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Abstra
tWe report results from an experiment measuring the semi-in
lusive rea
tion D(e, e′ps) where theproton ps is moving at a large angle relative to the momentum transfer. If we assume that the protonwas a spe
tator to the rea
tion taking pla
e on the neutron in deuterium, the initial state of thatneutron 
an be inferred. This method, known as spe
tator tagging, 
an be used to study ele
trons
attering from high-momentum (o�-shell) neutrons in deuterium. The data were taken with a5.765 GeV ele
tron beam on a deuterium target in Je�erson Laboratory's Hall B, using the CLASdete
tor. A redu
ed 
ross se
tion was extra
ted for di�erent values of �nal-state missing mass W ∗,ba
kward proton momentum ~ps and momentum transfer Q2. The data are 
ompared to a simplePWIA spe
tator model. A strong enhan
ement in the data observed at transverse kinemati
s is notreprodu
ed by the PWIA model. This enhan
ement 
an likely be asso
iated with the 
ontributionof �nal state intera
tions (FSI) that were not in
orporated into the model. A �bound neutronstru
ture fun
tion� F e�
2n was extra
ted as a fun
tion of W ∗ and the s
aling variable x∗ at extremeba
kward kinemati
s, where e�e
ts of FSI appear to be smaller. For ps > 400 MeV/c, where theneutron is far o�-shell, the model overestimates the value of F e�

2n in the region of x∗ between 0.25and 0.6. A modi�
ation of the bound neutron stru
ture fun
tion is one of possible e�e
ts that 
an
ause the observed deviation.PACS numbers: 24.85.+p, 25.30.-
, 21.45.+vKeywords: deuterium, o�-shell, neutron, stru
ture fun
tions
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I. INTRODUCTIONDe
ades before the nu
leon substru
ture was dis
overed, numerous models were devel-oped that su

essfully des
ribe most nu
lear phenomena only in terms of nu
leons, theirex
ited states and strong for
e mediators - mesons. Nu
leons and mesons are often 
alledthe �
onventional� degrees of freedom of nu
lear physi
s. The fundamental theory of strongintera
tions, quantum 
hromodynami
s (QCD), des
ribes physi
al pro
esses in terms ofquarks and gluons. QCD is very su

essful in des
ribing the intera
tion of quarks at shortdistan
es, where perturbative methods, similar to those of quantum ele
trodynami
s (QED)in atomi
 physi
s, are appli
able. However, the same perturbative methods 
annot be ap-plied to solve QCD at the length s
ales of a nu
leus. The present di�
ulty to make rigorouspredi
tions based on QCD at low momenta (
orresponding to large distan
e s
ales) leaves usno 
hoi
e but to 
ontinue to employ nu
lear theories based on �e�e
tive� degrees of freedom- nu
leons and mesons. In an attempt to resolve this dis
ontinuity of theories, the fo
us ofmodern nu
lear physi
s has turned to the intermediate region where QCD is not yet solvable,but the quark-gluon substru
ture of the nu
leons must be taken into a

ount in the nu
learmodels.One example of the interfa
e between a hadroni
 and a quark-based des
ription is the(possible) modi�
ation of the (quark�) stru
ture of a nu
leon that is part of a tightly boundpair. Due to the Heisenberg un
ertainty prin
iple, large momenta of the nu
leons insidethe nu
leus 
an be asso
iated with small internu
leon spatial separations. The kinemati
al
onditions are parti
ularly 
lean in the 
ase of the deuteron, where the relative motion ofthe two nu
leons is 
ompletely des
ribed by the wave fun
tion in momentum spa
e, ψ(p). Inall models of the deuterium nu
leus, the nu
leons have mostly low momenta and thereforeare relatively far apart. However, even in the wave fun
tions obtained from non-relativisti
models of the nu
leon-nu
leon potential, there is a probability for the nu
leons to havemomenta high enough so that the proton and neutron 
an 
ome very 
lose together or evenoverlap. In su
h high density 
on�gurations the quark distribution within a nu
leon 
anbe
ome modi�ed either through o�-shell e�e
ts [1℄ or through dire
t modi�
ation of theshape and size of the nu
leon [2, 3℄. It is also possible that under these 
onditions thenu
leons start to ex
hange quarks with ea
h other or even merge into a single �six-quarkbag� [4, 5℄. The quark-gluon degrees of freedom thus might play a dire
t role in modifying5



nu
leon stru
ture in high-density nu
lear 
on�gurations. The analysis presented here isaimed at advan
ing the understanding of high density, high momentum nu
lear matter.To study these high density 
on�gurations, we have used ele
tron s
attering from a high-momentum nu
leon within a nu
leus. In the 
ase of a deuteron target this 
an be easilyveri�ed by taking advantage of the inherently simple stru
ture of the two-nu
leon system.If all the momentum and energy is transferred to the neutron, the proton is a spe
tatorto the rea
tion and re
oils with its initial momentum. Assuming that the dete
ted protonwas indeed a spe
tator to the rea
tion, the initial momentum of the stru
k neutron 
an beobtained using momentum 
onservation. Thus the neutron is �tagged� by the ba
kward goingspe
tator proton (for a extensive dis
ussion of the spe
tator pi
ture see, e.g., the papers bySimula [6℄ and Meltnit
houk et al. [1℄). Measurement of a high-momentum proton emittedba
kwards relative to the momentum transfer dire
tion allows us to infer that the ele
tronintera
ted with a high-momentum neutron in deuterium.II. THEORETICAL MODELSA. Nu
leons in the Nu
lear MediumEnergy 
onservation applied to the deuterium nu
leus requires that the total energy ofthe proton and neutron bound within a deuteron equals the mass of the deuterium nu
leus:
Ep + En = Md. (1)At the same time, the mass of the deuteron is less than the mass of a free proton plus themass of a free neutron, Md = Mp +Mn − 2.2246 MeV. Therefore, both the bound neutronand proton 
an not be on the mass shell at the same time. In the �instant form� dynami
s,one of the nu
leons is assumed to be on-shell, while the other one is o�-shell and its o�-shellenergy is E∗

n = Md −
√

M2
p + p2

s.The �nal state motion of the on-shell (�spe
tator�) nu
leon 
an be des
ribed by its mo-mentum ~ps or the light 
one fra
tion αs:
αs =

Es − ps||

M
, (2)where pµ

s = (Es, ~pT , ps||) is the spe
tator proton momentum 4-ve
tor. The 
omponent ps|| of6



the proton momentum is in the dire
tion of the momentum transfer q̂, and ~pT is transverseto q̂.Using a non-relativisti
 wave fun
tion ψNR(ps), the �target density� of neutrons whi
hare 
orrelated with spe
tator protons of momentum ~ps 
an be expressed as:
P (~ps) = J · |ψNR(ps)|

2, (3)where J = 1 +
ps||

E∗
n

= (2−αs)MD

2(MD−Es)
is a �ux fa
tor that a

ounts for the motion of the stru
knu
leon.The probability P (~ps) is related to the spe
tral fun
tion:

S(αs, pT )
dαs

αs

d2pT = P (~ps)d
3ps, (4)whi
h yields S = Es · P (~ps).In the light-
one dynami
s framework, a non-relativisti
 deuterium wave fun
tion 
an beres
aled to a

ount for relativisti
 e�e
ts at high momenta [2℄:

SLC(αs, pT )
dαs

αs
d2pT = |ψNR(|~k|2)|2d3k (5)

αs = 1 −
k||

√

M2 + ~k2

(6)
~pT = ~kT |~k| =

√

M2+p2

T

αs(2−αs)
−M2, (7)where αs is the light-
one fra
tion of the nu
leus 
arried by the spe
tator nu
leon and

kµ = (k0, ~kT , k||) is its internal momentum, with k0 =
√

M2 + ~k2. The relativisti
 e�e
t, inthis pi
ture, manifests itself in that the measured momentum of the nu
leon ps|| is res
aledin the lab frame from the internal momentum k||. The resulting deuterium momentumdistribution is given by the spe
tral fun
tion:
SLC(αs, pT ) =

