momentum and energy,
respectively

pm = p′ − q , Em = ω − Tp′ − TA−1 ≈ ω − Tp′
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THE FIRST (e, e′p) MEASUREMENT AT LNF, A.D. 1964

VOLUME 13,NUMBER 10 PHYSICAL RK VIEW LKTTKRS 7 SEPTEMBER 1964

INNER-SHELL PROTON BINDING ENERGIES IN C' AND Al' FROM THE (e, e'P)REACTION
USING 550-MeV ELECTRONS* t

U. Amaldi, Jr. , 6. Campos Venuti, G. Cortellessa, C. Fronterotta, A. Reale, and P. Salvadori
Physics Laboratory, Istituto Superiore di Sanity. , Rome, Italy

P. Hillmanf
Laboratori Nazionali di Frascati, Rome, Italy

(Received 3 August 1964)

Many (P, 2P) experiments have demonstrated
the unique utility of high-energy knockout reac-
tions in determining the binding energies of pro-
tons in inner nuclear shells and their momentum
distributions. ' Because the use of incident pro-
tons involves a long proton path in nuclear mat-
ter, these experiments are severely restricted
by distortion, which becomes rapidly worse with
increasing atomic number. The 1s protons have
not, for instance, been seen above O'. Jacob
and Naris' have suggested that using incident
electrons the distortion is much reduced, since
nuclear matter is practically transparent to elec-
trons. %e present first results of such an exper-
iment performed with the internal beam of the
Frascati synchrotron.
In order to choose the experimental param-
eters, one must balance the following factors:
(1) The difficulty of determining the incident and
scattered electron energies increases with en-
ergy; (2) the cross section decreases rapidly
with increasing energy and scattering angle;
(3) the distortion of protons in nuclear matter in-
creases rapidly below about 100 MeV. %e there-
fore chose incident energies around 550 MeV, a
scattering angle of 51', and scattered electron
and proton energies near 400 and 100 MeV, re-
spectively.
The scattered electrons are focused by two

magnetic quadrupoles, deflected magnetically by
40', and detected in three counters located along
the focal plane to give three simultaneous mag-
netic channels. The electrons are identified in
a total-energy Cherenkov counter. The proton
energies are determined with a large solid angle
(0.16 sr) standard coincidence-anticoincidence
range telescope. The arrangement is shown in
Flg. 1.
Taking into account the energy spread of the

synchrotron beam, the ionization and brems-
strahlung losses in the target, the image and
channel size for the electrons, and the straggling
and range channel for the proton, we calculate a
total energy resolution of 10-MeV full width at

GLASS CERENKOV

~+4 V
KVDI7~1234C

1

He BAG

I

I',

11 ~ 11cm
4 2 10.10ce
4 3 13 13ce
4L 4 15 15cm2

51

+2 %~1
P &3

FIG. 1. The experimental arrangement.

half-height. The bremsstrahlung loss contrib-
utes a tail falling off about as the reciprocal of
the energy loss.
The experiment was carried out by counting

electron-proton coincidences as a function of in-
cident electron energy, keeping the proton and
scattered electron energies constant. Accidental
coincidences of all kinds were always smaller
than 2%.
The results for C" and Al' are shown in

Fig. 2. No correction has yet been made for the
small anticoincidence inefficiency due to nuclear
absorption of the protons. The binding energy
scale was fixed using free proton scattering in
CH2 and the C"P-peak position as measured in
(P, 2P) experiments. ' It is correct to +I MeV.
In the C" spectrum one sees clearly the peak

coming from the four 1P protons. This peak,
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FIG. 2. Electron-proton coincidence counting rate
per 10~' equivalent quanta at 550 MeV as a function of
the incident energy. The dashed lines indicate the
contributions of the various shells and the background
as explained in the text.

which is naturally very narrow, has a width here
of about 12 MeV, only slightly larger than the
calculated resolution. The contribution of the
two 1s protons is not clearly separated with such
a resolution. Our results are, however, fully
consistent with its presence at the binding ener-
gy and with the width observed in the (p, 2p) ex-
periments and a relative height calculated by a
Monte Carlo program on our IBM-7040 computer.
The calculation is based on the impulse approxi-
mation assuming momentum distributions for the
s and p protons fitting the (p, 2p) results' and
integrating over the energies and angles fixed by
our apparatus. The counting rate on the C"P
peak was about two counts per minute per elec-
tron momentum channel and agrees within a fac-
tor two with that calculated. An assumed back-
ground is shown in Fig. 2. The origin of this
background is not yet clear, but it comes at
least partly from the multiple scattering of pro-
tons before leaving the original nucleus. This
effect is enhanced with respect to existing (P, 2P)
results because of the large solid angle of our
proton detector, since the multiply scattered

protons have a wider angular distribution.
For Al ' the spectrum shows one clear peak,

and bumps near 30- and 60-MeV binding energy.
%e assign the peak to the five protons which, ac-
cording to the shell model, are in the outermost
2s-1d shell, and the bumps to the six 1P protons
and the two 1s protons, respectively. The posi-
tion and width of the 2s-1d peak agrees with
those observed in (P, 2P) experiments; the 1s and
1P have not been seen with that reaction. After
subtracting an estimated background, we obtain
a good fit to the data with peaks at 14.5-, 32-,
and 59-MeV binding energy, with total natural
widths of 7, 17, and 21 MeV, respectively, and
areas in the ratio of 1:0.9:0.4. The ratio of the
number of protons in the shells is 1:1.2:0.4, in
reasonable agreement taking into account absorp-
tion in the nucleus.
Aside from the rough agreement of the ratios

