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Observation of nuclear scaling in theA„e,e8… reaction at xBÌ1
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The ratios of inclusive electron scattering cross sections of4He, 12C, and56Fe to 3He have been measured
for the first time. It is shown that these ratios are independent ofxB at Q2.1.4 GeV2 for xB.1.5, where the
inclusive cross section depends primarily on the high momentum components of the nuclear wave function.
The observed scaling shows that the momentum distributions at high-momenta have the same shape for all
nuclei and differ only by a scale factor. The observed onset of the scaling atQ2.1.4 GeV2 and xB.1.5 is
consistent with the kinematical expectation that two-nucleon short range correlations~SRC! dominate the
nuclear wave function atpm*300 MeV/c. The values of these ratios in the scaling region can be related to the
relative probabilities of SRC in nuclei withA>3. Our data, combined with calculations and other measure-
ments of the3He/deuterium ratio, demonstrate that for nuclei withA>12 these probabilities are 4.9–5.9 times
larger than in deuterium, while for4He it is larger by a factor of about 3.8.

DOI: 10.1103/PhysRevC.68.0143XX PACS number~s!: 25.10.1s, 25.30.Fj
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I. INTRODUCTION

Due to the strong interaction and short distances betw
the nucleons in nuclei, there is a significant probability
nucleon wave functions to overlap, resulting in short ran
nucleon-nucleon correlations~SRC! in nuclei @1#. Investiga-
tion of SRC is important for at least two reasons. First,
cause of the short range nature of these correlations,
should contribute significantly to the high-momentum co
ponent of the nuclear wave function. Second, scattering f
nucleons in SRC will provide unique data on the modific
tion of deeply bound nucleons, which is extremely importa
for a complete understanding of nucleon structure in gene

High-energy inclusive electron scattering from nucl
A(e,e8), is one of the simplest ways to investigate SRC.
particular, it is probably the best way to measure the pr
abilities of SRC in nuclei. The main problem in these stud
is selecting the electron-SRC scattering events from
orders-of-magnitude larger background of inelastic and
quasielastic interaction of electrons with the uncorrela
low-momentum nucleons.

By measuring cross sections at

xB5
Q2

2Mn
.1, ~1!

contributions from inelastic electron-nucleon scattering a
meson exchange currents~at high Q2) can be significantly
reduced, which corresponds to studying the low-energy-
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side of the quasielastic peak. In Eq.~1!, Q2 is the four-
momentum squared of the virtual photon (Q252qmqm

.0), n is the energy transfer,M is the nucleon mass, andxB

is the Bjorken scaling variable.
Many previous analyses of data in this kinematic reg

concentrate on usingy scaling to deconvolute the nuclea
wave function from the inclusive cross section~see, e.g.,
Refs.@2,3#!. This deconvolution, while necessary for extrac
ing momentum distributions, significantly increases the s
tematic uncertainty in the extraction of SRC probabilitie
Moreover, since the contribution from the final state intera
tion is basically unknown, the extraction of the SRC pro
abilities in the ground state nuclear wave function beca
more problematic.

Meanwhile, the data atxB.1 can be used to directly mea
sure the probability of finding SRC in nuclei using anoth
technique. There are theoretical predictions that at mome
higher than the Fermi momentum, nucleon momentum d
tributions in light and heavy nuclei are similar~see, e.g., Ref.
@4# in which this result is obtained based on variational c
culations of ground state wave function of16O using realistic
2N and 3N interactions, as well as Ref.@5# in which a simi-
lar result is obtained for3He and infinite nuclear matter!.

This implies that they originate predominantly from th
interaction between two nearby nucleons, i.e., due to SRC
the A(e,e8) cross section depends primarily on the nucle
wave function, and the shape of this wave function at h
momentum is really universal, then in this high-momentu
region the ratio of weighted (e,e8) cross sections for differ-
3-2
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ent nuclei1 should scale, i.e., they should be independen
electron scattering variables (Q2 and xB), with the magni-
tude of the scaling factor being proportional to the relat
probability of SRC in the two nuclei@6,7#.

In Ref. @7# this was checked by analyzing existing SLA
A(e,e8) data for deuterium@8–10# and heavier nuclei@11#.
They found an indication of scaling atQ2.1 GeV2 and
xB>1.5. However, since the data for deuterium and
heavy nuclei were collected in different experiments at si
lar Q2 but at different electron scattering angles and incid
electron energies, to find the ratios at the same value
(xB ,Q2), a complicated fitting and interpolation procedu
was applied@7# to the data. The main problem was that t
cross sections varied very strongly with angle, incident
ergy, andQ2. To simplify the interpolation, the electron
deuteron cross section was first divided by the theoret
calculation within the impulse approximation. Therefore, t
data are not purely experimental, since they include the
oretical calculations, and the ratios may have been affe
by the fitting and interpolation procedures.

