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Color Transparency in (e, e'p) and the The hypothesis of color transparency suggests that at hi&h q' the final-state 

Electroproduction of N· Resonances interactions of a proton in certain exclusive processes should become arbitrarily weak. 
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A hadronic pictur@ of color tranaparmcy JI dJacuII@d for the (e, t'p) reaction. It il 

arSUH that auch a picture leada naturally to conahainta on the 4·momentum tranlfer 

Q nec@lIar,. for the onlet of no'ft!l behavior In the measured Ad'fA of quasielaatic 

knockout at Imall milling momenta. It il allO luunted that the meuurem@nt of N· 

production at quuirree (e,e'p) kinematica Ja ulefuJ in dJaentangUng the Itat@ of th@ 

Itroclt ej@ctlle at the poilltor the initial hard procell from the diffractiTe excitation 

it. luJre,. u It pUlt!l through the nucl@ar meditml. 
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In the followin&, the quuielutic (e,e'p) reaction will be conlidered in the exclulive 

limit wbere the milling ener&y provided to the nuclear tar&et is much lesl tban the 

pion mus. Tbe notion, due to Brodsky and Mueller (1,2), is tbat tbe detection 

of a proton, in (e, e'p) for example, at lar&e q2 implies tbat it ori~nated hom a 

color-lin&let qqq Fock component of Imall transvene Ipatialsize and, hence, tbat the 

Aefr/A (N.D. Ae"/A is defined as the ratio of the nuclear to proton crosllections, 

such tbat Ad'/A = (/'A/AtT". ) "Iociated witb sucb a reaction would tend to one for 

increuingly large q2. H01fe'Yer, this limple quark picture, mot.iftted by perturbati'Ye 

QeD, makes no prediction u to what momentum transfers are necessary to oblene 

tllis phenomenon. It shall be ar&ued that the consideration of a badronic picture of 

color transparency, in consbut, offen some conltraint. 

In a hadronic picture (3,4), it is supposed that tbe bard process produces a 

luperposition or N· states of narrow transvene spatial size for lufficiently lar&e Q'. 

Each of the produced hadronic Itates will interact with the nuclear medium witb 

its UIUal cross-section, yet the superposition of Itates will interact weakly - in a 

way commensurate witb itl small transverle lile [5, 6) - if non-dil.8onal transitions, 

i.e., N .... N·(1440) etc., are allowed, as then the strong interactionl of eacb of 

tbe Itates in tl,e superpositiun may cancel. Such non-dil.8onal transitions are not 

inclu"ded in a Glauber treatment or tbe final'ltate interactions and are known .. 

Gribov corrections (7). Tbey were ori&illally disculled in the context of elutic hadron

deuterium scatterin& (7). For sufficiently large beam ener&ies, the incomin& hadron 

may be diffractively excited to a Itate h· upon interaction with a nucleon (without 

chan&ing the nuclear Itate); the difTractively excited h· may then convert back to 
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a ground state hadron in ita interaction with the lubsequent nucleon, ultimately 

reducing the total hadron-deuterium cross .edion at high energiel. The importance 

of this phenomenona in producing a quantitative understanding of the total neutron

deuterium crosslections hu been discussed by Murthy d III [8J. (For a general review 

of the role of Gribov correctionl in modifying the total hadron-nucieul crosl lection at 

high energies, see Ref. (91.) Thil pidure luggelts, then, that the ejectile in the (e, e'p) 

reaction may also luffer difl'ractive excitation in Us interactionl with the nuclear 

medium; consequently, the meuured Ad(', A may be distind from that predicted from 

Glauber th.-ory, even if the ejectile i. not produced in a Itate of Imall tranlverse Ipatial 

lize. Tlai. effed has been documented in model calculatiolls of color tranlparency in 

diffradive cbarmonium photoprodudion (10,11]. The experimental loal, then, il 

not only to measure the evolution of ACI',A with Q', but also to dilentangle the 

modification of the Itruck ejectile as a relult of Ule hard procell from itl diffractive 

excitation .. it pusel through the nuclear medium. To thil end, it il lugested that 

(e, e' N·) production Ihould be atudied in tbe lame experimental let-up u the (e, e'p) 

reaction. It is expected from model.tudies of cbarmowum that the behavior of A·,A 
(or N· production will be quite le'lsitive to the wavefunctioll o( the ejectile produced 

in the hard pro~~ss (10, 11). 