and absolute areas of the C" and Al" peaks with
the expected values, the most interesting new
results are the binding energies of the 1s and 1P
peaks in Al". The position of the P peak falls
roughly where expected extrapolating in Z from
nearby nuclei, in which it has been measured
through (p, 2p) reactions, and it is broadened
as expected from the P„,-P3» separation and the
fact that the nucleus is heavily distorted. It is
worthwhile noting that the P and s peaks are not
resolved because of their natural width and not
for experimental reasons. The fact that the s
peak seems to fall nearly on a linear extrapola-
tion of the (P, 2P) results from He4 to 0", how-
ever, is much more informative. Its observed
binding energy of -60 MeV is already consider-
ably greater than the -45-MeV well depth usual-
ly assigned to the shell-model. potential, pre-
sumably indicating an effective proton mass of
less than W.6 free masses in the s shell of Al '.
The curve representing the 1s binding energy as
a function of Z must level off eventually, and it
will be most interesting to follow it to heavier
nuclei. The width of the observed s peak of
roughly 20 MeV (compared with 14 MeV in 0",
for instance) gives some hope that the lifetime of
the 1s hole is becoming short sufficiently slowly
as to permit observation of this shell to consid-
erably higher Z.
%e acknowledge the help given to the experi-

ment by the staff of the Frascati synchrotron in
running the machine according to strict stability
requirements.
One of us (P.H. ) wishes to express his grati-

tude to Comitato Nazionale per 1'Energia Nucle-

342

I The peak arising from
knockout of the four
protons in the 1P3/2

level is clearly visible
I The contribution of the

two 1S1/2 protons is
not well resolved
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SPECTRAL FUNCTION MEASUREMENTS AT SACLAY

p-1 Nuclear Physics A262 (1976) 461-492; @ North-Holland Publishing Co., Amsterdam 

Not to be reproduced by photoprint or microfilm without written permission from the publisher 

QUASI-FREE (e, e’p) SCATTERING ON “(2, “Si, 40Ca AND ‘*Ni 

J. MOUGEY, M. BERNHEIM, A. BUSSIERE, A. GILLEBERT, PHAN XUAN H& 
M. PRIOU, D. ROYER. I. SICK+ and G. J. WAGNER++ 

Dkpartement de Physique Nuclt?aire, CEN Saclay, BP 2, 91 I90 Gif-SW-Yvette, France 

Received 29 August 1975 
(Revised 19 January 1976) 

Abstract:The (e, e’p) reaction on “C, a8Si, 40Ca and 58Ni has been measured at 497 MeV incident 
electron energy. The experiment covered the region E $ 80 MeV for the separation energy and 
P 5 250 MeV/c for the recoil momentum. Cross sections, calculated in the distorted wave impulse 
approximation, have been utilized in a shell-model expansion of the spectral function. Average 
separation and kinetic energies of protons in individual shells are extracted from the data. The 
validity of Koltun’s sum rule is discussed. 

NUCLEAR REACTIONS “C, ‘sSi, 40Ca, 58Ni(e, e’p), E = 497 MeV; measured 6, missing 
E energy, recoil momentum. iZC, 28Si, 40Ca, s8Ni deduced average proton kinetic and 

separation energies. 

1. Introduction 

The energy eigenvalues and spectroscopic properties of single particle levels, the 
most direct experimental information connected with the shell-model picture of 
nuclei, have been thoroughly investigated in the past. A great wealth of information 
has resulted from one-nucleon transfer experiments using incident particle beams of 
energies of less than about 100 MeV. These experiments have led to a detailed 
knowledge of the single particle structure of energy levels within ) 10 MeV of the 
Fermi surface. As a consequence, for a large number of nuclei, we do have a fairly 
complete picture of the properties of the topmost filled and the lowest empty major 
shells. 

Comparatively very little is known for larger separation energies, i.e. more deeply 
bound states. The above mentioned experiments necessarily involve composite 
projectiles in the entrance or exit channel, and these nuclei are strongly absorbed. 
As a consequence one has little access to the interior of the nucleus where the more 
strongly bound shells (containing a large fraction of all nucleons) would give a 
sizeable contribution. Moreover at the rather large incident energies required when 
aiming to separate deeply bound nucleons, the pick-up reactions are hampered by 

+ Present address: Institut fur Physik, Universitat Basel, Switzerland. Supported in part by the Swiss 
National Science Foundation. 
++ Present address: Max-Planck-Institut .ftir Kernphysik, Heidelberg, West Germany. 
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I Carbon data (to
be compared to
the LNF data of
1964)

QUASI-FREE (e, e’p) 473 

8% PG 180 M&J/” 

MISSIffi ENERGY (McV) 

Fig. 9. Missing energy spectra from “C(e, e’p), (a) 0 S P 5 36 MeV/c, (b) SO $ P 5 180 MeV/c and 
(c) 0 s P s 60 MeV/c for 20 5 E 5 60 MeV. 
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Fig. 10. Momentum ~s~ibution from “C(e, e’p); (a) I5 s E 4 21.5 MeV and (b) 30 5 E s 50 MeV. 
The solid and dashed lines represent DWIA and PWIA ~lcula~ons respectively, with nonfiction 

obtained by a fit to the data. 

shells of “C. The lp, shell, at a separation energy of 16 MeV (fig. 9), exhibits 
the expected I = 1 distribution having a zero at P = 0 and a single maximum at 
PW 100 MeVJc. The two lines occurring in S(E, P) at 18 and 21 MeV correspond 
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obtained by a fit to the data. 

shells of “C. The lp, shell, at a separation energy of 16 MeV (fig. 9), exhibits 
the expected I = 1 distribution having a zero at P = 0 and a single maximum at 
PW 100 MeVJc. The two lines occurring in S(E, P) at 18 and 21 MeV correspond 
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SYSTEMATICS OF ENERGY AND MOMENTUM DISTRIBUTIONS
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where the “distorted momentum density” is given by eq. (5.4). 
For the four nuclei we have extracted the energy distributions 9JE) by fitting 

the expansion (6.5), limited to the normally occupied orbits (except for 28Si where 
a 2s contribution was necessary). For Ga we used the distorted momentum distribu- 
tions computed from theoretical single particle wave functions. The quality of the 
data in the outer shells allowed a comparison with the model predictions of the shape 
of the momentum distribution; we find good agreement with the momentum 
distributions used, whereas less realistic distributions, like harmonic oscillator wave 
functions, can definitely be excluded 19) when fitting the lp, shell in 12C, for instance. 
The shape of the measured momentum distribution is generally well reproduced as 
shown in figs. 10, 12, 14 and 16. 