In this work, the yields of the reactionA(e,e8) for 3He,
4He, 12C, and 56Fe targets are measured in the same ki
matical conditions, and the ratiosA(e,e8)/3He(e,e8) are ob-
tained for 1,xB,2 andQ2.0.65 GeV2. Furthermore, us-
ing the scaling behavior of these ratios, the relat
probability of NN SRC for the various nuclei have bee
extracted.

II. KINEMATICS AND PREDICTIONS

In order to suppress the background from quasielastic
teractions of electrons with the uncorrelated low-moment
nucleons@see Fig. 1~a!#, we further restrict the kinematic
variablesxB andQ2.

For quasielasticA(e,e8) scattering,xB , Q2, and the mini-
mumA21 recoil momentum contributing to the reaction a
related by energy and momentum conservation:

~q1pA2pA21!25pf
25mN

2 , ~2!

1Hereafter, by the ratio of the cross sections we will mean
ratios of the cross sections weighted byA. We will separately dis-
cuss effects due tosep.sen which are important for3He due toZ
not equal toN.

A A-1

pi
pf

e
e/

q

A A-2
SRC SRC

-pi

pi

pf

pi

e
e/

q

a) b)

FIG. 1. Two mechanisms ofA(e,e8) scattering. ~a! Single
nucleon model;~b! short range correlation model.
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where q, pA , pA21, and pf are the four-momenta of the
virtual photon, target nucleus, residualA21 system, and
knocked-out nucleon, respectively~note that onlyq and pA
are known!. From Eq.~2!, one obtains

DM22Q21
Q2

mNxB
~MA2AMA21

2 1pW m
2!22qW •pW m

22MAAMA21
2 1pW m

250, ~3!

whereDM25MA
21MA21

2 2mN
2 and pW m5pW f2qW 52pW A21 is

the recoil momentum involved in the reaction~sometimes
referred to as the ‘‘missing momentum’’ in (e,e8p) reac-
tions!. Equation ~3! defines a simple relationship betwee
upW m

minu andxB at fixedQ2. At xB.1, this minimum occurs
when theA21 system is in the ground state andpW miqW . This
relation for deuterium at various values ofQ2 is shown in
Fig. 2~a!. Figure 2~b! shows the same relationship for variou
nuclei atQ252 GeV2. Note that this relationship is differen
for the different nuclei, due primarily to differences in th
mass of the recoilA21 system. This minimum recoil mo
mentum is one of the possible definitions of the scaling va
abley.

One can see from Fig. 2 that for any nucleusA and fixed
Q2, we can find the valuexB

o such that atxB . xB
o the mag-

nitude of the minimum recoil momentum,upW m
minu, contribut-

ing to the reaction, exceeds the average Fermi momentu
nucleusA.

It should be pointed out that the initial momentum of t
struck nucleonpW i is equal topW m only in the simplest mode
where the virtual photon is absorbed on one nucleon and
nucleon leaves the nucleus without further interactions~the
plane wave impulse approximation!. In reality, the (e,e8)
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FIG. 2. The minimum recoil momentum as a function ofxB . ~a!
For deuterium at severalQ2 ~in GeV2); ~b! for different nuclei at
Q252.0 GeV2. Horizontal lines at 250 MeV/c indicate the Fermi
momentum typical of the uncorrelated motion of nucleons in nuc
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reaction effectively integrates over many values ofpm

>pm
min . In addition, this simple relation between recoil m

mentum and initial momentum is modified by final state
teractions~FSI! and the excitation energy of the residu
nucleus. These make it difficult to determine the nucl
wave function directly from (e,e8) cross sections. Howeve
for our purposes, it is sufficient to know that when the mi
mum recoil momentum contributing to the reaction is mu
larger than the Fermi momentum, the initial momentum
the struck nucleon will also be larger.

Let us now consider various predictions of the ratios
weighted (e,e8) cross sections for different nuclei. In th
mechanism for inclusive (e,e8) scattering atxB.1 with vir-
tual photon absorption on a single nucleon and theA21
system recoiling intact without FSI@see Fig. 1~a!#, the mini-
mum recoil momentum for different nuclei at fixedQ2 dif-
fers, and this difference increases withxB ~see Fig. 2!. There-
fore, the cross section ratio between different nuclei w
increase with increasingxB and will not scale.