Here the kinematical constraints on the difl'radive excitation o( the knocked-out 

proton in ita interactionl with the medium and on N· production .. a result o( the 

initial bard procesl will be dilculsed. Theil' constraints are necellary, rather than 

lufficient, in nature. The impact of tbele constraintl on the propoled meuurements 

of color banlparency in (e,e'p) are examined, and, as a consequence, it il luggelted 

that a Q2 in excelS of 10 GeV2 il required in order to oblerve a non-trivial effed. 

The hadronic pidure dilcussed here relies on the notion that the hadronic buil 

il dual to the quark-parton one. Support certainly exists for luch an equivalence. For 
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example, Bloom and Gilman have observed tbat the resonance form fadors observed 

at low Q' can be averaged over a finUe range in :r so that the deep inelutic - large 

Q2 - structure functions are recovered (121. Nevertheless, the duality invoked bere 

must Itill be regarded as an ..sumption, albeit a reasonable one. 

n. CONSTRAINTS ON N· PRODUCTION 

Tbe kinematical constraints 011 diffractive excitation o( the struck ejedile and on 

N· production in the initial hard procell Ihall be examined in turn. To derive a 

constraint on difTractive excitation (13J, consider tlte procell 

N+A ...... N·+A, (1) 

where N is an initial hadron and A il a nueleul at rest. EnerIY-momentum conler

vation requires that the 4-momentum transfer q to the nucleul mUlt latisfy 

(PN - q). (PA + q) (AI~. - A/~) _ AI 
(2)EN + 2EN - A, 

where PN = (ENtPN), q = (11,9) (9' = -Q'], and pA = (MA'O). AlSuming the 

energy trallsfer II and the 3-momentum transfer tranaverse to ;N are zero, thi. CaD 

be inverted to yield 

= PN _ pN .11 _ 2(AI~. - A/~)
qL (3)

2 2~ p"" 
wbere qL is 'be magnitude o( the longitudinal 3-momentum transfer. EvidenUy, ,,}, 

mUlt exceed 2( AI~. - Af~) for the above exprelsion to be meaningful. For very larle 

nucleon momellta, Eq. 3 becomel 

(4) 

10 tltat the longitudinal momentum transfer ulociated with pbYlical N· production 

becomel arbitrarily Imall .. the projectile momentum increases. l'he ulumptionl of 
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Bero " and 9T means that the expression for qL ~iven in Eq. 3 is the 4-momentum 

difference between a physical diffractively produced N· and the initial nucleon. It is 

also the 4-momentum difference between a physical diJrractively produced N· and a 

virtual N· produced with the momentum of the initial nucleon. It is the production 

aDd propagation of the Jatter which pves rise to the quantum-mechanical interference 

effectl in the final-Itate interadionl necessary for color tranlparency. The magnitude 

of q£ can be used as an estimate of the "lifetime" of the virtual N·. In order to have 

an impact on the final'ltate interadi~ns, such a N· must neceslarily live lon~ enou~h 

in order to 'nt~rllct with another nudron in ils patll. Thus, 9£ must certainly be 

Imall enou~h tltat 

qL« AI.. , (5) 

where the typical nucl~n-nucleon leparation is ~iven by the ran~e of the one-pion 

exchan~e Corce. Thil constraint on qL can be readily translated into an exprellion for 

the formation len~th. Definin~ the formation len~th " u 1/9L it], one hu, then, 

the constraillt that " » I/AI.. , or, r01l~1tIy, that " » 1.4 fm. In this context, 

" is the liCetime of the diffractively excited N·. It should be emphuized that the 

con.traint represented by Eqs. 3 and 5 is a necessary one. Even if the Itruck ejedile 

were produced in a Itate of Imall tranlverse spatial size at low Q', Eq. 5 must be 

aatisfied in order for .uch an ejectile to interact "weakly". 

Now the constraint on N· production at the initial vertex .hall be examined. The 

role of N· re.onances in the hard process determine whether or not the initial ampli

tude may be oC small transverse size. It is, then, an independent constraint from that 

oC Eq. 5. For the purposel of arsumellt, the (e, t'p) reaction at the top of the proton's 

quuielutic peak il considered. To derive a cOllstraint, it is necelsary to compute the 

momentum difference between a physical N· resonance and a proton, usumin~ that 
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the Nand Ne emer~e in a paraUel direction. That momentum mismatch can then be 

used to estimate tbe lifetime of the Ne produced ill the liard procell. For the purpoles 

of color transparency, the final state Ne must be identica.l to the knocked-out proton. 