In the case of “C, the lp and 1s shells are almost completly separated experi- 
mentally, the only region where both shells contribute is between 22 and 30 MeV. 
It is worth noting that, above 30 MeV, the best fits to the momentum distribution, 
in energy bins of 5 MeV, all correspond to a pure 1 s momentum distribution, showing 
that all parts of the broad bump in the energy spectrum have the same momentum 
dependence. This justifies the assumption which was tacitly made in eq. (6.2), i.e. 
the use of a unique momentum distribution even if the state was spread over several 
ten MeV. 

Fig. 17 shows the strength distributions of the various shells in 28Si, 40Ca and 
58Ni. The most striking feature is the large spread of the 1 s hole strength, more than 
40 MeV, showing the difficulty of using the notion of shells for nucleons bound so 
strongly. The non-uanishing lp hole strength at high excitation energy (see for 
example the second maximum in 4oCa) is probably meaningless. It could result from 
the contribution of multiple scattering events of the outgoing proton, which we have 
neglected in the analysis. One also may note the splitting of lp hole strength in 28Si 
already deduced from (d, z) reactions 24): trying to fit the energy range 15-17.5 MeV 
with a mixture of 2s and Id subshells only, one definitely obtains a bad fit. That 
splitting has been explained 25) by a strong difference between the average Id,-lp, 
and Id,-lp, interactions. 

40 a EPkV) 20 40 KIE(MeV) 20 40 60 8OECMeV) 

Fig. 17. Hole strength distribution from (e, e’p) reaction on ‘*Si, 40Ca, 58Ni. 

416 I. MOUGEY et al. 

RECCIL MOMENTUM (M&/c) 
7 

1”“1”~‘,““,‘~(‘,~ 

4oC~k,ip)39K 

9SC EC 12 0 MCV 

0 xl lcn 150 2uo 250 
RECOIL MOMENTUM LMcY/c) 

Fig. 14. Momentum distribution from 40Ca(e, e’p); (a) 7.5 5 E 2 9 MeV, (b) 9.5 5 E =< 12 MeV, 
(c) 12.5 $ E S 20 MeV, (d) 20 s E 5 40 MeV and (e) 40 6 E s 70 MeV. The solid line represents the 

DWIA calculation. 

cross section, because the negative cross-section values (resulting from the subtrac- 
tion of accidental coincidences and radiative tails) are not plotted. 

At low separation energy, the 40Ca spectral function (fig. 5) is dominated by the 
2sld shell contribution which was not resolved by previous (e, e’p) or (p, 2p) 
experiments. The Id momentum distributions (fig, 14) are characterized by a zero 
at P = 0 and a single maxims near 150 MeVjc, whereas the 2s shell shows very 
nicely the two expected maxima at P = 0 and 150 MeV/c with a zero in between. 
The removal of a 2s: proton requires an energy of 10.9 MeV and leads to the first 
excited state of 3gK at 2.52 MeV. Due to the spin-orbit interaction, the Id strength 
is split into two main regions above and below the 2s peak. The Id, strength is seen 
at 8.3 MeV separation energy, whereas the Id, strength is located between 13- 
18 MeV. Fig. 13b, which shows the projection of g(E, P) onto the E-axis, indicates 
that we resolve three individual (groups of) levels in this region. Part of the Id, 
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EXPOSING THE LIMITS OF THE INDEPENDENT PARTICLE MODEL
I The spectral functions extracted from the Saclay data, while

exhibiting the spectral lines predicted by the nuclear shell model,
provided unambiguous evidence of its limitations

482 J. MOUGEY et al. 

4’Ta by which the average kinetic energy 

CT,> = s & l@i,U’)12d3p, (5.7) 

appears lowered when calculated with a distorted momentum distribution instead 
of the plane wave distribution, i.e. the “true” wave function in momentum space, 
and (ii) the average reduction factor 

qa = I@$‘, d)12d3p s i ~@#‘)~2d3P. (5.8) 

These quantities have been tabulated in table 5. One finds that AT, is of the order 
of 2 MeV and not very sensitive to the nucleus and orbit considered. The reduction 
factor varies slowly from 0.7 for the outer (lp) shell of 12C to about 0.2 for the inner 
(Is) shell of 58Ni in a fairly systematic way. These values will be used (sect. 6) as 
correction factors in a model independent analysis of the experimentally determined 
distorted spectral function in connection with a sum rule, On the other hand, calcu- 
lated distorted momentum distributions will enter directly into a shell-model 
expansion of the experimental spectral function S(E, P), which becomes thus much 
more model dependent. 