√

M2 + ~k2

2 − αs

|ψNR(|~k|)|2. (8)The spe
tral fun
tion is normalized to satisfy the relation:
∫ ∫ ∫

SLC(αs, pT )
dαs

αs

d2pT = 1. (9)In the PWIA spe
tator approximation, the re
oiling proton is on-shell at the moment of in-tera
tion and re
eives no energy or momentum transfer, so that its initial and �nal momenta7



in the lab are the same. The di�erential 
ross-se
tion on a moving nu
leon (with kinemati
sde�ned by the spe
tator variables αs, pT ) 
an then be 
al
ulated as:
dσ

dx∗dQ2 =
4πα2

EM

x∗Q4

[

y∗2

2(1+R)
+ (1 − y∗) + M∗2x∗2y∗2

Q2

1−R
1+R

]

×F2(x
∗, αs, pT , Q

2) · S(αs, pT )dαs

αs
d2pT

, (10)where S(αs, pT )dαs

αs
d2pT is the probability to �nd a spe
tator with the given kinemati
s. Inthis expression, F2(x

∗, αs, pT , Q
2) is the �o��shell� stru
ture fun
tion of the stru
k neutronand R = σL

σT

is the ratio between the longitudinal and transverse 
ross se
tions. The asteriskis used for variables that have been de�ned in a manifestly 
ovariant way. For instan
e, theBjorken s
aling variable x = Q2

2Mν
and the variable y = ν

E
that are valid for the s
atteringfrom a free nu
leon at rest are repla
ed with their 
ounterparts for the s
attering on a movingneutron inside the deuteron:

x∗ =
Q2

2pµ
Nq

µ
≈

Q2

2Mν(2 − αs)
=

x

2 − αs

(11)
y∗ =

pµ
Nqµ
pµ

Nkµ
≈ y,where qµ = (ν, ~q) is the momentum transfer 4-ve
tor, kµ = (E, 0, 0, E) is the momentum4-ve
tor of the in
ident ele
tron, pµ

N = (Md − Es,−~ps) is the momentum 4-ve
tor of theo�-shell neutron and Md is the mass of the deuterium nu
leus. In this approximation thestru
k nu
leon is assumed to be on the energy shell, but o� its mass shell. The mass of thefree nu
leon M is therefore repla
ed with the o�-shell mass of the bound nu
leon:
M∗2 = (Md − Es)

2 − ~p 2
s . (12)The invariant mass of the �nal hadroni
 state in D(e, e′ps)X s
attering 
an be expressed as:

W ∗2 = (pµ
n + qµ)2 = M∗2 −Q2 + 2(MD − Es)ν + 2ps|||~q|

= M
∗2 −Q2 + 2Mν

(

2 −
Es−ps||

(|~q|/ν)

M

) , (13)where it was assumed thatMd ≈ 2M . In the (Bjorken) limit of |~q|/ν → 1 the fra
tion in thebra
kets of the last term in equation (13) takes the familiar form of the light-
one fra
tionof the nu
leus 
arried by the spe
tator proton αs =
Es−ps||

M
, yielding:

W ∗2 ≈M∗2 −Q2 + 2Mν (2 − αs) . (14)If one assumes that F2 is equal to its on-shell form, F2(x
∗, αs, pT , Q

2) = F free
2 (x∗, Q2),and integrates over the spe
tator kinemati
s, one obtains the usual 
onvolution result for8



the in
lusive nu
lear stru
ture fun
tion F2A. In this pi
ture the nu
leus is built from freenu
leons, i.e. the stru
k nu
leon has the same quark distribution as a free nu
leon. Anyobserved modi�
ation of the 
ross se
tion from that of a 
olle
tion of free nu
leons is justdue to the kinemati
 res
aling (Eqs. 11) be
ause of the motion of the nu
leons inside thenu
leus. However, the di�eren
e in the x dependen
e of the in
lusive deep inelasti
 
rossse
tion for free and bound nu
leons observed by the European Muon Collaboration (knownas the EMC-e�e
t [7℄), 
annot be interpreted solely in terms of su
h a kinemati
 shift. Alarge number of models have been proposed to explain the EMC-e�e
t. A good review ofthis subje
t is given by Sargsian et al. in Ref. [8℄.The most 
onservative approa
h assumes that any modi�
ation of the bound nu
leonstru
ture fun
tion is solely due to the fa
t that the stru
k nu
leon is o� its mass shell (E <

M); for example see Ref. [1℄. Other models invoke a 
hange of the nu
leon size and thereforea res
aling of the stru
ture fun
tion with momentum transfer Q2, as in Ref. [3℄. Frankfurtand Strikman [2℄ link the modi�
ations to the stru
ture fun
tion with a suppression of small(point-like) valen
e 
on�gurations of a strongly bound nu
leon. The most un
onventionalattempt to explain the EMC-e�e
t is that of Carlson and Lassila [4, 5℄ where nu
leons insideof a nu
leus in its high-density 
on�guration are thought to merge and form multiquarkstates. For the 
ase of deuterium, as mu
h as 5% of the wave fun
tion would be in a 6-quarkstate in this model. The 
ross se
tion for ba
kward proton produ
tion is then expressedas a 
onvolution of the distribution fun
tion for the valen
e quarks in a 6-quark 
luster
V

(6)
i and the fragmentation fun
tion for the 5-quark residuum into a ba
kward proton,
Dp/5q(z) ∝ (1 − z)3, with z = α/(2 − x).Although all of these models 
an des
ribe at least some aspe
ts of the EMC�e�e
t, theypredi
t 
onsiderably di�erent 
hanges of the internal stru
ture of deeply bound nu
leons.These 
hanges are masked in in
lusive measurements, where one averages over all boundnu
leons, most of whi
h are below the Fermi surfa
e. By sele
ting tightly bound nu
leonpairs (with a fast ba
kward going spe
tator as �tag�), our experiment 
an study these possiblemodi�
ations more dire
tly.

9



B. Final State Intera
tionsThe PWIA pi
ture des
ribed above has to be modi�ed to in
lude the e�e
t of �nal stateintera
tions (FSI) and two-body 
urrents (meson ex
hange 
urrents). A

ording to existingmodels (see below), there are kinemati
 regions where FSI are thought to be small, andother regions where FSI are enhan
ed. Reliable models of FSI exist for nu
leon-nu
leonres
attering [9℄. In the resonant and deep inelasti
 region, the estimation of FSI is a lotmore 
hallenging. FSI 
an be modeled by repla
ing the spe
tral fun
tion in Eq. 10 with adistorted one: SFSI(αs,~pT ) .Melnit
houk, Sargsian and Strikman [1℄ use the eD → e p n rea
tion as a �rst estimateof FSI in ele
tron s
attering from the deuteron. This 
al
ulation shows that for αs > 2 − xand ~pT 
lose to zero FSI are small. In this model SFSI is evaluated using a distorted waveimpulse approximation (DWIA). A

ording to this paper, FSI e�e
ts should not stronglydepend on x, thus the ratios of the 
ross se
tion for di�erent ranges in x should be a goodtool to look for the EMC-e�e
t in the semi-in
lusive eD → e pX pro
ess. In the limit oflarge x, FSI be
ome mu
h more important for heavier nu
lei, where res
attering hadronsprodu
ed in the elementary deep inelasti
 s
attering (DIS) o� the short-range 
orrelationare dynami
ally enhan
ed. Therefore, deuterium targets, in the authors' opinion, providethe best way of studying the origin of the EMC e�e
t.A more re
ent publi
ation by Cio� et al. [10℄ dis
usses ba
kward proton produ
tion andFSI asso
iated with DIS by evaluating SFSI within a hadronization framework. The reinter-a
tion of the ba
kward-going spe
tator protons with the debris formed in a hadronizationpro
ess is modeled using an e�e
tive 
ross se
tion:
σe� = σNN + σπN (nM + nG), (15)where σNN and σπN are the total nu
leon-nu
leon and meson-nu
leon 
ross se
tions, respe
-tively, and nM and nG are the e�e
tive numbers of 
reated mesons and radiated gluons. The
ross se
tion asymptoti
ally tends to exhibit a simple logarithmi
 behavior. The magnitudeof the e�e
tive reintera
tion 
ross se
tion di�ers signi�
antly for di�erent models, espe
iallyat angles of proton emission θ ∼ 90o. This kinemati
 region is proposed by the authorsas the best pla
e to test various models of hadronization. In 
ontrast with the 
al
ulationdis
ussed in the beginning of the se
tion, the model of [10℄ predi
ts signi�
ant FSI for protonmomenta |~ps| > 250 MeV/c even at extreme ba
kward angles.10