The momentum difference, then, of a phy.ical Ne and the knocked-out proton defines 

the exlent to which a Ne participatill~ in tile coherent luperpOlition of atates il off 

its mus-sllell. As a practical estimate of the Q' necessary for a particular N· to be 

produced alld propagate 10 as to have a finite ell'ed on the final-elate interadions, it 

.hall be required that 

Ac --, » 1.4 fm, (6) 
PN- - PN 

10 that the off-shell N· hu the possibility of rescatLerin~ to an out-~oin~ nucleon 

Itate upon interadion with a lubsequent nucleoli alon~ its path..Once again, the 

ran~e of tile one-pion excllan~e force lias been taken u a typical estimate of the 

nucleon-nucleon separation. 

To be~in, then, consider the invariant mus of the struck ejectile: W == (E, + 
", &+9), where the initial nucleoli in the nudeus has momentum &and ener~y E, = 

JAI~ + Ie'. (Nuclear bjndin~ corrections will be n~leded throu~hout this paper, as 

they are inessential to tile development of a constraint in Q'.) Applyin~ the kinematic 

condition at the top of the quuielutic peak, 2AIN" =Q' (N.B. Q' == 9' - ,,'), one 

hu 

"i' = M~ +2,,(E, - AIN) - 2& . q. (7) 

If the final particle is a proton, tlten Rq. 7 implies that &= O. However, if W' 1: AI]" 

then &is finite. ChOOlin~ "head-on" kinematics so that' . q = -leq implies that Ie 

must satisfy 

Ie =- (All,. - AI],) + (.;AI], + Ie' - AIN) 
(8)

2q Jl+~· 

6 



As 9 increases, the required Ie decreases to zero, so that arbitrarily large mass N· 'I 

can be produced in the Q' .... 00 limit. (For finiteQ', Eq. 8 also serves as a con

straint: only thole NUs whose production requires Ie < Ie, ......26 GeV Ic may be 

considered [14]. Numerically, however, this constraint il no more restrictive than 

Eq. 6.) The desired momentum difference can now be straightforwardly calculated. 

Exploiting energy-momentum conservation, along with Eq. 8, yields that the energy 

of the produced Ne must satisfy 

...... ,
2t,E". = 2t,E" + 211AI" + 2lei . Ie, - 21e, , (9) 

where tlte initial electron bas energy ti and momentum k., and the final electron has 

enersr t, 52 ti - II and momentum Ie; 52 '- - ,. Neglecting the mass of the electron 

and applying the quasielastic condition Q' =2M,,1I gives, finally, 

-- - - Q' 
!iI' + Ie' + - . (10)E". = V If " 2AI" 

If the knocked-out particle were a proton, tben its eneorgy would be given by Eq. 10 

with Ie = o. Consequently, the momentum difference of a Ne and a proton at quasifree 

kinematics is 

.fA/Jv + Ie' - AlN)' "11,. HI'J,)p"e - p" = X 1 + - -- - 1 - - , (11)( ( X X, X' 

with X == "I" + Q'/2Jf" and Ie Kiven by Eq. 8. For very large Q', this reduces to 

merely 

2M,,(MIt. - Aflt) 
p,,- - p" =::: (12)

Q' 

10 that the momenta can become arbitrarily close as Q' increases. For finite Q't 

it is possible to estimate the extent to wbich virtual N· production will affect the 

final-state interactions, through the use of Eq. 6. 
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The constraints for N· production and propagation derived above can now be 

discussed in the context of the existing experimental proposals which search for color 

transparency in the quasielastic (e, e'p) procell. 

m.IMPACT ON PROPOSED EXPERIMENTS 

Tables I and II show the kinematics for tile NE18 experiment at SLAC (15] and 

for the proposed follow-up experiment (16], as well as the quantities 6p,,- == p". - p" 

(Eq. 1J) and ,r- (Eq. 3) defined in tile previous section ror a selection of the low-lying 

N· resonances. One anticipates that several N· states must be allowed to participate 

in order to generate a large change ill tile final·state interactions. In the light of the 

constraints posed by Eqs. 5 ('L« AI,,) and 6 (fic/6p". » 1.4 fm), it is possible to 

evaluate the efficacy of these experiments in testing the color transparency hypothesis. 

Note that thf' N(17JO) lias been included, in addition to the two most low-lying N· 

resonances, as it is believed to be the second radial excitation of the nucleon. In 

~neral, the coherent mixing of the rudia.l excitations may cause the larKest alteration 

of the final-state interactions, as the wavefunctions of the successively radially excited 

nucleonic states are rather different. 

AI can be'! Ief!n, f'ven with the tried constraints ,r- < AI" and ficI6p". > 1.4 fm, 

that the role of the N(1440) and N(I710) is negligible for the kinematice of the NEl8 

experiment. Indeed, ti,e ~(1232) may I,IAY some role ollly at their ItiKhest Q' values. 