TABLE 5 

Results of the analysis 

w 1P 0.66 2.1 2.5 17.5&0,4 18.3 
IS 0.52 1.9 1.0 38.lil.O 12.7 

28Si 2s 0.44 3.2 
Id 0.46 2.2 
1P 0.39 2.0 
1s 0.28 1.1 

13.8+0.5 
16.1 L-O.8 

::, 

18.6 
19.5 
14.1 
8.5 

40Ca 2s 0.38 3.2 
Id 0.38‘ 2.1 
1P 0.32 2.4 
IS 0.23 1.2 

58X If 0.32 2.4 
2s 0.31 3.2 
Id 0.32 2.2 
1P 0.27 2.0 
1s 0.19 1.1 

0.4 
5.5 
2.9 
0.9 

1.3 
1.1 
5.1 
1.5 

7.6 
1.9 
8.9 
6.8 
1.0 

11.2kO.3 
14.9FO.8 

(Z) 

19.7 
19.6 
14.0 
8.0 

23.4 
18.6 
19.4 
14.4 
9.1 

The attenuation coefficients qa and the corrections AT, to the kinetic energies when calculated in DWIA 
instead of PWIA. The occupation numbers N, = n,/q. and mean removal energies -(I$, after 
distortion corrections (numbers without error bars must be considered as tentative, due to the 
experimental energy cut off at 80 MeV and the strong model dependence of the fitting procedure). 
The mean kinetic energies (n3,, including distortion corrections, computed from the model single 
particle momentum density. 

I The systematic deviation of the spectroscopic factors from the
shell model prediction is a clear signature of strong correlation
effects, not taken into account within the independent particle
model 11 / 30



SPECTROSCOPIC FACTORS OF VALENCE STATES
I The quenching of the spectroscopic factor of valence states has

been confirmed by a number of high-resolution (e, e′p)
experiments carried out at NIKHEF-K using a 700 MeV high
duty factor electron beam

Nuclear Structure: a wide angle view 8

Removal probability forRemoval probability for
valence protonsvalence protons

fromfrom
NIKHEF dataNIKHEF data

L. L. LapikLapikááss, , NuclNucl. Phys. A553,297c (1993). Phys. A553,297c (1993)

Note:

We have seen mostly

data for removal of

valence protons

S ≈ 0.65 for valence protons
Reduction ⇒ both SRC and LRC

I quenching is large and
independent of target mass

I both short- and long-range
correlations contribute
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SPECTROSCOPIC FACTORS OF 208Pb
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NIKHEF results: 208Pb(e,e"p)207Tl 

for nucleons at surface:
binding energy ≈ excitation energy for nuclear vibrations
            fragmentation  especially at Fermi edge (surface)

nucleons in the interior: deep hole states
larger binding energies             more difficult to excite
           zα  approaches occupation number n of nuclear matter

theoretical curves:
nuclear matter calculation: Correlated Basis Function Theory
Benhar, Fabrocini, Fantoni: NPA 505 (1985) 267
modified for finite nuclei:PRC 41(1990) R24
Modification of Im Σ to reproduce exp. width of the hole states

n  = Σ zα + nc
α

If fragmentation occurs spectroscopic factors 
of different states have to be summed up:

SRC

LRC

? Deep hole states largely unaffected by finite size and shell effects

13 / 30



WHERE IS THE MISSING STRENGTH?
I The (e, e′p) cross section at large Em and pm , tipically Em >∼ 50

MeV and pm >∼ 250 MeV give direct access to the missing strength.
Strong energy–momentum correlation clearly observed.

J. Mougey / Coincidence experiments at CEBAF 

E,  (MeVl 
Fig. 5. Missing energy spectra form 3He(e, e’p), showing evi- 
dence for an interaction on a two-nucleon correlated pair 

(from ref. [7]). 

istic and off-shell effects. Complete studies of selected 
cases, in particular of disintegration of few nucleon 
systems, are considered in the CEBAF physics program. 

Thanks to the high energy and duty cycle of the 
CEBAF beam, (e, e’n) reactions can be studied with 
counting rates comparable to those presently achieved 
for (e, e’p). From polarization measurements in quasi- 
free scattering of longitudinally polarized electrons off 
neutrons from a deuteron target - reactions ‘H(Z,e’n)p, 
polarized deuteron target, and 2H(Z, e’ii)p, neutron 
polarization measurement - one should substantially 
improve our knowledge of the neutron electric form 
factor GE. The (e, e’N) reaction on nuclei can also be 
used to study how the electromagnetic properties of 
nucleons, sensitive to quark distributions, are modified 
inside the nuclear medium. 

3.2. (e, e’2N) reactions 

Coincidence studies of two-nucleon emission 
processes provide the most direct access to two-nucleon 
densities and correlation functions in nuclear medium. 
At short distances, they should give insights on two- 
nucleon clustering in nuclei - exchange of heavy me- 
sons ( p, w, . . . ), 6-quark clusters, . . . - and the origin 
of high momentum components in nuclear wave func- 
tions. Especially promising is the (e, e’2p) reaction as 
the absence of dipole moment in the (pp) system strongly 
suppress the contribution of two-body currents in the 

transverse cross section. Counting rate estimates under 
CEBAF conditions (2 to 100 events h-’ for the 
3He(e, e’2p)n reaction at 2 GeV) have shown the feasi- 
bility of the experiment although a longitudinal/trans- 
verse separation would be very difficult to achieve. 
Moreover, the use of three spectrometers would put 
constraints on kinematics. A broad survey of two- 
nucleon emission processes using the LAS (see section 
4) may be an appropriate way of starting this program. 

3.3. (e, e’K ‘) reactions and the formation of hypernuclei 

Photo- or electroproduction of kaons can be used to 
produce hypemuclei [9], i.e. nuclei in which one nucleon 
is replaced by a hyperon, usually a A, of strangeness 
S = - 1. In the nuclear medium, the hyperon can be 
viewed as an impurity living long enough (- 1OW”) to 
interact with its environment, being not restricted by 
the Pauli principle (except maybe at the quark level). At 
present most of our knowledge about the structure of 
hypemuclei comes from hadronic reactions, mainly the 
strangeness exchange (K-, n-) one, over which electro- 
magnetic production has the important advantages of 
cleaner mechanism and minimal distortion. Another 
specific feature of electromagnetic production is that, 
due to the vector spin nature of the photon, non-natural 
parity (spin-flip) states can be excited as well as natural 
parity (non-spin-flip) ones. Finally, the kinematics is 
different: recoiless A-production is not possible in (y, 
K+), in contrast with (K-, T-). Therefore, high 
momentum transfers and high-spin state excitations are 
favored. For example, the electromagnetic interaction 
can directly convert a proton from an outer shell into a 
hyperon in a deep lying state. 