III. EXISTING DATA OVERVIEWFew data exist on the semi-in
lusive s
attering of a lepton from deuterium with a re
oil-ing nu
leon in the ba
kward dire
tion with respe
t to the momentum transfer. The datapublished so far were taken using either neutrino or antineutrino beams and had very lowstatisti
s that do not allow detailed investigation of the 
ross se
tions of interest. These ex-periments (see Berge and Efremenko [11, 12℄) fo
used on measuring the momentum, energy,and angular distributions of protons in the ba
kward hemisphere relative to the beam line.Despite the low statisti
s, a notable di�eren
e in the distributions for ba
kward and forwardprotons was observed. The data were shown to agree well with a pair-
orrelation model inwhi
h the dete
ted ba
kward proton is assumed to be a spe
tator to the rea
tion.The 
ross se
tion ratio σFe/σD measured by the European Muon Collaboration [7℄ (where
σFe and σD are 
ross se
tions per nu
leon for iron and deuterium respe
tively) showeddeviations from unity (now known as the EMC-e�e
t) that 
ould not be explained onlyin terms of nu
leon Fermi motion. That was the �rst eviden
e that the nu
lear mediumin�uen
es DIS pro
esses. It provided an indi
ation that nu
lear matter is getting modi�edas its density in
reases. The e�e
t was later 
on�rmed by data from SLAC [13, 14℄ andCERN [15℄.An independent measurement of the modi�
ation of the quark stru
ture of nu
lei was laterdone at Fermilab [16℄ using 
ontinuum dimuon produ
tion in high-energy hadron 
ollisions,known as the Drell-Yan pro
ess [17℄. The measurement has shown no nu
lear dependen
ein the produ
tion of the dimuon pairs in the region 0.1 < x < 0.3, and therefore, nomodi�
ation of the antiquark sea in this range. A number of models developed to explainthe EMC-e�e
t in terms of strong enhan
ement of the pion 
loud were ruled out by thisexperiment.A re
ent polarization transfer measurement by Dieteri
h and Strau
h [18, 19, 20, 21℄in the 4He(~e, e′~p)3H rea
tion suggested medium modi�
ation of the ele
tromagneti
 formfa
tors of the nu
leon. The observed 10% deviation from unity 
ould only be explained bysupplementing the 
onventional nu
lear des
ription with e�e
ts due to medium modi�
ationof the nu
leon as 
al
ulated by the QMC model [22, 23℄.A model in whi
h the neutron and proton form a single 6-quark 
luster was re
ently tested[5℄ against old ba
kward proton produ
tion data from neutrino s
attering on deuterium 
ol-11



FIG. 1: (Color online) CLAS event with forward ele
tron dete
ted in 
oin
iden
e with a ba
kwardproton.le
ted at Fermilab [24℄. These data had su�
ient a

eptan
e for ba
kward protons butwere not previously analyzed for this signal. The proton spe
trum from neutrino and an-tineutrino s
attering from deuterium, taken at CERN [25℄, was also dis
ussed. The authors
ompared the momentum distribution of ba
kward protons with the predi
tion of a 6-quark
luster model. Predi
tions of the model were shown to be in good agreement with the data,however, the statisti
s of the data were not su�
ient to study the dependen
e on any otherkinemati
 variables.In summary, existing data on inelasti
 s
attering o� nu
lei average over at least someof the relevant kinemati
 variables (x, Q2, and the momentum of the stru
k nu
leon) andare often limited in statisti
s. Only a more detailed analysis of the dependen
e of the 
rossse
tion on these variables 
an yield 
lear distin
tions between di�erent models and theoreti
aldes
riptions of nu
leons bound in nu
lei. The experiment on the rea
tion D(e, e′ps) des
ribedhere is the �rst to 
olle
t su�
ient statisti
s for this purpose.IV. EXPERIMENTAL SETUPThe data were 
olle
ted over a period of 46 
alendar days in February and Mar
h of2002 at the Thomas Je�erson National A

elerator Fa
ility (TJNAF). We used a 5.75 GeVele
tron beam with an average 
urrent of 6 − 9 nA. The experiment was staged in Hall Bof the TJNAF, where the CEBAF Large A

eptan
e Spe
trometer (CLAS) is installed. Sixsuper
ondu
ting magneti
 
oils divide CLAS into six se
tors symmetri
ally lo
ated around12



the beamline. Ea
h se
tor 
overs almost 60◦ in azimuthal angle and between 10◦ and 140◦in polar angle, thus providing almost 4π a

eptan
e for 
harged parti
les. CLAS se
torsare equipped with identi
al sets of dete
tor systems (Fig. 1): 1) three regions of drift
hambers (DC) tra
k 
harged parti
le's passage though the region of magneti
 �eld; 2) alayer of s
intillating paddles form the CLAS time-of-�ight system (TOF); 3) the Cherenkov
ounters (CC) are installed in the forward region (10◦ < θlab < 50◦) of the dete
tor ande�
iently dis
riminate ele
trons from pions up to the parti
le momenta p ≈ 2.7 GeV/c; 4)several layers of lead and s
intillating paddles form the ele
tromagneti
 
alorimeter (EC)designed to separate ele
trons from minimum ionizing parti
les. CLAS is des
ribed in detailin Ref. [26℄.A 
oni
al 
ryogeni
 5 cm target, installed in the 
enter of CLAS, was �lled with liquiddeuterium at a temperature of 22 K and pressure of 1315 mbar with a density of 0.162 g/cm3.The average beam 
urrent of 8 nA produ
ed a luminosity of 1.1 × 1034 cm−2 · s−1.The CLAS trigger was formed by a 
oin
iden
e between CC and EC. The signal levelfor the trigger 
oin
iden
e was set to be at least 1 photoele
tron in CC and 0.5 GeV in EC.The level 2 trigger required a DC tra
k 
andidate in the se
tor of the 
alorimeter hit. Withthis trigger 
on�guration, the data rate was about 3 kHz and the dead time was usually lessthan 13%.Out of 4.5 billion events 
olle
ted over the experimental run, only 350 thousand 
ontainan ele
tron in 
oin
iden
e with a ba
kward proton. The typi
al event of that type dete
tedin CLAS is shown in Fig. 1. The 
olle
ted data sample has wide 
overage in kinemati
sof the ele
tron and proton (Fig. 2). The momentum transfer Q2 ranges between 1.2 and
5.5 GeV2/c2, while the invariant mass 
overs the quasi-elasti
, resonant and deep inelasti
regions. Protons were dete
ted at large angles relative to the momentum transfer ve
tor ~q,up to angles of θpq ≈ 145◦ and with momenta above 0.28 GeV/
.V. DATA ANALYSISIn this se
tion we dis
uss all the key analysis steps that led to the extra
tion of the �nalresults.
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FIG. 2: Kinemati
 