The production or the ~(1232) resonance is interpreted in the non-relativistic quark 

model as a "Ipin-flip" transition. The ~(1232)'s radial wavefunction differs slightly 

from that of nucleon's due to D-Ilate admixtures from color hyperfine forces, but 

this is a rather emall effect (17]. Consequently, it would seem that the evolution in 

AdIA with Q' in the NEl8 experiment due to color transparency effects should be 

essentially negligible. This conclusion CAn also be drawn for the kinematics of the Hall 
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C experiment proposed at CEBAF (18}. However, the situation loob much brighter 

for the NEl8 follow-up experimellt proposed at SLAC (16), as sltown in Table II, 

a then the N(1440) may participate coherently both in the hard process and in 

the final-.tate interadions. It must be emphasized, however, that Eq •. 5 and 6 are 

necessary, rather tban sufficient, constraints. The actual masnitude of the effect of 

color transparency on AdrIA for a particular Q2 must be calculated in the context of 

a dynamical model. In this resard, perbaps eyen higher Q2 values than those of the 

NE18 follow-up experiment will be required to .ee a .ignificant effect. 

IV. DISCUSSION 

In tltis paper, it ha been argued that "culor transparency" in the quasielastic 

knock-out of protons in the (e,e'p) readion at small milling momenta can be en

visaged as due to the produdion and propagation of a coherent superposition of N

felonances (3). In thi. regard, the constraints on N- produdion and propagation 

from kinematical considerations alolle (Eqs. 5 and 6) - have been deriyed and applied 

to the conditions of the proposed color transparency experiments. The conclusion is 

that the change in AdrIA with Q2 due to color transparency effects both in the NEl8 

experiment at SLAC and in the experiments proposed at CEDAF is probably negli. 

gible. However, the situation for the follow-up NEl8 experiment loob much better, 

and it i. urged that experiments be performed at Q2 .till higher than those proposed. 

The NE18 and CEBAF proposals were constructed as a result of early theoretical 

estimates of the color transparency phenomenon, which, in fact, indicated that Ael'lA 

could change by as much a 25% by a Q2 of 7 (GeV/c)2 [19,20). TlUs is obviously at 

odds with the conclusiuns of thi. work, and it i8 interesting to discull why these early 

calculations estimate a much larger effect. The calculation of Farrar d al.119, 20) uses 

a semi-classical expression to estimate the final·state interactions of an expanding 
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point.like object in the nuclear medium. They assume that the initial object at the 

point of the hard process is of .ize - l/Q2 for all Q2 and assume that the final-state 

interadions of such an object can be modellecl usiug the Glauber formula, presuming 

that the initial object undergoes a classical, monotonic expansion. Both a.umption. 

are suspect (indeed, .uch a treatment of tlte final·.tate iuteradions is not .upported by 

quantum-mechanical considerations(9-1I, 21]), and both would .eem to overestimate 

the transparency effed. However, the quantum medlanical calculation of Jennings 

and Miller [4} - the only .ucb published as yet for the (e, e'p) readion - also reports 

large effects in the Q2 < 10(GeVIc)2 regime - comparable to those of Farrar d al.. 

IIowever, given tlteir uncontrolled approximation to the multiple .cattering problem 

(see tlteir Eq. 38), it is difficult to see llOw their results can be ro~ust. There may 

be an additional difficulty in predicting tlte onset of transparency' with Q2. That 

is, Ule treahnt"nt of tile nucleus iLst"1f is quite crude in all existing calculations of 

transparency \4,10,11,19,20), so that the possible break-up of the nucleul upon 

diffradive excitation il not explicitly treated. Rather, the nudeul is modeled as a 

paslive object witlt a given deusity distrihution. Tltil simplication could certainly 

allow "sub-threshold" diffractive exci.tation, and, consequelltly, enhanced effects at 

low Q2. 

Unfortunately, then, no complete calculation of the (e,e'p) reaction at the Q' 

considered here has yet been performed. However, estimates of the at ruck ejectile 

liBe with Q' come from examining tIle Q2 fall-off of .imple model I for the 999 Fock 

component of tlte proton Corm fador (22), and these susged that the atruck ejectile 

will maintain its conyentional hadronic lize for Q2 up to Q2 ...... 10 - 30(GeVle)2. It 

should be emphasiBed, however, that even if Ule .buck ejedile does not attain a amall 

transverse IpatialsiBe at finite Q', the filial-state interactionl of a Itruck ejectile may 

still be modified from thOle of the traditional Glauber tbeory by Gribov correctionl 
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(10, HI. 
To the end of disentangling tile modification of tbe struck ejectile in tbe bard 

process witb Q2 from tbe diffractive excitation tbe proton may .uffer in its passage 

througb the nucleu., it is suggested tltat etudy be made of tbe A-dependence of tbe 

electroprodudion of tbe N· resonances - ~(1232), N(1440) (if possible!), etc. - witb 

Q'. (Note that AefI'/ A for N· produdion cao he formally defined u tbe ratio of tbe 

nuclear to proton produdion cross .edions; tbat is, Ae"/ A = (I'A-tN.(A-l)/A(I'p-.Na. 