Serious experimental problems have to be solved 
before considering an extensive program on hypernuclei 
at CEBAF: counting rates are low, of the order of 
SO-100 events/day per level in the most favorable 
configuration in which both the kaon and the scattered 
electron are detected at very forward angles ( < 15 o ). 
To clearly separate hypernuclear levels, in particular 
partners within a spin doublet, an energy resolution of 
- 100 keV is required. Several experimental setups are 
under study, including one in which both the K+ and 
the scattered electron are detected near 0 O, and a 
missing mass resolution of 100-200 keV looks achieva- 
ble. Kaon electro- and photoproduction on proton and 
deuteron to study kaon form factor, the KN and AN 
systems and possibly strangeness + 1 baryons and - 1 
dibaryons are part of the LAS physics program. 

4. Experimental equipment for coincidence experiments 

At present, coincidence experiments are planned in 
all three CEBAF experimental halls. 
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THE JLAB ERA
I In the 1980s, the planning of CEBAF—designed to reach a beam

energy of 4 GeV and 100% duty-cycle—begun
I CEBAF was ideally suited to perform the next generation of

(e, e′p) experiments, to investigate nuclear dynamics beyond the
shell model, and much more . . .
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(e, e′p) STUDIES AT JLAB
I 3He(e, e′p) at large |pm| and Em in hall A: strong

energy-momentum correlation observed

elastic scattering data to world data [10]. We measured the
3He!e; e0p"X cross section at three beam energies, keeping
j ~qj and ! fixed in order to separate response functions and
understand systematic uncertainties. The data reported in
this Letter were all obtained at a beam energy of
4806 MeV.

The missing energy resolution, about 1 MeV (!), is less
than the 2.23 MeV separation between the 3He!e; e0p"d
peak and the threshold for the 3He!e; e0p"pn breakup
channels. The radiative corrections to the measured cross
sections were performed by using the code MCEEP [11].
The radiative tail is simulated and folded into the (Em; pm)
space based on the prescription of Borie and Drechsel [12].
The radiative corrections in the continuum amount to
10%–20% of the cross section. In particular, the radiative
corrections remove the tail of the 2bbu process from the
3bbu data, allowing a clear separation of the channels. An
exception is for low missing momentum, below
100 MeV=c, where the 3bbu strength is less than the
strength of the radiative tail of the much stronger 2bbu
peak.

Table I shows the central proton spectrometer settings
for the experimental kinematics presented in this Letter.
The data taken at these settings are grouped into numerous
(Em; pm) bins for presentation; Fig. 2 shows the cross
sections corrected for radiative processes as a function of
missing energy for several selected bins. The energy scale
in the horizontal axis has been shifted in these plots so that
the 3bbu channel starts at zero. As pm increases, we can see
that the broad peak in the cross section moves to higher
missing energies. The arrow in the figure indicates where
one would expect the peak in the cross section due to
disintegration processes involving two active nucleons
plus a spectator; the expected peak position for pm #
820 MeV=c is just off scale, at Em $ 145 MeV. The large
peak in the data roughly aligned with the arrow suggests
that two-nucleon disintegration processes are dominant.

Several calculations are presented in Fig. 2. The simplest
calculation is a plane-wave impulse approximation
(PWIA) calculation using Salme’s spectral function [13]
and the !cc1 electron-proton off-shell cross section [14].
Also shown in Fig. 2 are the results of microscopic calcu-
lations of the continuum cross section by J. M. Laget [15],
including a PWIA calculation with correlations but no FSI,

and successive implementation of various interaction ef-
fects. The calculation is based on a diagrammatic expan-
sion of the reaction amplitude, up to and including two
loops [16]. Both single and double NN scattering, as well
as meson exchange (" and #) and ! formation are in-
cluded. The bound-state wave function is a solution of the
Faddeev equation used by the Hannover group [17] for the
Paris potential [18]. Nucleon and meson propagators are

TABLE I. Proton spectrometer kinematic settings.

pm Pp $p
(MeV=c) (MeV=c) (%)

150 1493 54.04
300 1472 59.83
425 1444 64.76
550 1406 69.80
750 1327 78.28
1000 1171 89.95

FIG. 2 (color online). Cross-section results for the
3He!e; e0p"pn reaction versus missing energy Em. The vertical
arrow gives the peak position expected for disintegration of
correlated pairs. The dotted curve presents a PWIA calculation
using Salme’s spectral function and !cc1 electron-proton off-
shell cross section. Other curves are recent theoretical predic-
tions of Laget [19] from the PWIA (dash dotted line) to
PWIA & FSI (long dashed line) to full calculation (solid line),
including meson-exchange current and final-state interactions. In
the 620 MeV=c panel, the additional short dashed curve is a
calculation with PWIA & FSI only within the correlated pair.

PRL 94, 082305 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
4 MARCH 2005

082305-3

relativistic and no angular approximations (Glauber) have
been made in the various loop integrals. The FSI in these
calculations use a global parameterization of the NN scat-
tering amplitude, obtained from experiments at LANL,
SATURNE, and COSY [19]. Further details of the model
can be found in [20].

Figure 2 shows that the calculated cross sections exhibit
a correlation peak that is dominant at low pm, but that FSI
strongly enhance the cross section at large pm. The calcu-
lations indicate the FSI are mainly between the two active
nucleons—Fig. 1(b). The additional calculation included
in the 620 MeV=c panel of Fig. 2 has FSI with the specta-
tor nucleon—Fig. 1(c)—turned off. Neither the shape nor
magnitude of the peak is much affected. This result indi-
cates that triple rescattering is negligible. MEC effects are
also small.