In the short range correlation model of Frankfurt a
Strikman@1# @see Fig. 1~b!# the high-momentum part of th
nuclear momentum distribution is due to correlated nucle
pairs. This means that when the electron scatters from
high-momentum nucleon in the nucleus, we can consider
scattering as an electron-deuterium interaction with the sp
tator A22 system at rest.~The effect of pair motion is dis-
cussed below.! Therefore, according to Fig. 2~a!, starting
from some thresholdxB

0 for fixed Q2 the cross section ratio

R~A1 ,A2!5
s~A1 ,Q2,xB!/A1

s~A2 ,Q2,xB!/A2

, ~4!

where s(A1 ,Q2,xB) and s(A2 ,Q2,xB) are the inclusive
electron scattering cross sections from nuclei with atom
numbersA1 and A2, respectively, will scale~will be con-
stant!. Scaling results from the dominance of SRC in t
high-momentum component of the nuclear wave functi
and it should be observed, for example, for the cross sec
ratios of heavy nuclei to light nuclei such as3He.

Figure 3~a! showsR(12C,3He) as a function ofxB for Q2

from 1.5 to 2.5 GeV2 calculated in the SRC model@12#~for
details, see also Ref.@13#!. The ratio forA1556Fe andA2
53He is shown in Fig. 3~b!. The calculations used the Fad
deev wave function for3He calculated using the BonnNN
potential@14#. The momentum distributions for heavier n
clei have been modeled through a two component of mom
tum distribution using mean field distributions for sma
nucleon momenta and using the deuteron momentum di
bution for p.250 MeV/c, scaled by factora2(A), per-
nucleon probability ofNN SRC in nucleusA, estimated from
Ref. @7#. The mean field momentum distributions used t
harmonic oscillator wave function for12C and the quasipar
ticle Lagrange method of Ref.@15# for 56Fe. For the descrip-
tion of the eN interaction, the inelastic form factor param
etrization of Ref.@16# and the dipole elastic form factor
have been used. These calculations are in reasonable a
ment with existingA(e,e8)X experimental data from the
SLAC @17# and from the Jefferson Lab Hall C@19#.
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The ratios in Fig. 3 show a nice plateau starting fromxB
.1.5 for both nuclei and allQ2. The experimentally ob-
tained ratio in the scaling region can be used to determine
relative probability of finding correlatedNN pairs in differ-
ent nuclei. However, one needs to take into account the
lowing factors: ~i! the final state interactions of a nucleo
with the residual system,~ii ! the NN pair center-of-mass
motion, and~iii ! the differences ofe-p and e-n interaction
cross sections~for the latter, see Sec. IV B!.

In the SRC model, FSI do not destroy the scaling beh
ior of the ratioR. Indeed, in the light-cone approximation o
the SRC model, if the invariant mass of the finalNN system
is sufficiently large,A(q1mD)22mD.50–100 MeV, then
the scattering amplitude will depend mainly on the ligh
cone fraction of the interacting nucleon’s momentuma
5(E2pz)/M , and has only a weak dependence on the c
jugated variablesE1pz and pt @7,20,21#. As a result, the
closure approximation can be applied in the light-cone re
ence frame, allowing us to sum over all final states and
the fact that this sum is normalized to unity. After using t
closure approximation the inclusive cross section will d
pend on the light-cone momentum distribution of t
nucleon in the nucleus, integrated over the transverse
mentum of the nucleon,rA(a) @6#. Thus, within the light-
cone description Eq.~4! measures the ratio ofrA(a) for
nuclei A1 andA2 in the high-momentum range of the targ
nucleon.

In the lab frame description~in the virtual nucleon ap-
proach!, however, the closure approximation cannot be
plied for large values of interacting nucleon momenta, a
FSI should be calculated explicitly~see, i.e., Ref.@20#!.
Within the SRC model at high recoil momenta, FSI a

3σ
(12

C
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σ(

3 H
e)

a)
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Q2=2.5

xB

3σ
(56

Fe
)/

56
σ(

3 H
e)

b)

Q2=1.5

Q2=2.5

0

0.5
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2
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1

1.5
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1 1.2 1.4 1.6 1.8 2

FIG. 3. SRC model predictions for the normalized inclusi
cross section ratio as a function ofxB for several values ofQ2 in
GeV2. Note the scaling behavior predicted forxB.1.4. ~a! 12C to
3He, ~b! 56Fe to 3He.
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dominated by the rescattering of the knocked-out nucl
with the correlated nucleon in the SRC@7,20#. Therefore, FSI
will be localized in SRC, and will cancel in the ratioR. As a
result, Eq.~4! at xB.xB

0 could be related to the ratio o
high-momentum part of nucleon-momentum distributions
A1 andA2 nuclei @20#.