overage for ele
trons (W vs. Q2) (a) and for re
oiling protons (momentum pprvs. polar angle θpq) (b), within �du
ial 
uts.A. Event Sele
tionThe fo
us of this analysis is the ed→ e′psX rea
tion, therefore events 
ontaining 
oin
i-den
es between the s
attered ele
tron and re
oiling proton have to be sele
ted �rst.The s
attered relativisti
 ele
tron is expe
ted to be the �rst parti
le that arrives at thedete
tors after intera
ting with the target nu
leus. The parti
le was identi�ed as an ele
tronif it was the �rst in the event and its 
harge was measured by the DC to be negative. Ele
tronidenti�
ation (ID) 
uts on the response of two of the remaining dete
tor systems, CC andEC, redu
e the ba
kground of π− in the ele
tron spe
trum. The CC are very e�
ientin pion reje
tion up to P ≈ 2.7 GeV/c, where pions start to emit Cherenkov light. Forlower momenta of the parti
le P < 3.0 GeV/
 a software 
ut of 2.5 photoele
trons wasrequired to identify an ele
tron. For the part of the data with parti
le momentum P > 3.0GeV/
, a software 
ut of 1 photoele
tron was used (and the �du
ial region in
reased - seebelow) to in
rease a

eptan
e. The ele
tron produ
es an ele
tromagneti
 shower in the ECimmediately after it enters, while pions make mostly a minimum ionizing signal with a smallsampling fra
tion (E/P ). The minimum ionizing parti
les 
an be easily reje
ted by requiringthat the visible energy deposited in the �rst 15 layers of the EC is ECinner > 0.08 · P andthe total visible energy in the EC is ECtotal > 0.22 · P .In order to redu
e the systemati
 un
ertainty in the quality of ele
tron identi�
ation,14



dete
tor �du
ial 
uts are applied. The �du
ial region of CC is known to be within the limitsof the EC �du
ial region; therefore only a CC 
ut needs to be applied. We de�ned the�du
ial region su
h that the CC was at least 90% e�
ient.In addition to the parti
le 
harge information, the DCs also measure the length fromthe target to the TOF system and the 
urvature of the tra
k. From the 
urvature of thetra
k the parti
le momentum 
an be re
onstru
ted. The proton is identi�ed using TOF timemeasurement (tTOF ) and DC momentum (pDC) and tra
k length (r) information. Assuminga positively 
harged parti
le is a proton, its velo
ity is given by
vDC =

pDC
√

p2
DC +M2

p

, (16)where Mp is proton mass. Then the time the proton travels from the target to the TOF is
tDC = r/vDC . The parti
le is identi�ed as a proton if the time di�eren
e ∆t = tDC − tTOF ,
orre
ted for the event start time, is within a time window −2 ns to 7 ns.A vertex 
ut is applied to ensure that the intera
tion took pla
e within the volume of thetarget. The ele
tron was required to have a vertex −2 cm < Zel < 1.5 cm while the protonvertex 
ut was set to −2.5 cm < Zpr < 2 cm (the target extends from -2.5 
m to 2.5 
m).Additionally the vertex di�eren
e between Zel and Zpr was required to be less than 1.4 cmto redu
e the ba
kground from a

idental 
oin
iden
es.B. Kinemati
 Corre
tionsThe geometri
al and stru
tural 
omplexity of CLAS is responsible for minor dis
repan
iesin the measurement of the momentum and dire
tion of a parti
le. These dis
repan
ies arethought to be primarily due to the un
ertainty in the magneti
 �eld map and DC position.The e�e
t of a displa
ement of the drift 
hambers and possible dis
repan
ies in the measuredmagneti
 �eld on the measured s
attering angle θrec and momentum p 
an be parameterized.The 
orre
tion fun
tion 
ontains 8 parameters des
ribing the drift 
hamber displa
ementsand rotations and 8 parameters des
ribing the possible un
ertainties in the magnitude ofthe magneti
 �eld on the path of the parti
le. These parameters 
an be determined usingmulti-parti
le ex
lusive rea
tions whi
h are fully 
ontained within the CLAS a

eptan
e. Inan ex
lusive rea
tion all of the produ
ts of the rea
tions are dete
ted and no mass is missing.Therefore, the kinemati
s of the rea
tion are fully de�ned and the goodness of �t 
an be15



evaluated using momentum and energy 
onservation. More details on this method 
an befound in Ref. [27℄.For low-energy protons (P < 0.75 GeV/c) energy loss in the target and dete
tor is signif-i
ant and needs to be 
orre
ted for. This energy loss was studied with the CLAS GEANTsimulation and an appropriate 
orre
tion was applied to the data.C. Ba
kgroundsEven after the ID 
uts des
ribed above, pions remain a non-negligible ba
kground in theele
tron spe
trum. Their 
ontribution needs to be estimated and appropriate 
orre
tionsapplied to the data. This was done using a sample of pions within EC 
uts of Einner < 0.05GeV and Etotal < 0.1 GeV. The spe
trum of photoele
trons in the Cherenkov Counters of thispion sample was s
aled su
h that the sum of the normalized spe
trum and that of a �perfe
t�ele
tron sample (from a simulation normalized to data within a tight EC 
ut) agreed withthe measured Cherenkov spe
trum for ele
tron 
andidates within our regular EC 
uts. Thisnormalized pion spe
trum was then integrated above the software ID 
uts of 2.5 and 1.0photoele
trons (depending on the data momentum range) and used to estimate the fra
tionof pions remaining in the ele
tron sample after the Cherenkov ID 
ut. This fra
tion was�t to an exponential in pion energy and the resulting estimate of the pion 
ontamination(ranging to no more than 6%) was used to 
orre
t the extra
ted data.A similar te
hnique was used to measure the rate of positrons relative to that of ele
trons,by taking positive 
harge tra
ks and �tting their energy spe
trum in the EC with a 
om-bination of �pure� pions (based on Cherenkov response) and �golden ele
trons� (very highCherenkov 
ut). This positron to ele
tron ratio 
an be used to estimate the fra
tion of thedete
ted ele
trons whi
h were not s
attered from the beam but 
ame from pair produ
tion
γ → e+e− or the Dalitz de
ay π0 → γe+e−. On
e again, an exponential �t to the ratiowas used to estimate this 
ontamination for all kinemati
 bins and 
orre
t our �nal dataa

ordingly.Despite the vertex 
uts there is still a 
han
e of having an a

idental 
oin
iden
e betweenan ele
tron and a proton in the data sample. The ba
kground of a

identals has to beestimated and subtra
ted. At the same time, the loss of �true� protons due to the time andvertex 
uts has to be determined. A purely a

idental proton was de�ned as a positively16




harged parti
le with the time-of-�ight measured by the TOF to be at least 12 ns longerthan the expe
ted time-of-�ight of a proton with that momentum. The time window for thea

idental proton was taken to be 9 ns, the same as the proton ID time window, so that theexpe
ted arrival time for the a

idental proton would not be more than 21 ns di�erent fromthe expe
ted arrival time of the real proton. In the 
ase where the time window of a

identalsis less than 5 ns away from when the deuteron (from elasti
 s
attering events) would havearrived at the TOF 
ounter, the a

idental proton is de�ned to be within a 9 ns windowstarting at 5 ns after the expe
ted arrival time of a deuterium ion. The average ba
kgroundof a

idental 
oin
iden
es per nanose
ond of the proton time vertex was 
al
ulated fromthe rate in the �a

idental time window� des
ribed above and 
ompared with the unbiaseddata sample of 
oin
iden
es with good proton PID. The level of understanding of a