However, wbat is important is tbe' A-dependence, tbat is, the coefficient Q in the 

parameteriBatian Aflft/A ex AG.) It is ta be empbasized that tllese meuurements 

ebould be performed at quasifree proton kinematics. Tltue, it is luggested that tbese 

(e,e'N·) measurements be performed in concert witb a measurement of (e,e',). Wby 

il thie ueeful1 Model calculations of the difl'ractive pbotoproduction of charmonium 

excited states indicatt' that the Adr/ A ulociated with tbese state. are very sensitive 

to tbe form of Ule wavefundion of tlte initial produced state (10,11]. For example, 

luppose tbe momentum trander were sufficient {or dilractive excitation to occur 

(Eq. 5), but tbat tbe initial wavefunction of tbe .truck ejectile bad essentially been 

unmodified by the hard procese. Then, it would be natural to imqine that tbe final

.tate interactions could produce more of a particular N· than had existed in tbe 

initial etate, eo that tbe Aeft / A for tbat N· could exceed one! On the otber band, if 

one were ahle to form an initial state of "point-like" transveree .ize at we,., large Q2, 

and tile momentum of tbe ejectile were sufficiellt for it to escape the nucleus witbout 

expanlion, then tbe Aeft/ A of the proton and its "sister" etate. would be comparable 

and close to 1. This would occur even tbough tbe nucleon excited Itates are generaUy 

of a larger spatial eize than tbe nucleon and, thus, possess - in isolation - a larger 

total crosl .edion in nuclear maUer. Conlt'quently, tbe meuurement of the (e, e' N·) 

reaction in tbe kinematics di.cussed can offer much insight into the physics of tbe 
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bard process and lubsequent final-state interactions at large Q2. 
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TABLES 

TABLE I. Longitudinal mom~ntum tran.rer qf- (Eq. 3) and 6PH- == PH- - PH (Eq. 11) 

in GeVIc (or the .6(1232), N(I,"O), and N(1710) relonancel (or the NE18 experiment. 

Q' (GeVIc)' ,_ (GeV) 'I (GeV) PN (GeVIc) lpN- (GeVIc) q£'- (GeVIc) 

7.0 	 &.1 1.4 4.6 .6(1232) -0.074 0.071 

N(1440) -0.14 0.13 

N(I710) -0.26 0.24 

6.0 	 4.1 1.4 3.& A(1232) -0.099 0.094 

N(1440} -0.19 0.18 

N(1710) -0.36 0.32 

3.0 	 3.0 1.4 2.4 A(1232) -0.1& 0.14 

N(1440) ·0.31 0.29 

N(I7l0) -0.60 0.57 

1.0 1.9 1.4 1.1 	 A(1232) -0.42 0.52 

TABLED. Lonsitudinal momentum tran.rer qr- (Eq. 3) and 'pH- == PH- - PH (Eq. II) 

in GeV Ic for the .6(1232}, N(I440}, and N( 1710) relonancel for the NE18 follow-up ex

periment. Both qr- aud the magnitude 16PN-1 are reported in column 8 AI, for thae 

kinematicI, the difference between theae quantiUe. il Ilegligible to the pred.loll quoted. 

The final column sinl IlpN-1 in. (ermil. 

Q' (GeVIc)' 'i (GeV) 'I (GeV) PH (GeVIc) 16pH-11l: q£'- (GeV Ic) IlpH-1 (lm) 

1&.0 21.0 13.0 8.9 .6(1232) 0.036 &.& 

N(I440) 0.068 2.9 

N(1710) 0.12 1.7 

12.0 	 18.3 11.9 7.3 .6(1232) 0.044 4.6 

N(1440) 0.083 2.4 

N(lnO) 0.14 1.4 

9.0 	 15.4 10.6 5.7 .6(1232) 0.057 3.& 

N(!440) 0.11 1.8 

N(1710) 0.19 1.1 

8.0 	 12.1 8.9 4.0 .6(1232) 0.081 2.• 

N(1440) 0.15 1.3 

N(1710) 0.27 0.72 
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