To obtain the total 3bbu strength, and to facilitate com-
parison to the 2bbu, we divided the cross section by the
elementary off-shell electron-proton cross section !ep

[14], multiplied by a kinematic factor K, and integrated
over missing energy to obtain the effective momentum
density distribution

"!pm" #
Z

! d6!
dEedEpd!ed!p

=K!ep"dEm: (2)

Figure 3 shows the distribution obtained. Uncertainties
from missing tails of the 3bbu peak, within this integration
range, due to limited experimental acceptance are negli-

gible on the scale of Fig. 3. The 3bbu distribution tends to
have a much larger relative strength for high missing
momentum than does the 2bbu distribution—the ratio of
3bbu to 2bbu strength increases with pm by about 3 orders
of magnitude, from about 100 to 800 MeV=c. An increase
of the relative strength with pm is consistent with what is
expected from correlations, as described in the simple
picture in the introduction, but we already know from the
discussion of Fig. 2 that FSI are important.

The PWIA curves in Fig. 3 show an order of magnitude
enhancement of the 3bbu over the 2bbu at high missing
momentum. The two-body correlations are more clearly
seen in 3bbu than in the 2bbu since the available phase
space is reduced when two nucleons are forced to form the
deuteron. The differences between the PWIA calculations
and full calculations further indicate the greater impor-
tance of final-state interactions in the 3bbu. Thus, the larger
FSI in the 3bbu mask the larger role of correlations. The
generally good agreement of the full calculations and the
data shown in Figs. 2 and 3 relies mainly on the interplay of
correlations and final-state interactions, and indicates no
need for physics beyond that already present in a modern
conventional nuclear physics model. The conclusions pre-
sented here have been confirmed by subsequent, indepen-
dent calculations [21].

The conclusions described above might appear to be no
longer valid for pm $ 1 GeV=c as the magnitude of the
3bbu appears to fall towards that of the 2bbu. However, the
center of the 3bbu correlation peak moves outside of the
integration range at pm $ 800 MeV=c, as shown in Fig. 2.
Thus, the experimental integration only includes a fraction
of the 3bbu strength at large pm. A crude correction to
account for the missing strength, using the fraction of
strength of the full calculation of Laget in the region Em <
140 MeV, causes the 3bbu distribution to roughly flatten
out, starting near 750 MeV=c, at a level nearly 2 orders of
magnitude greater than that of the 2bbu. The large correc-
tion also leads to our stopping the calculation at 1 GeV=c;
the comparison between data and theory is no longer
meaningful when only a small fraction of the tail of the
distribution is considered. Given these data along with the
theoretical calculations, it remains fair to conclude that the
correlations in the wave function preferentially lead to the
3bbu channel, and that the reaction mechanism is reason-
ably well understood in a modern, conventional nuclear
physics model.

The comparison of the data of this experiment with the
existing calculation suggests that the region near
300 MeV=c might prove to be the most enlightening
with respect to the role of correlations. Here the full and
PWIA curves are very similar to each other and to the data,
and in the theory the correlation peak dominates the cross
section. Separated response functions, which are possible
with data from the other kinematics of this experiment, can
provide us with more complete tests of the theory.

FIG. 3 (color online). Proton effective momentum density
distributions in 3He extracted from 3He!e; e0p"pn (open black
circles) and 3He!e; e0p"d (open black triangles), compared to
calculations from Laget [19]. The 3bbu integration covers EM
from threshold to 140 MeV.

PRL 94, 082305 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
4 MARCH 2005

082305-4
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LARGE |pm| AND Em COMPONENTS IN COMPLEX NUCLEI
I |pm|-evolution of missing energy spectrum in Oxygen. Hall A

data

VOLUME 86, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 18 JUNE 2001

The systematic uncertainty in cross section measurements
is about 5%. This uncertainty is dominated by the uncer-
tainty in the 1H!e, e" cross section to which the data were
normalized [28].

Figure 1 shows the measured cross section as a func-
tion of missing energy at Ebeam ! 2.4 GeV for various
proton angles, 2.5± # upq # 20±. The average missing
momentum increases with upq from 50 to 340 MeV#c.
The prominent peaks at 12 and 18 MeV are due to
1p-shell proton knockout and are described in [21],
where it was shown that they can be explained up to
Pm ! 340 MeV#c by relativistic distorted wave impulse
approximation (DWIA) calculations. However, the spectra
for Em . 20 MeV exhibit very different behavior. At the
lowest missing momentum, Pm $ 50 MeV#c, the wide
peak centered at Em $ 40 MeV is due predominantly to
knockout of 1s1#2-state protons. This peak is less promi-
nent at Pm $ 145 MeV#c and has vanished beneath a flat
background for Pm $ 200 MeV#c. At Em . 60 MeV or
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FIG. 1. Average cross sections measured at different outgoing
proton angles as a function of missing energy. The cross section
shown at each angle is the average between the cross sections
measured at either side of "q at that angle. The curves show the
s-shell single-particle strength calculated by Kelly folded with
the Lorentzian parametrization of Mahaux. The dashed line
shows the Ryckebusch et al. calculations of the !e, e0pn" and
!e, e0pp" contributions to !e, e0p" including meson-exchange
currents (MEC), intermediate D creation (IC), and central
correlations, while the dot-dashed line also includes tensor
correlations.

Pm . 200 MeV#c, the cross section does not depend on
Em and decreases only weakly with Pm.

We compared our Em . 25 MeV results to single-
particle knockout calculations by Kelly [29] to determine
how much of the observed cross section can be explained
by 1s1#2-state knockout. Kelly performed DWIA calcu-
lations using a relativized Schrödinger equation in which
the dynamical enhancement of lower components of Dirac
spinors is represented by an effective current operator
[30]. For the 1s1#2 state, Kelly used a normalization factor
of 0.73 with respect to the single-particle strength and
spread the cross section and the response functions over
missing energy using the Lorentzian parametrization of
Jeukenne and Mahaux [31].