identalswas also tested using the simulation results. The sum of the measured a

identals and thesimulation is in agreement with the data on good ele
tron-proton 
oin
iden
es as sele
tedby PID 
uts (Fig. 3). A small dis
repan
y on the positive side of the ∆Z distribution is dueto another type of unwanted 
oin
iden
es where a parti
le originating from the �rst ele
tronvertex reintera
ts further along the target 
ell, liberating a (ba
kward) proton whi
h arriveson-time with respe
t to the TOF. Protons produ
ed in su
h a way enhan
e the positiveside of the vertex di�eren
e distribution. The sele
ted sample of a

identals 
ontains onlyo�-time events, and therefore does not fully reprodu
e the shape of the vertex di�eren
edistribution. A properly s
aled sample of these ex
ess events was added to the sample ofpurely a

idental 
oin
iden
es de�ned using o�-time protons.D. SimulationTo extra
t absolute results from our experimental data, the dete
tor a

eptan
e has to beevaluated and an appropriate 
orre
tion applied to the data. An idealized model of all thedete
tor systems of CLAS is implemented in the 
ode known as �GSIM�. The program is builton the foundation of the GEANT simulation software pa
kage, supported by CERN. GSIMallows simulation of the dete
tor response to a propagating parti
le, simulating energy lossas well as emission of se
ondary parti
les during the passage of the parti
le through partsof the dete
tor. After the response of the ideal dete
tor is simulated, existing dete
torine�
ien
ies are introdu
ed. This is done using a separate program 
alled �GPP� (GSIM17
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FIG. 3: (Color online) Data for the di�eren
e between the ele
tron and proton vertex (triangles)
ompared to a �t (solid histogram) 
omposed of a simulation of true 
oin
iden
es (not shown) andmeasured a

idental 
oin
iden
es (dash dotted histogram). The verti
al dashed lines indi
ate the
ut used to sele
t data for analysis.post-pro
essor). GPP uses pre
ompiled information on dead regions of the DC and TOF toremove the signal for these parts of CLAS from the GSIM output. The �nal output is thenanalyzed exa
tly the same way as the real data.The events used as input for the CLAS GSIM simulation were generated following the
ross se
tion Eq. 10. The Paris wave fun
tion [28℄ was used to sele
t the momentum of the�spe
tator� nu
leon �rst. A 
omparison with the Argonne V18 wave fun
tion [29℄ showed anegligible di�eren
e in the momentum distributions. The generated nu
leon momentum 
aneither be dire
tly used following the pres
ription for the non-relativisti
 spe
tral fun
tion(Eqs. 3,4) or as the �internal momentum� in the light 
one des
ription, Eqs. 5�8. From thespe
tator nu
leon kinemati
s, we then 
al
ulate the initial four-momentum of the stru
knu
leon and determine the s
attered ele
tron kinemati
s in the rest frame of that nu
leon,then transform it ba
k to the lab frame. That way, all of the �starred� variables in Eq. 10are automati
ally evaluated with the proper relativisti
 res
aling.The ele
tron s
attering 
ross se
tion used to generate the ele
tron kinemati
s is based onthe 
ode RCSLACPOL that was developed at SLAC [30℄. It uses parametrizations of worlddata on unpolarized stru
ture fun
tions and elasti
 form fa
tors. These parametrizations aredes
ribed in [31℄ and are based on �ts to unpolarized stru
ture fun
tion data from NMC [32℄and SLAC [33, 34, 35, 36℄. The nu
leon form fa
tors were taken from Ref. [37℄. All form18



fa
tors and stru
ture fun
tions for bound nu
leons are assumed to be equal to the free onesat the 
orresponding values of x (in the DIS region) or W (in the resonan
e region, witha smooth transition between both). The free neutron stru
ture fun
tion F2n was extra
tedfrom �ts to the world data on the deuteron in a self-
onsistent manner by ensuring that ourmodel, integrated over all spe
tator kinemati
s and summed over both proton and neutron
ontributions to ele
tron s
attering, agrees with those �ts.Three di�erent versions of the 
ode were 
ompiled to satisfy our needs for simulation ofele
tron s
attering on 2H: 1) elasti
 s
attering on one nu
leon in the deuteron (with the otherbeing a spe
tator), in
luding the elasti
 radiative tail; 2) inelasti
 s
attering on one nu
leonin the deuteron (with and without radiative 
orre
tions); and 3) elasti
 s
attering o� thedeuteron nu
leus as a whole. Radiative e�e
ts 
an be in
luded in the simulation followingthe pres
ription by Mo and Tsai [38℄. In the �rst two 
ases, these radiative 
orre
tions areapplied to the ele
tron s
attering 
ross se
tion for the stru
k nu
leon in its rest frame, whilethe spe
tator simply determines the kinemati
 transformation into the lab system. Thegenerator is 
apable of simulating both in
lusive D(e, e′) (by adding the �rst two pro
essesfor both protons and neutrons with the third one) and semi-in
lusive D(e, e′ps) pro
esses,whi
h is 
ontrolled by a 
on�guration �le. While this generator may not be very realisti
in its des
ription of the underlying physi
al pro
esses (sin
e it does not 
ontain FSI, non-nu
leoni
 
urrents in deuterium, or modi�
ations of the nu
leon stru
ture fun
tion for o��shell nu
leons), it is su�
iently a

urate (see below) to allow a largely unbiased extra
tionof the a

eptan
e and e�
ien
y of CLAS, by 
omparing a

epted simulated events to theinitial distribution of generated events.The quality of the simulation pro
edures 
an be evaluated by 
omparing the predi
tednumber of 
ounts for well-studied pro
esses in data and simulation. To date, one of thebest studied 
ross se
tions in nu
lear physi
s is that of elasti
 ele
tron s
attering from a freeproton. To sele
t elasti
 events a 
ut on the invariant massW was used: 0.9 < W < 1.1 GeV.The overall shape is reprodu
ed well and the measured 
ross se
tion lies well within 10%of the simulated one at low Q2 (where our statisti
al error allows a signi�
ant 
omparison).The Q2 distribution of the simulated in
lusive 
ross se
tion for quasi-elasti
 s
attering ondeuterium is also in good agreement with the experimental data. Here the events were alsosele
ted using the invariant mass 
ut 0.9 < W < 1.1 GeV. In the region of relatively goodstatisti
s at low Q2 the deviation from unity on the data to simulation ratio does not ex
eed19



10%. Finally, the rate of in
lusive D(e, e′)X events for all �nal state invariant masses Wagrees with the predi
tion of our model to within 5�10%.A sample of simulated events that ex
eeds the statisti
s of the experimental data by afa
tor of 10 was generated for the D(e, e′ps) rea
tion and was used in the analysis to 
orre
tthe data for dete
tor a

eptan
e and bin averaging e�e
ts. The high event 
ount of theMonte Carlo assures that the statisti
al error of the data points are not dominated by thestatisti
al error of the simulation.E. Result Extra
tionThe events from the data set were sorted in four-dimensional kinemati
 bins in W ∗ (or
x∗), Q2, ps and cos θpq (or αs and pT ). We 
hose two bins in Q2, one with 1.2 (GeV/
)2 ≤

Q2 ≤ 2.1 (GeV/
)2 (average Q2 = 1.8 (GeV/
)2) and one with 2.1 (GeV/
)2 ≤ Q2 ≤ 5.0(GeV/
)2 (average Q2 = 2.8 (GeV/
)2, and �ve bins in ps, with average values of ps =