Having an underlying model of the nuclear spectral fun
tions, one can relate the measured ratios in Eq.~4! to the
SRC properties of the nuclear wave function. Within t
spectral function model@1#, in which correlated nucleon pai
is assumed at rest with the nucleon momentum distribu
in pair identical to that in deuteron, the ratio in Eq.~4! could
be directly related to the pernucleon SRC probability
nucleusA relative to deuterium,a2(A).

In models of the nuclear spectral function@22# in which
two-nucleon correlations are moving in the mean field of
spectatorA22 system, the analysis of Eq.~4! will yield
slightly smaller values fora2(A). Calculations by Ciofi degli
Atti @23# and Simula@24# indicate that this motion does no
affect the scaling but can decrease the extracteda2(A) for
56Fe by up to 20%. However, it is important to emphas
that both models lead to a similar ratio of the light-co
momentum distribution for the kinematics of the present
periment.

One can summarize the predictions of the SRC model
the ratios of the inclusive cross sections from different nuc
as follows ~see Fig. 3!: ~1! Scaling (xB independence! is
expected forQ2>1.5 GeV2 and xB

0<xB,2, where xB
0 is

the threshold for high recoil momentum.~2! No scaling is
expected forQ2,1 GeV2. ~3! For xB<xB

0 the ratios should
have a minimum atxB51 and should grow withxB since
heavy nuclei have a broader momentum distribution th
light nuclei for p,0.3 GeV/c. ~4! The onset of scaling de
pends onQ2; xB

0 should decrease with increasingQ2. ~5! In
the scaling regime, the ratios should be independent ofQ2.
~6! In the scaling regime the ratios should depend o
weakly onA for A>10. This reflects nuclear saturation.~7!
Ratios in the scaling region~corrected for the difference be
tween proton and neutron form factors! are equal to the ratios
of the two-nucleon SRC probabilities in the two nuclei wi
accuracy greater than 20%.

Another possible mechanism for inclusive (e,e8) scatter-
ing atxB.1 is virtual photon absorption on a single nucle
followed by NN rescattering@25,26#. Benharet al. @25# use
the nuclear spectral function in the lab system and calcu
the FSI using a correlated Glauber approximation~CGA!, in
which the initial momenta of the rescattered nucleons
neglected. In this model the cross section atxB.1 originates
mainly from FSI, and therefore the cross section ratios w
not scale. This model predicts that these ratios also dep
on Q2, since it includes a noticeable reduction of FSI
order to agree with the data atQ2>2 GeV2. Benharet al.
attribute this reduction in FSI to color transparency effec2

The requirement of large color transparency effects also

2So far, no color transparency effects are observed inA(e,e8p)X
reactions atQ2<8 GeV2 @27#.
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sults in a strongA dependence of the ratio since the amou
of the FSI suppression depends on the number of nucle
participating in the rescattering.

The main predictions of the CGA model for the nucle
cross section ratios are as follows:~1! No scaling is predicted
at Q2>1 GeV2 and xB,2. ~2! The nuclear ratios should
vary with Q2. ~3! The ratios should depend onA. ~4! The
model is not applicable atQ2,1 GeV2.

Thus, measuring the ratios of inclusive (e,e8) scattering
at xB.1 andQ2.1 GeV2 will yield important information
about the reaction dynamics. If scaling is observed, then
dominance of the SRC in the nuclear wave function is ma
fested and the measured ratios will contain information ab
the probability of two-nucleon short range correlations
nuclei.

III. EXPERIMENT

In this paper we present the first experimental studies
ratios of normalized and acceptance- and radiative-corre
inclusive yields of electrons scattered from4He, 12C, 56Fe,
and 3He measured under identical kinematical conditions

The measurements were performed with the CEBAF la
acceptance spectrometer~CLAS! in Hall B at the Thomas
Jefferson National Accelerator Facility. This is the fir
CLAS experiment with nuclear targets. Electrons with 2.2
and 4.461 GeV energies incident on3He, 4He, 12C, and
56Fe targets have been used. We used helium liquefie
cylindrical target cells 1 cm in diameter and 4 cm long, p
sitioned on the beam approximately in the center of
CLAS. The solid targets were thin foils of12C ~1 mm! and
56Fe ~0.15 mm! positioned 1.5 cm downstream of the ex
window of the liquid target. Data on solid targets have be
taken with an empty cell of liquid targets. The CLAS verte
position resolution is better than 2.2 mm (s), allowing us to
completly cut out the target cell contribution in the sol
target data. In the case of liquid targets (3He and 4He) we
make 3-cm vertex cuts in the central part of cells. The e
mated contribution from the two 15mm target cell windows
is less than 0.1%.