At small Pm, where there is a clear peak at 40 MeV,
this model describes the cross section (see Fig. 1) and the
separated RL and RT responses well [24]. The extracted
magnitude of !ST 2 SL" [24] is consistent with the de-
crease in !ST 2 SL" with Q2 seen in the measurements
of Ulmer et al. [7] at Q2 ! 0.14 !GeV#c"2 and by Dutta
[16] at Q2 ! 0.6 and 1.8 !GeV#c"2. This suggests that, in
parallel kinematics, transverse non-single-nucleon knock-
out processes decrease with Q2. At larger Pm, where there
is no peak at 40 MeV, the DWIA cross section is much
smaller than the data (see Fig. 1). Relativistic DWIA cal-
culations by other authors [32,33] show similar results.
This confirms the attribution of the large missing momen-
tum cross section to non-single-nucleon knockout.

Figure 1 also shows !e, e0pn" and !e, e0pp" contribu-
tions to the !e, e0p" cross section calculated by Ryckebusch
et al. [34] in a Hartree-Fock (HF) framework. The cross
section for the two particle knockout has been calculated
in the “spectator approximation” assuming that the two nu-
cleons escape from the residual A 2 2 system without be-
ing subject to inelastic collisions with other nucleons. This
calculation includes pion exchange currents, intermediate
D creation, and central and tensor short-range correlations.
According to this calculation, in our kinematics, two-body
currents (pion-exchange and D) account for approximately
85% of the calculated !e, e0pn" and !e, e0pp" strength.
Short-range tensor correlations contribute approximately
13% while short-range central correlations contribute only
about 2%. Since the two-body currents are predominantly
transverse, the calculated !e, e0pn" and !e, e0pp" cross sec-
tion is mainly transverse. The flat cross section predicted
by this calculation for Em . 50 MeV is consistent with
the data, but it accounts for only about half the measured
cross section. Hence, additional contributions to the cross
section such as heavier meson exchange and processes in-
volving more than two hadrons must be considered.

Figures 2 and 3 present the separated response func-
tions for various proton angles. Because of kinematic
constraints, we were able to separate only the responses
for Em , 60 MeV. The separated response functions can
be used to check the reaction mechanism. If the excess
continuum strength at high Pm is dominated by two-body

5672
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I Direct measurement of correlation strength in carbon. Hall C
data

2

From the experimental information available up to
now, the depopulation of IP strength at low k, E is un-
ambiguous. Determining the total correlated strength is
not so direct, however. The total correlated strength is a
factor of 4 or so (see below) smaller than the IP strength,
and the determination of this strength by taking the dif-
ference of the experimental IP strength with unity suffers
from the unfavorable propagation of uncertainties in the
experimental measurement and theoretical interpretation
of the (e, e′p) data. A direct measurement of the corre-
lated strength is needed.

Correlated strength from (e,e’p). According
to calculations that solve the Schrödinger equation for a
realistic N-N interaction, the correlated strength is ex-
pected to be identifiable at high nucleon momenta k and
high removal energies E; there, the values of the nuclear
spectral function S(k, E), the probability to find in the
nucleus nucleons of given k and E, is increased by orders
of magnitude relative to IP descriptions. The correlated
strength also contributes to the region dominated by the
IP strength, but there it cannot be isolated via (e,e’p).
While initial searches for high-k components [9, 10] were
restricted to low–lying states, it has been understood for
some time that the SRC produce strength at high k and
E simultaneously [3, 11].

Locating this strength at large k and E is difficult.
The correlated strength (perhaps 20%) is spread over a
very large range in E (one to several hundred MeV ), so
the density of S(k, E) is very low. Processes other than
the single-step proton knockout — the basis of the Plane
Wave Impulse Approximation (PWIA) interpretation of
(e, e′p) — can contribute. Strength can be moved to large
E (appearing as large “missing energy” Em) by processes
such as multi-nucleon knockout or π-production, where
the additional particle is not observed. Unless, by the
choice of kinematics, this contribution can be reduced
to a size where it can be corrected for by a calculation,
identification of the correlated strength is not possible.

A systematic study [12] of (e, e′p) data [13, 14, 15, 16,
17, 18, 19] has shown that the best chance for an identi-
fication of the correlated strength occurs for data taken
in parallel kinematics, i.e. with the initial nucleon mo-
mentum "k parallel to the momentum transfer "q (most
available data have been taken in (nearly) perpendicular
kinematics). This study has also shown that multi-step
processes have a small impact at large momentum trans-
fer. Similar observations could be drawn from a recently
published (e,e’p) experiment performed at 4He [20]. This
Letter describes the results of the first experiment de-
signed explicitly to study SRC via a measurement of the
strength at large k and E under optimal kinematics.

Experiment. The experiment was performed in Hall
C at Jefferson Lab employing three quasi-parallel and
two perpendicular kinematics at a q >∼ 1 (GeV/c) (for a
detailed discussion see [21]). Electrons of 3.3 GeV energy
and beam currents up to 60 µA were incident upon 12C,

EmPm_allkins_pap.eps
kin3

kin5

kin4

FIG. 1: Coverage of the Em,pm-plane by the runs taken in
parallel kinematics shown in a cross section times phase space
plot.(Due to the large momentum acceptance of the spectrom-
eters, part of the data (green) are for θkq > 45◦).

27Al, 56Fe and 197Au targets (in the present Letter we
limit the discussion to 12C). The scattered electrons were
detected in the HMS spectrometer (central momenta 2 -
2.8 GeV/c), the protons were detected in the SOS spec-
trometer (central momenta 0.8 - 1.7 GeV/c). Fig. 1 gives
the kinematical coverage for the parallel kinematics.