0.3, 0.34, 0.39, 0.46 and 0.53 GeV/
.To extra
t the �nal results, the above bins were �lled separately for the following 
ate-gories of events: 1) experimental data with all the standard ele
tron and proton ID 
uts;2) a

idental ele
tron-proton 
oin
iden
es based on experimental data; 3) 
oin
iden
es withprotons from se
ondary s
attering events; 4) simulated data for the elasti
 s
attering on abound neutron, in
luding the radiative elasti
 tail; 5) simulated data for the inelasti
 s
atter-ing on a bound neutron. A

idental 
oin
iden
es and 
oin
iden
es with se
ondary protonswere then subtra
ted from the data on a bin-by-bin basis. The simulated elasti
 s
atteringdata were also used to subtra
t the elasti
 radiative tail from the experimental data. Forthis purpose both data and simulation were �rst integrated in the range of the invariantmass of the unobserved �nal state W ∗ from 0.5 to 1.1 GeV. The elasti
 radiative tail in thesimulation was then s
aled by the ratio of the data to the simulation and subtra
ted.As was previously dis
ussed, in the spe
tator pi
ture, the 
ross se
tion for the o�-shellnu
leon 
an be fa
torized as a produ
t of the bound nu
leon stru
ture fun
tion and thenu
lear spe
tral fun
tion, multiplied by a kinemati
 fa
tor (see Eq. 10). Using the data ofthis experiment, it is possible to extra
t this produ
t, and, in the region where FSI are smalland the spe
tral fun
tion is well des
ribed by the model, even the o�-shell stru
ture fun
tionby itself. To do that, the experimental data (with a

identals, res
attered proton events,20



and elasti
 radiative tail subtra
ted) were �rst divided by the simulated inelasti
 data.The simulated events were generated using the 
ross se
tion Eq. 10 with full 
onsiderationof radiative e�e
ts. To extra
t the produ
t of stru
ture and spe
tral fun
tions, the ratioof data to simulation was multiplied with the produ
t F2n(x∗, Q2) × S(αs, pT ), 
al
ulatedusing the same model that was used in the generator. Similarly, to obtain the produ
t ofthe stru
ture fun
tion F2n with the probability distribution for the proton momentum indeuterium, we multiplied the ratio of data to simulation with the fa
tor F2n(x∗, Q2)×P (~ps)from our generator model. In both 
ases, the dependen
e of the extra
ted data on the spe
i�
model for the simulation is minimized, sin
e the �input� (F2n and S(αs, pT ) or P (~ps)) 
an
elsto �rst order. Basi
ally, this pro
edure 
orre
ts the data for the dete
tor a

eptan
e, binmigration and radiative e�e
ts, and produ
es a �normalized 
ross se
tion� by dividing outthe kinemati
 fa
tor 4πα2

EM

x∗Q2 as well as the fa
tor in square bra
kets in Eq. 10 (whi
h dependsweakly on the ratio R = σL/σT ). To extra
t the (�o�-shell�) stru
ture fun
tion F e�
2n, the ratioof data to simulation was multiplied with the free nu
leon stru
ture fun
tion F2n(x∗, Q2).This assumes that the spe
tral fun
tion used in the simulation des
ribes the momentumdistribution of the spe
tator protons reasonably well.F. Systemati
 Un
ertaintiesTo simplify the statisti
al error 
al
ulation, all the 
orre
tions for the dete
tor ine�
ien-
ies and data sample 
ontamination (ex
ept for a

identals and the radiative elasti
 tail)were applied to the simulated events.The e�
ien
y of the CC ele
tron ID 
ut is well reprodu
ed in the simulation. A 1%systemati
 un
ertainty enters here to a

ount for the observed deviation of the 
ut e�
ien
yfrom se
tor to se
tor. The EC ID 
ut e�
ien
y is reprodu
ed only partially. The e�
ien
y ofthe 
ut in data was found to be 95%, however the same 
ut, applied to the simulation, is 98%e�
ient. The di�eren
e might be a result of data being 
ontaminated with pions, despitethe in
reased CC threshold. The simulated data were s
aled down by a 
onstant fa
tor of0.97 to a

ount for the di�eren
e in the e�e
t of the 
ut. A 2% systemati
 un
ertainty wasassigned to this fa
tor due to the un
ertainty about the sour
e of the deviation. A variablefa
tor that ranges from 1.06 to less than 1.01 was used to introdu
e pion 
ontaminationinto the simulation. The fa
tor varies with the parti
le s
attering angle and momentum.21



A variable fa
tor was also applied to the ele
tron spe
trum in the simulation to introdu
eele
trons 
oming from ele
tron-positron pair 
reation. The resulting systemati
 un
ertaintywas estimated by varying these fa
tors by 50% of their deviation from unity. The resulting
hange in the distribution in ea
h of the �nal histograms was used as an estimate of thesystemati
 un
ertainty of these 
orre
tions.Some additional 
orre
tions were applied to the proton spe
trum. A 
onstant fa
tor of0.99 was introdu
ed to re�e
t the di�eren
e in the e�e
t of the proton timing ID 
ut onthe real versus the simulated data. The systemati
 un
ertainty of 0.5% on this numbera

ounts for the momentum dependen
e of the e�e
t. A fa
tor dependent on the protonmomentum was applied to the simulated data to a

ount for the dis
repan
y between dataand simulation in the e�e
t of the 
ut that was set on the di�eren
e between the ele
tronand proton verti
es. The systemati
 un
ertainty here is evaluated individually for ea
hhistogram, by varying the 
orre
tion by 50%.A major 
ontribution to our systemati
 error 
omes from remaining di�eren
es betweenthe simulated and the �true� ine�
ien
ies of CLAS. Even after removing bad 
hannels anda

ounting for all known dete
tor problems, we �nd that the ratio of simulated to measuredrates for re
onstru
ted protons varies from se
tor to se
tor. We use the RMS variationbetween se
tors to estimate this systemati
 error as about 11% on average. We also in
ludea 3% s
ale error on the target density, e�e
tive target length, and beam 
harge 
alibration.The data were 
orre
ted for the radiative elasti
 tail and a

idental 
oin
iden
es by dire
tsubtra
tion of normalized (simulated or real) data (see previous subse
tion). The normal-ization fa
tors were varied by 50% of their deviation from unity to estimate the systemati
errors due to these 
orre
tions. The un
ertainty on the inelasti
 radiative 
orre
tions wasalso 
al
ulated as 50% of the deviation from unity of the 
orre
tion fa
tor. We 
he
ked ourradiative 
orre
tion pro
edure against the existing 
ode �EXCLURAD� [39℄ for the 
ase ofquasi-elasti
 s
attering (pn �nal state) and found good agreement within the stated un
er-tainties.A �nal systemati
 un
ertainty 
omes from the model dependen
e of our simulated data.While the model input 
an
els in our extra
ted values for F2n(x∗, Q2) × S(αs, pT ) to �rstorder, both migration between adja
ent kinemati
 bins and distribution of events within abin (where the CLAS a

eptan
e might vary) are somewhat model-dependent. We estimatedthis e�e
t by modifying the model input to agree with the 
ross se
tion extra
ted from our22