The CLAS detector@28# consists of six sectors, each fun
tioning as an independent magnetic spectrometer. Six su
conducting coils generate a toroidal magnetic field prima
in the azimuthal direction. Each sector is instrumented w
multiwire drift chambers@29# and time-of-flight scintillator
counters@30# that cover the angular range from 8° to 143
and, in the forward region (8°,u,45°), with gas-filled
threshold Cherenkov counters~CC! @31# and lead-scintillator
sandwich-type electromagnetic calorimeters~EC! @32#. Azi-
muthal coverage for CLAS is limited only by the magne
coils, and is approximately 90% at large polar angles a
50% at forward angles. The CLAS was triggered on scatte
electrons by a CC-EC coincidence at 2.2-GeV and by the
alone with a'1 GeV electron threshold at 4.4 GeV.

For our analysis, electrons are selected in the kinemat
region Q2.0.65 GeV2 and xB.1 where the contribution
from the high-momentum components of the nuclear wa
function should be enhanced.

We also require that the energy transfern should be
3-5
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.300 MeV ~the characteristic missing energy for SRC
;260 MeV @1#!. In this region one expects that inclusiv
A(e,e8) scattering will proceed through the interaction of th
incoming electron with a correlated nucleon in a SRC.

A. Electron identification

Electrons were selected in the fiducial region of the CLA
sectors. The fiducial region is a region of azimuthal ang
for a given momentum and polar angle, where the elect
detection efficiency is constant. Then a cut on the ratio of
energy deposited in the EC to the measured electron mom
tum pe (REC) was used for final selection. In Fig. 4,REC vs
pe for the 56Fe target at 4.4 GeV is shown. The line show
the applied cut atREC'0.25, which is located three standar
deviations below the mean as determined by measurem
at several values ofpe . A Monte Carlo simulation showed
that these cuts reduce theA(e,e8) yield by less than 0.5%.

We estimated thep2 contamination in the electron
sample for a wide angular range using the photoelectron
tributions in the CLAS Cherenkov counters. We found th
this is negligible forxB.1.

B. Acceptance corrections

We used the Monte Carlo techniques to determine
electron acceptance correction factors. Two iterations w
done to optimize the cross section model for this purpose
the first iteration we generated events using the SRC mo
@12# and determined the CLAS detector response using
GEANT-based CLAS simulation program, taking into accou
‘‘bad’’ or ‘‘dead’’ hardware channels in various componen
of CLAS, as well as realistic position resolution for th
CLAS drift chambers. We then used the CLAS data analy
package to reconstruct these events using the same ele
identification criterion that was applied to the real data. T
acceptance correction factors were found as the ratios of
number of reconstructed and simulated events in each k
matic bin. Then the acceptance corrections were applied

pe (GeV/c)

R
E

C

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4

FIG. 4. The ratioREC of energy deposited in the CLAS electro
magnetic calorimeter~EC! to the electron momentumpe as a func-
tion of pe at beam energy 4.461 GeV. The line atREC'0.25 is
located three standard deviations below the mean, as determine
measurements at several values ofpe . This cut was used to identify
electrons.
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the data event by event, i.e., each event was weighted by
acceptance factor obtained for the correspond
(DxB ,DQ2) kinematic bin, and the cross sections were c
culated as a function ofxB andQ2. For the second iteration
the obtained cross sections were fitted and the fit functi
were used to generate a new set of data, and the process
repeated. Figure 5 shows the electron acceptance factor
ter the second iteration for liquid (3He) and solid (12C) tar-
gets. We used the difference between the iterations as
uncertainty in the acceptance correction factor. Note that
acceptance for the carbon target is smaller than that for
helium target. This is due to the closer location of the so
targets to the CLAS coils, which limits azimuthal angul
coverage of the detectors.

C. Radiative corrections

The cross section ratios were corrected for radiative
fects. The radiative correction for each target as a function
Q2 andxB was calculated as the ratio

Crad~xB ,Q2!5
ds rad~xB ,Q2!

dsnorad~xB ,Q2!
, ~5!

where ds rad(xB ,Q2) and dsnorad(xB ,Q2) are the radia-
tively corrected and uncorrected theoretical cross sectio
respectively. The cross sections have been calculated u
Ref. @33# which is based on the adaptation of the formalis
of Ref. @34# for inclusive and semi-inclusive (e,e8) reactions
on nuclear targets.

IV. RESULTS

We constructed ratios of normalized, and acceptance-
radiative-corrected inclusive electron yields on nuclei4He,
12C, and 56Fe divided by the yield of3He in the range of

by

A
cc

Q2= 1.55 Q2= 1.85

xB

A
cc

Q2= 2.15

xB

Q2= 2.45

0

0.1

0.2

0.3

0.4

0.5

0.6

0

0.1

0.2

0.3

0.4

0.5

1 1.25 1.5 1.75 2 1 1.25 1.5 1.75 2

FIG. 5. The acceptance correction factors as a function ofxB .
d is for 3He ands for 12C. Q2 are in GeV2.
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OBSERVATION OF NUCLEAR SCALING IN THE . . . PHYSICAL REVIEW C 68, 014313 ~2003!
kinematics 1,xB,2. Assuming that electron detection effi
ciency from different targets is the same, these rat
weighted by atomic number, are equivalent to the ratios
cross sections in Eq.~4!.