Data on Hydrogen were taken as check, to determine
the various kinematical offsets and to verify the recon-
struction of particle trajectories and the normalizations.
Data for the IP region were also taken. The resulting
proton transparency agrees with previous determinations
[22] and modern calculations [23, 24]. The overall accu-
racy of the resulting cross sections is ±6%.

The spectra of all important observables have been
compared to the results of the Monte Carlo simulation
package SIMC of the Hall C collaboration; excellent
agreement is found. The comparison also shows that the
resolution in Em (pm) is 5 MeV (10 MeV/c).

The raw data were analyzed using two different proce-
dures, both based on an iterative approach and a model
spectral function. In one, the phase space is taken from a
Monte Carlo simulation of the experiment, and the spec-
tral function is determined from the acceptance corrected
cross sections. Radiative corrections are taken into ac-
count according to [25]. The approach has been verified
on special sets of data where radiative corrections are
large. The other is based on a bin-by-bin comparison of
experimental and Monte Carlo yield, where the Monte
Carlo simulates the known radiative processes, multiple
scattering and energy loss of the particles, spectrome-
ter transfer matrices, focal plane detector efficiencies, the
software cuts applied etc. The parameters of the model
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Figure 6. Momentum distribution of the data
(circles) compared to the theory of refs. [3] (dots),
[4] (solid) and [24] (dashed). The lower integra-
tion limit is chosen as 40 MeV, the upper one to
exclude the ∆ resonance.

Experiment 0.61 ±0.06
Greens function theory [3] 0.46
CBF theory [2] 0.64
SCGF theory [4] 0.61

Table 1
Correlated strength (quoted in terms of the num-
ber of protons in 12C.)

shape of the spectral function for C, Al, and Fe
ist quite similar. For Au a larger contribution
from the broader resonance region is obvious and
the maximum of the spectral function is shifted
to higher Em. The correlated strength for Al, Fe
and Au is 1.05, 1.12 and 1.7 times the strength
for C normalized to the same number of pro-
tons. This increase cannot be solely explained
by rescattering but MEC’s have probably taken
into account. Another contribution may be com-
ing from the stronger tensor correlations in asym-
metric nuclear matter [26,27].
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I Integrated correlation strength consistent with the measured
quenching of spectroscopic factors
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HOLE STATES IN ISOSPIN-SYMMETRIC NUCLEAR MATTER
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OXYGEN SPECTRAL FUNCTION

I FG model: P (p, E) ∝ θ(pF − |p|) δ(E −
√
|p|2 +m2 + ε)

I shell model states account for ∼ 80% of the strenght
I the remaining ∼ 20%, arising from NN correlations, is located at

high momentum and large removal energy
(|p| � pF ∼ 220 MeV, E � ε)
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e+12 C→ e′ +X IN THE QUASI ELASTIC CHANNEL (IA+FSI)
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ELECTRON SCATTERING OFF DEUTERON AND TRITIUM

? Recall: theoretical calculations involve no adjustable parameters
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e+12 C→ e′ +X (IA+FSI+MEC), QUASI ELASTIC + INELASTIC

? e-carbon x-section obtained within the extended spectral
function formalism
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e+12 C→ e′ +X (IA+FSI), QUASI ELASTIC + INELASTIC
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e+56 Fe→ e′ +X (IA+FSI), QUASI ELASTIC + INELASTIC
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THE ISSUE OF NEUTRINO ENERGY RECONSTRUCTION

I Oscillation probability after traveling a distance L (two neutrino
flavors, for simplicity)

Pα→β = sin2 2θ sin2

(
∆m2L

4Eν

)

Observable'Oscilla9on'Parameters'

Elba,'June'26,'2014'ElectronNNucleus'ScaPering'XIII' 4'

I The energy of the incoming neutrino, Eν is not precisely known,
but broadly distributed according to a flux Φ(Eν)
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KINEMATIC NEUTRINO ENERGY RECONSTRUCTION

I In the charged current quasi elastic (CCQE) channel, assuming
single nucleon single knock, the relevant elementary process is

ν` + n→ `− + p

I The reconstructed neutrino energy is

Eν =
m2
p −m2

µ − En2 + 2EµEn − 2kµ · pn + |pn2|
2(En − Eµ + |kµ| cos θµ − |pn| cos θn)

,

where |kµ| and θµ are measured, while pn and En are the
unknown momentum and energy of the interacting neutron

I Existing simulation codes routinely use |pn| = 0 , En = mn − ε ,
with ε ∼ 20 MeV for carbon and oxygen, or the Fermi gas (FG)
model
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RECONSTRUCTED NEUTRINO ENERGY IN THE CCQE CHANNEL

I Neutrino energy
reconstructed using 2
×104 pairs of (|p|, E)
values sampled from
realistic (SF) and FG
oxygen spectral functions

I The average value 〈Eν〉
obtained from the realistic
spectral function turns out
to be shifted towards
larger energy by
∼ 70 MeV

28 / 30



? The reconstruction of neutrino and antineutrino energy in liquid
argon detectors will require the understanding of the spectral
functions describing both protons and neutrons

? The Ar(e, e′p) cross section only provides information on proton
interactions. The information on neutrons can be obtained from
the Ti(e, e′p), exploiting the pattern of shell model levels

16

Physics Motivation
Experimental Goals

Experimental conditions
Titanium idea

Physics motivation

Use few hours of beam time investigating the feasibility of running
on a titanium target, as suggested by the PAC.
The neutron spectral function of argon is needed to model
quasielastic neutrino scattering. In pion production both neutrons
and protons take part in charged-current interactions.

40
18Ar

p’s n’s

48
22Ti

p’s n’s

C. Mariani for E12-14-012 Collaboration Spectral function of 40Ar through the (e, e0p) reaction? The data taking of Experiment JLab E12-14-012 was completed in
March, and the analysis is under way
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The End

Thank you for coming!
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