Sour
e of Un
ertainty Typi
al Range (in % of data value)EC ID Cut 2Trigger E�
ien
y 2Se
ondary Ele
trons 0.7Ele
tron Vertex ID Cut 0.6Proton Timing ID Cut 0.5CC E�
ien
y 1Pion Contamination 0.5 ... 3
e+/e− Contamination 0 ... 0.75Pure A

idental Coin
iden
es 0 ... <1.2> ... 4Coin
iden
es with Kno
k-out Proton 0 ... <2.3> ... 6Vertex Di�eren
e Cut 0.75 ... 1.5Quasi-elasti
 Radiative Corre
tions 0 ... <1.9> ... 11Inelasti
 Radiative E�e
ts 0 ... <2.7> ... 12Luminosity 3Tra
king Ine�
ien
y 11Bin Migration & Model-Dependen
e ofA

eptan
e 0 ... <5.2> ... 10Total 15.5 ... <16.9> ... 34.1TABLE I: Systemati
 errors in per
ent of the data values. The typi
al range of the error as wellas their RMS values (in bra
kets) are given.data. The deviation of the simulated events with this modi�ed 
ross se
tion from the datais a dire
t measure of the magnitude of this systemati
 error. We found its magnitude to begenerally below 5%, going up to 10% for higher proton momenta.All systemati
 errors were added in quadrature and are shown as shaded bands in theFigures in the following se
tion. The summary of systemati
 un
ertainties is presented inTable I.
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FIG. 4: (Color online) Data (points) and results of the Monte Carlo (MC) simulation based on twodi�erent PWIA models (solid and dashed 
urves) for the total number of 
ounts versus cos θpq forproton momenta ps = 280�320 MeV/c (a) and ps = 360�420 MeV/c (b), integrated over ele
tronkinemati
s. The total systemati
 error is indi
ated by the shaded band.VI. RESULTSIn the following, we show several representative histograms (one�dimensional proje
tionsof the four�dimensional bins), 
omparing our data to our simple PWIA spe
tator model toelu
idate some general trends.In Fig. 4 we show as a �rst step the a

umulated number of protons (in 
oin
iden
e witha s
attered ele
tron) for several bins in cos θpq, where θpq is the angle between the virtualex
hanged photon and the proton. The data are not 
orre
ted for a

eptan
e and e�
ien
yand therefore fall o� at large angles where CLAS has limited a

eptan
e. The 
urves shownare from our simulation of these data, in
luding the CLAS a

eptan
e and without anynormalization. Using the light 
one pres
ription (Eq. 8) for the momentum distributionof the initial proton (solid 
urve), good agreement between the data and our Monte Carlo(MC) simulation is observed up to cos θpq ≈ −0.3. The result for the non-relativisti
 wavefun
tion (Eq. 3, dashed line) is similar in these kinemati
s. At more forward angles the dataex
eed the simulation by a large fa
tor, espe
ially at higher momenta (Fig. 4b), indi
atinga breakdown of the pure PWIA spe
tator pi
ture. We assume that this enhan
ement is dueto FSI between the stru
k neutron and the spe
tator proton (see below).24
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FIG. 5: (Color online) Momentum distribution of the re
oiling proton. Data (points) are 
omparedwith our MC simulation (solid 
urve) for the range of re
oil angle −1.0 < cos θpq < −0.3 (a) and
−0.3 < cos θpq < 0.3 (b). All events within a missing mass range 1.1 < W ∗ < 2.0 GeV weresummed together for this plot.The momentum distribution plotted separately for ba
kward (θpq > 108◦) and transverse(72◦ < θpq < 108◦) proton kinemati
s 
on�rms this pi
ture for the relative importan
e ofnon-PWIA pro
esses (Fig. 5). The momentum distribution of the ba
kward protons isreasonably well des
ribed by the PWIA model, indi
ating that distortions due to FSI arerather small in this region. At the same time, the momentum distribution for the transverseprotons is strongly enhan
ed at momenta above 300 MeV/
, as predi
ted by several modelsof FSI [1, 9, 10, 40℄. For momenta below about 300 MeV/
, the a

eptan
e and e�
ien
y ofCLAS for protons falls o� even faster than predi
ted by our Monte Carlo simulation. Thisexplains the fall-o� at low momenta in Fig. 5.In Fig. 6 we look at the angular distribution of the protons in more detail. The redu
ed
ross se
tion des
ribed in the previous se
tion is plotted for three di�erent proton momenta(in
reasing from left to right), as well as three di�erent missing mass ranges of the unobserved�nal state (in
reasing from top to bottom) in the rea
tion D(e, e′ps)X. Several trends 
anbe observed:

• At proton momenta around 300 MeV/
, the extra
ted redu
ed 
ross se
tion is 
on-sistent with our simple PWIA spe
tator model throughout the whole angular range25
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FIG. 6: (Color online) Results for the normalized 
ross se
tion (equivalent to the produ
t F2n ×

P (~ps) in the spe
tator pi
ture) for the rea
tion D(e, e′ps)X. Ea
h row is for a di�erent mass W ∗of the unobserved �nal state X, namely W ∗ = 0.94 GeV (quasi-elasti
 s
attering) in the �rst row,
W ∗ = 1.5 GeV in the se
ond and W ∗ = 2 GeV in the third. The three 
olumns are for three di�erentproton momentum ranges, with average momenta of ps = 0.3, 0.39 and 0.56 GeV/
, respe
tively.All data (�lled 
ir
les with statisti
al error bars) are for our lower Q2 bin (with average Q2 of 1.8(GeV/
)2). The two lines 
ome from our simple PWIA spe
tator model using a light-
one wavefun
tion (solid line) or a non-relativisti
 WF (dashed line), while the shaded band at the bottomindi
ates the systemati
 error. 26



and for all �nal state masses. This is 
onsistent with expe
tations that destru
tiveand 
onstru
tive interferen
e e�e
ts between FSI and PWIA 
an
el roughly in thismomentum range [9, 40℄.
• For larger proton momenta, deviations from PWIA behavior show up as an in
rease ofthe normalized 
ross se
tion at transverse kinemati
s. This in
rease appears approx-imately around cos θpq = −0.3 and 
ontinues beyond cos θpq = 0 (θpq = 90◦). Su
han in
rease is not likely due to un
ertainties in the deuteron wave fun
tion, whi
h isisotropi
 in the non-relativisti
 
ase and is equal to the non-relativisti
 wave fun
tionfor transverse proton momenta if one uses light-
one wave fun
tions. However, su
han e�e
t is expe
ted within models of FSI due to the initial motion of the nu
leon onwhi
h the res
attering o

urs (see Fig. 3 in Ref. [9℄ and Ref. [40℄). The strength ofFSI in these models is the largest for the highest re
oiling proton momenta, 
onsistentwith the trend of the data.
• The non-PWIA e�e
ts seem to be more pronoun
ed for the largest missing masses (seealso below). This behavior is in qualitative agreement with the FSI model by Cio�delgi Atti and 
ollaborators [10, 41℄, where the strength of res
attering is related tothe number of hadrons in the �nal state (Eq.15).This last point 
an be seen more 
learly in Fig. 7 whi
h shows the ratio between theobserved 
ross se
tion and the predi
tion of our PWIA spe
tator model for proton momentaaround 0.46 GeV/
, for four di�erent ranges in �nal-state missing mass (slightly o�set fromea
h other for ea
h point in cos θpq). The data for di�erent missing mass values are statis-ti
ally 
lose to ea
h other (and 
lose to unity) in the ba
kward region where res
atteringe�e
ts 
an be assumed to be small. Conversely, in transverse kinemati
s the ratio substan-tially ex
eeds one and is largest for the highest W ∗ bin. The enhan
ement in transversekinemati
s is also large in the ∆−resonan
e region. This 
ould be due to ∆�produ
tion inFSI between the stru
k neutron and the �spe
tator� proton.Con
luding that the spe
tator PWIA model works reasonably well in the region of largeba
kward angles (cos θpq < −0.3), we 
on
entrate on this region to study the momentum (o�-shell) dependen
e of the e�e
tive ele
tron s
attering 
ross se
tion on the bound neutron. At�rst, we dire
tly 
ompare the extra
ted e�e
tive stru
ture fun
tion of the o��shell neutron,