The normalized yields for eachxB andQ2 bin have been
calculated as

dY
dQ2dxB

5
Ne8

DQ2DxBNeNT

1

Acc
, ~6!

whereNe and NT are the number of incident electrons a
target nuclei, respectively, Acc is the acceptance correc
factor, andDQ2 andDxB are the bin sizes inQ2 and inxB ,
respectively. Since electron detection efficiency in CLAS
expected to be.96%, we compare the obtained yields wi
radiated cross sections calculated by Ref.@12# code. Within
systematic uncertainties~see below!, satisfactory agreemen
has been found between our results and the calculations
Ref. @12#, which were tuned on SLAC date@17# and de-
scribed reasonably well@18# at the Jefferson Lab Hall C@19#
data.

The ratiosR(A,3He), also corrected for radiative effect
are defined as

R~A,3He!5
3Y~A!

AY~3He!

CRad
A

CRad

3He
, ~7!

whereY is the normalized yield in a given (Q2,xB) bin and
CRad

A is the radiative correction factor from Eq.~5! for each
nucleus. The ratio of the radiative correction factors in E
~7! is independent ofxB at xB.1, and is'0.95 and 0.92 for
12C and 56Fe, respectively.

Figure 6 shows these ratios for12C at several values o
Q2. Figures 7 and 8 show these ratios for4He and 56Fe,
respectively. These data have the following important ch
acteristics.

~a! There is a clearQ2 evolution of the shape of ratios. A
low Q2 (Q2,1.4 GeV2), R(A,3He) increases withxB in the
entire 1,xB,2 range@see Figs. 6~a!, 7~a!, and 8~a!#. At
high Q2 (Q2>1.4 GeV2), R(A,3He) is independent ofxB

for xB.xB
0'1.5 @see Figs. 6~b!, 7~b!, and 8~b!#. ~b! The

value of R(A,3He) in the scaling regime is independent
Q2. ~c! The value ofR(A,3He) in the scaling regime forA
.10 suggests a weak dependence on target mass.

A. Systematic errors

The systematic errors in this measurement are diffe
for different targets and include uncertainties in~a! fiducial
cut applied:'1%, ~b! radiative correction factors:'2%,
~c! target densities and thicknesses:'0.5% and 1.0% for
solid targets, and 0.5% and 3.5% for liquid targets, resp
tively. ~d! acceptance correction factors (Q2 dependent!: be-
tween 2.2% and 4.0% for solid targets and between 1.8%
4.3% for liquid targets.

Some of systematic uncertainties will cancel out in t
yield ratios. For the4He/3He ratio, all uncertainties excep
01431
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those on the beam current and the target density divide
giving a total systematic uncertainty of 0.7%.

For the solid target to3He ratios, only the electron detec
tion efficiency cancels. The quadratic sum of the other
certainties is between 5% and 7%, depending onQ2. The
systematic uncertainties on the ratios for all targets andQ2

are presented in Table I. Note that, since the cross sect
are rapidly varying withxB , the weighted centroid of eac
bin is not at the center of the bin. However, since in t
scaling region the cross section ratios are constant, this e
cancels.

R
(12

C
,3 H

e)

Q2<1.4

a)

xB

R
(12

C
,3 H

e)

Q2>1.4

b)

0
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3.5
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1.5
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1 1.2 1.4 1.6 1.8 2

FIG. 6. R(12C,3He), the pernucleon yield ratios for12C to 3He.
~a! s is for 0.65,Q2,0.85, h for 0.9,Q2,1.1, andn for
1.15,Q2,1.35 GeV2, all at incident energy 2.261 GeV.~b! s is
for 1.4,Q2,1.6 GeV2 at incident energy 2.261 GeV,h for 1.4
,Q2,2.0, andn 2.0,Q2,2.6 GeV2, both at incident energy
4.461 GeV. Statistical errors are shown only.
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FIG. 7. The same as Fig. 6, but for4He.
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B. Probabilities of two-nucleon short range correlations
in nuclei

Our data are clearly consistent with the predictions of
NN SRC model. The obtained ratiosR(A,3He) for 1.4
,Q2,2.6 GeV2 region are shown in Table II as a functio
of xB . Figure 9 shows these ratios for the12C and 56Fe
targets together with the SRC calculation results using R
@12#, which used the estimated scaling factorsa2(A) ~per-
nucleon probabilitiy ofNN SRC in nucleusA) from Ref.@7#.
Good agreement between our data and calculation is s
Note that one of the goals of the present paper is to de
mine these factors more precisely~see below!.