F e�
2n, for inelasti
 �nal states (W ∗ > 1.1 GeV) to the on�shell stru
ture fun
tion (see Fig. 8).27
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FIG. 7: Ratio of data to model as a fun
tion of cos θpq for four values of missing mass W ∗ at
ps = 460 MeV/c and Q2 = 1.8 GeV2/c2.To obtain this stru
ture fun
tion, the measured 
ross se
tion was divided by the protonmomentum distribution, Mott 
ross se
tion and the kinemati
 fa
tor as explained in theprevious se
tion. Even within the PWIA pi
ture, the results 
ould have a ps� dependents
ale error be
ause our simple model may not des
ribe the nu
leon momentum distribution indeuterium perfe
tly; however, the x∗�dependen
e in ea
h individual panel would be largelyuna�e
ted by su
h a s
ale error. Indeed, the data agree reasonably well with the simpleparameterization of the free neutron stru
ture fun
tion from our model at the two lowermomenta (with average deviations of±10%). At the higher two momenta, the data fall belowthe model in the range of x between 0.3 and 0.6 by as mu
h as 20% � 30%. Su
h a redu
tionin the stru
ture fun
tion is expe
ted in several models of modi�
ation of bound nu
leonstru
ture [1℄. Some residual FSI might also 
ontribute to the observed x∗�dependen
e, forinstan
e by enhan
ing the region of small x∗ (
orresponding to large W ∗).To redu
e the model dependen
e of su
h 
omparisons as in Fig. 8, the authors of Ref. [1℄suggested to take the ratio between the extra
ted �o�-shell� stru
ture fun
tion at somerelatively large value of x∗ (where most models predi
t the biggest o�-shell e�e
ts) to thatat a smaller value of x∗ where the EMC�e�e
t is known to be small. This ratio (normalizedto the same ratio for the free neutron stru
ture fun
tion, F2n) is plotted in Fig. 9 for a rangeof transverse momenta 0.25 GeV/
 ≤ pT ≤ 0.35 GeV/
. Nearly all dependen
e on our model
an
els in this ratio; only the overall s
ale depends on the ratio of F2n for free neutrons attwo di�erent values of x, whi
h is not perfe
tly well known. The ratio plotted in Fig. 8 is28
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FIG. 8: (Color online) Results for the extra
ted �o�-shell� stru
ture fun
tion F e�
2n of the neutronin the PWIA spe
tator pi
ture. The model (solid 
urve) is a simple parameterization of the freeon-shell neutron stru
ture fun
tion, modi�ed to a

ount for the kinemati
 shift due to the motion ofthe �o�-shell� neutron. The se
tions of the plot 
orrespond to di�erent re
oiling proton momenta:

ps = 300 MeV/c (a), ps = 340 MeV/c (b), ps = 460 MeV/c (
) and ps = 560 MeV/c (d). Thequantity plotted here is similar (but not identi
al) to the quantity F (s.i.) de�ned in the paper bySimula [6℄.also independent of the deuteron momentum distribution P (~ps); however, a

ording to somemodels [10℄, FSI e�e
ts 
ould be di�erent for di�erent x∗. This seems to be born out byFig. 9: While all PWIA models of o�-shell e�e
ts predi
t unity for the ratio at values of thelight 
one variable αs around 1, we �nd a strong suppression in the region up to αs ≈ 1.1(
orresponding to θpq around 90◦) where FSI are most pronoun
ed. This behavior 
ould beexplained within the FSI model of Ref. [10℄ whi
h predi
ts larger FSI e�e
ts for �nal stateswith a larger number of hadrons, leading to an in
rease of the denominator (
ross se
tionat small x∗, whi
h 
orresponds to large energy transfer to the unobserved �nal state).29



FIG. 9: (Color online) Ratio of the extra
ted �o�-shell� stru
ture fun
tion F2n at x = 0.55, Q2 = 2.8(GeV/
)2 to that at x = 0.25, Q2 = 1.8 (GeV/
)2, divided by the ratio of the free stru
ture fun
tionsat these kinemati
 points. The error bars are statisti
al only and the shaded band indi
ates theoverall systemati
 error. This plot is for similar (but not identi
al) kinemati
s as Fig. 6 in thepaper by Melnit
houk et al. [1℄.Beyond αs ≈ 1.1, the data still lie below unity (by about 17%) but appear fairly 
onstantwith αs. Although this suppression 
ould be interpreted as an o��shell e�e
t, the dataappear in
onsistent with some of the more dramati
 predi
tions of a steep fallo� for theratio at high αs (e.g., Ref. [2℄). The predi
tion for this ratio from the 6-quark 
lustermodel [4℄ varies between 0.7 and 1 at αs = 1.4 and is therefore 
ompatible with our result.On
e realisti
 
al
ulations in
luding FSI e�e
ts be
ome available for the kinemati
s of ourdata set, a more quantitative 
omparison with various models for the o��shell behavior ofthe stru
ture fun
tion F2(x
∗, Q2, ps) will be feasible. Su
h 
al
ulations are underway [40, 42℄.VII. SUMMARYTaking advantage of the large solid angle a

eptan
e of the CEBAF Large A

eptan
eSpe
trometer, a large amount of data (≈ 350K events) was 
olle
ted on the rea
tionD(e, e′ps)X in the exoti
 region of extreme ba
kward proton kinemati
s. The data rangefrom 1.2 to 5 (GeV/
)2 in momentum transfer Q2 and rea
h values of the missing mass ofthe unobserved �nal state W ∗ of up to 2.7 GeV. Protons with momentum ps as low as30



280 MeV/c and up to 700 MeV/c were dete
ted, at angles θpq relative to the dire
tion of themomentum transfer extending up to more than 140◦. In terms of the light 
one variables,the data span values of the light-
one fra
tion αs up to about 1.7, with a minimum protontransverse momentum relative to q̂ of 150 MeV/c and up to 600 MeV/c.Redu
ed 
ross se
tions were extra
ted as a fun
tion of W ∗ (or Bjorken�variable x∗) and
αT , ~pT (or cos θpq, ps), for two large bins in Q2, allowing us to test theoreti
al 
al
ulationsagainst the presented data. Comparison with a simple PWIA spe
tator model shows mod-erately good agreement in the kinemati
 region of lower momenta and cos θpq < −0.3. Forin
reasing �spe
tator� momenta ps > 0.3EG V/
 FSI and other non-PWIA e�e
ts be
omestrong, espe
ially in the region of proton s
attering angles cos θpq > −0.3. These e�e
tsseem to depend on the invariant mass W ∗; on the other hand, no strong dependen
e of thesee�e
ts on momentum transfer Q2 is observed. This behavior is in qualitative agreement withmodels [10, 41℄ that des
ribe the strength of FSI in terms of the number of hadrons in the�nal state X. The angular (θpq) and momentum (ps) dependen
e of the observed strengthin the 
ross se
tion in the quasi-elasti
 region (where X is a neutron in its ground state) arealso in good agreement with detailed 
al
ulations [40℄ showing a transition from destru
tiveinterferen
e below ps = 300 MeV/c to a strong enhan
ement at ps > 400 MeV/c around
cos θpq = 0.2 (see Fig. 6 and also Ref. [43℄).A depletion 
ompared to the PWIA model is observed in the data at cos θpq < −0.3 andfor high ps, where the stru
k neutron is far o� its mass shell. This redu
tion might be dueto nu
leon stru
ture modi�
ations. It is espe
ially apparent in the region of moderate x∗whi
h overlaps in part with the nu
leon resonan
e region. However, it is also possible thatour simple model predi
ts too mu
h strength in the deuteron momentum distribution atthese higher momenta. This would lead to an �apparent� depletion for all values of x∗ (or
W ∗), whi
h would be somewhat modi�ed by a remaining FSI�indu
ed enhan
ement at high
W ∗.Ultimately, our data will serve to 
onstrain detailed theoreti
al 
al
ulations, in
luding o�-shell and FSI e�e
ts. On
e these e�e
ts are well-understood at high spe
tator momenta, one
an safely extra
t the neutron stru
ture fun
tion at lower momenta where those 
orre
tionsare smaller and where their un
ertainty will not a�e
t the result. This method will be usedin the up
oming �BoNuS� experiment at Je�erson Lab. A statisti
ally improved data setwith mu
h larger kinemati
 
overage 
an be obtained on
e Je�erson Lab has been upgraded31
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