Experimental data in the scaling region can be used
estimate the relative probabilities ofNN SRC in nuclei com-
pared to3He. According to Ref.@1# the ratio of these prob
abilities is proportional to

r ~A,3He!5
~2sp1sn!s~A!

~Zsp1Nsn!s~3He!
, ~8!

where s(A) and s(3He) are theA(e,e8) and 3He(e,e8)
inclusive cross sections, respectively.sp and sn are the
electron-proton and electron-neutron elastic scattering c
sections respectively.Z andN are the number of protons an
neutrons in nucleusA. Using Eq.~4! the ratio of Eq.~8! can
be related to the experimentally measured ratiosR(A,3He)
as

0
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1
1.5

2
2.5

3
3.5

4

0
0.5

1
1.5

2
2.5

3
3.5

1 1.2 1.4 1.6 1.8 2

R
(56

Fe
,3 H

e)
Q2<1.4

a)

xB

R
(56

Fe
,3 H

e)

Q2>1.4

b)

FIG. 8. The same as Fig. 6, but for56Fe.

TABLE I. Systematic uncertaintiesdR(A), dR(4He) for the ra-
tios of normalized inclusive yields,R(A,3He) (A512C,56Fe) and
R(4He,3He). DQ2560.15 GeV2.

Q2 (GeV)2 1.55 1.85 2.15 2.45

dR(A) 7.1 5.8 4.9 5.1
dR(4He) 0.7 0.7 0.7 0.7
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r ~A,3He!5R~A,3He!3
A~2sp1sn!

3~Zsp1Nsn!
. ~9!

To obtain the numerical values forr (R,3He), we calculated
the second factor in Eq.~9! using parametrizations for th
neutron and proton form factors@35#. We found the average
values of these factors to be 1.1460.02 for 4He and 12C,
and 1.1860.02 for 56Fe. Note that these factors vary slow
over our Q2 range. Forr (A,3He) calculations, the experi
mental data were integrated overQ2.1.4 GeV2 and xB
.1.5 for each nucleus. The ratio of integrated yield
R(A,3He), is presented in the first row of Table III and
Fig. 10~a! ~open circles!. The ratiosr (A,3He) are shown in
the second row of Table III and by the filled circles in Fi
10~a!. One can see that the ratiosr (A,3He) are 2.5–3.0 for
12C and 56Fe, and approximately 1.95 for4He.

R
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C
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e)

a)

↑1

4→
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R
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e)

b)
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4→

0
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3
3.5
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1.5
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1 1.2 1.4 1.6 1.8 2

FIG. 9. R(A,3He) as a function ofxB for 1.4,Q2,2.6 GeV2,
statistical errors are shown only. Curves are SRC model predict
for differentQ2 in the range 1.4 GeV2 ~curve 1! to 2.6 GeV2 ~curve
4!, respectively, for~a! 12C, ~b! 56Fe.

TABLE II. The ratios R(A,3He), measured in 1.4,Q2

,2.6 GeV2 interval. Errors are statistical only.

XB
4He 12C 56Fe

0.9560.05 0.8660.004 0.7760.003 0.8060.004
1.0560.05 0.7860.004 0.7260.003 0.7260.004
1.1560.05 0.9460.006 0.9660.006 0.9460.007
1.2560.05 1.1960.012 1.3360.012 1.3360.015
1.3560.05 1.4160.021 1.7760.025 1.8160.030
1.4560.05 1.5860.033 2.1260.044 2.1760.055
1.5560.05 1.7160.049 2.1260.059 2.6460.087
1.6560.05 1.7060.063 2.2960.085 2.4060.109
1.7560.05 1.8560.089 2.3260.110 2.4560.139
1.8560.05 1.6560.100 2.2160.128 2.7060.190
1.9560.05 1.7160.124 2.1760.157 2.5760.227
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TABLE III. R(A,3He) andr (A,3He) are the ratios of normalized (e,e8) yields for nucleusA to 3He, and
the relative per nucleon probabilities of SRC for the two nuclei.a2(A)Expt. and a2(A) theor are thea2(A)
parameters obtained by multiplyingr (A,3He) with the experimental and/or theoretical values ofa2(3). The
statistical~first! and systematic~second! errors are shown. In statistical errors fora2(A)Expt. anda2(A) theor,
the uncertainties ofa2(3) are included. Systematic errors for12C and 56Fe are calculated using the acce
tance uncertainties averaged over entireQ2 range~see Table I!. Note that there is a theoretical uncertain
convertingR(A,3He) ratios into SRC probabilities, which is maximum for56Fe and is no more than 20%
@23#. a2(A)aver is an average~weighted! of a2(A)Expt. and a2(A) theor. To obtain the systematic errors o
a2(A)aver, the systematic uncertainties ofa2(A)Expt. anda2(A) theor were added in quadrature.

4He 12C 56Fe

R(A,3He) 1.7260.0360.012 2.2060.0460.12 2.5460.0660.14
r (A,3He) 1.9660.0560.014 2.5160.0660.14 3.0060.0860.17
a2(A)Expt. 3.3360.5960.023 4.2760.7660.24 5.1160.9160.29
a2(A) theor 3.9260.2260.027 5.0260.2860.29 6.0060.3460.34
a2(A)aver 3.8560.2160.027 4.9360.2760.28 5.9060.3260.34
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The pernucleon SRC probability in nucleusA relative to
3He is proportional to r (A,3He);a2(A)/a2(3), where
a2(A) and a2(3) are the pernucleon probabilities of SR
relative to deuterium for nucleusA and 3He. As was dis-
cussed earlier, the direct relation ofr (A,3He) to the per-
nucleon probabilities of SRC has an uncertainty of up
20% due to pair center-of-mass motion. Within this unc
tainty, we will define the pernucleon SRC probabilities
nuclei relative to deuterium as

a2~A!5r
3He

A
•a2~3!. ~10!

Two values ofa2(3) have been used to calculatea2(A).
First is the experimentally obtained value from Ref.@7#,
a2(3)51.760.3, and the second is the value from the c
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A

)

b)

0
1
2
3
4
5
6
7

0 10 20 30 40 50 60

FIG. 10. ~a! R(A,3He) (s) and r (A,3He) (d) versusA. ~b!
a2(A) versusA. s—a2(A) obtained from Eq.~10! using the ex-
perimental value ofa2(3) from Ref.@7#; h—a2(A) obtained using
the theoretical value ofa2(3). n—data from Ref.@7#. For errors
shown, see caption of Table III.
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culation using the wave function for deuterium and3He,
a2(3)5260.1. Similar results were obtained in Ref.@36#.

The pernucleon probability of SRC for nucleusA relative
to deuterium is shown in the third and fourth rows of Tab
III and in Fig. 10~b! where the results from Ref.@7# are
shown as well.

In fifth row of the Table III, averages ofa2(A)Expt. and
a2(A) theor are shown. One can see thata2(A) changes rap-
idly from A54 to A512, while for A>12 it changes very
slowly. There are approximately 4.9–5.9 times as much S
for A>12 than for deuterium, and approximately 3.8 tim
as much SRC for4He as for deuterium. These results a
consistent with the analysis of the previous SLAC (e,e8)
data @7#. They are also consistent with calculations of R
@36#. Figure 11 shows the measuredQ2 dependence of the
relative SRC probability,a2(A), which appears to beQ2

independent for all targets.

Q2 (GeV/c)2

a 2(
A

)

1

2

3

4

5

6

7

8

9

10

1.2 1.4 1.6 1.8 2 2.2 2.4 2.6

FIG. 11. Q2 dependences ofa2(A) parameters obtained by mu
tiplying r (A,3He) with the theoretical values ofa2(3). Error bars
are statistical only~see caption of Table III!. Shadowed area show
systematic error band.Q2 bin sizes are60.15 GeV2. d is for 56Fe,
s for 12C, andm for 4He.
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V. SUMMARY

The A(e,e8) inclusive electron scattering cross secti
ratios of 4He, 12C, and56Fe to 3He have been measured fo
the first time under identical kinematical conditions. The f
lowing are shown.

~1! These ratios are independent ofxB ~scale! for xB
.1.5 andQ2.1.4 GeV2, i.e., for high recoil momentum
The ratios do not scale forQ2,1.4 GeV2.

~2! These ratios in the scaling region are independen
Q2, and change very slowly inA>12 range.

~3! These features were predicted by the short range
relation model and consistent with the kinematical expec
tion that two-nucleon short range correlations are domina
in the nuclear wave function atpm*300 MeV/c.

~4! The observed scaling shows that momentum distri
tions at high momenta have the same shape for all nuclei
differ only by a scale factor.

~5! Using the SRC model, combined with the~measured
and/or calculated! 3He/D ratio, the values of ratios in th
scaling region were used to derive the relative probabili
of SRC in nuclei compared to deuterium. The pernucle
e

n,
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probability of short range correlations in nuclei relative
deuterium is'3.8 times larger for4He and approximately
4.9 and 5.9 times larger for12C and 56Fe.
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