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We propose a hew method for studying properties of excited states of hadrons based on electroproduction of
baryon resonances from the deuteron. The measurement is capable of distinguishing between competing
models of a specific resonance by exploiting the sensitivity of the cross section to the radius and compositeness
of the resonances. These studies are made feasible, in part, by the strong hadronic reinteraction of the reso-
nance with the spectator neutron in specific kinematic situations. We establish our claims by studying the
reactiond[ e,e’S;,(1535)]N for Q>=1 Ge\?, where theS,; suffers a prominent final state interaction. Sen-
sitivity to the model is established by comparing numerical results obtained from a constituent quark model
and an effective chiral Lagrangian model of 8g . [S0556-28189)01410-7

PACS numbgs): 13.60.Rj, 14.20.Gk, 25.30.Rw

I. INTRODUCTION the averaged HamiltoniarH() of the system is determined

Characterizing the structure of hadrons in the nonperturPY the potential ¥) and its gradient {'V):
bative region of QCD is a fundamental issue for understand- _ 100 G
ing nuclear dynamics. One of the key windows for studies of (WIHTD) = (VI + 2Cr-VVD[ ). @D
low-energy QCD is the investigation of baryonic resonanceFrom the above equation, e.g., for the Coulomb potential,
properties. Both hadronic and electromagnetic interactionsne obtains{1/r)=mZa/n?, while for harmonic oscillator
off a free nucleon with excitation of a particular resonancepotential(r?)=(n+ 3)/mw. Heren is the principal quantum
state have been used to carry out such an investigbftom  number. The above examples illustrate that at least for cer-
recent review of this subject see R€f$,2)). tain types of potentials, excited states have larger radii than
In this paper, we address the problem of the investigatiorground states. Moreover, knowing the dependence of the ra-
of baryonic resonances by studying their electroproductiorglius on the quantum number of the excitation may allow one
from a deuteron, i.ed(e,e’R)N. Emphasis is to be given to to determine the interaction.
kinematics in which the dominant contribution arises when a  The issue of the radius of excited hadronic states is also
resonance produced on one of the nucle@ither the neu- crucial for understandmg the <_juallty between the' quark-
tron or the protoh undergoes a soft elastic rescattering offgluon and the hadronic descriptions of the strongly interact-
the other(spectator or recoilnucleon. As we will argue, N9 system. Indeed, several experimental observa}tlons, such
such experiments then offer the possibility of determining2S €A dependence of the coherent photoproductiod/df
the specific properties of the baryonic resonance that are nﬁgesons from nuclefi3], the energy dependence of the dif-

; : . . : active electroproduction of vector mesons with coherent
ESEEEE to ascertain by studying production off a Slnglenuclear recoill4,5], and coherent pion diffraction into two

One such property is the hadronic radius of the resonanc‘%;tS [6], indicate a reasonably broad distributihictuation

; . . . i the interaction cross section for color singlet objepiss-
a quantity that is crucial for understanding the dynamics gov’sibly indicating color transparency and color opacity phe-

erning its composite hadronic structure. Indeed, in a quanturnomena; see Reff7] for detaily. To saturate the sum rule for
mechanical potential picture, therial theoremshows that  the distribution of the cross section, one should assume a
significant probability for the cross section to be larger than
average. One of the ideas for realizing such large cross sec-
*Present address: Department of Physics, Florida Internationalons is to adopt larger sizes for hadronic resonances.
University, Miami, FL 33199. Also at Yerevan Physics Institute, ~ Another property of interest is the compositeness of the
Yerevan, 375036, Armenia. produced state—whether it be a single baryonic resonance or
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the superposition of multichannel meson-baryon componentson of pseudoscalar Goldstone bosons K, ) with octet
with a strong attraction that makes a resonancelike quasbkaryons (N,A,3,Z) have been derived from a®U(3) ef-
bound system. From the point of view of the production offective chiral LagrangiatECL), with QCD chiral symmetry
excited hadronic states from an isolated nucleon, it is diffioreaking due to nonvanishing up, down, and strange quark
cult to identify a signature to distinguish a single baryonicmasses. While solving a coupled-channel Sdhmger equa-
resonance from a multichannel meson_baryon System Whé[}pn with the above mentioned pOtentIals for the four-channel

some of the channels contain a strong attraction, thus imitagystem ofzN, 7N, KA, andK states with total isospig,
ing the resonancelike mass distribution. it was found in Refs[12,13 that the properties of the

However, we can gain a further handle on the physics i°11(1535) can be well described as &mwave superposition
the nucleon excited in the scattering process is struck insidf fttheste fourf ?:]atsg Morteover, ths _slfjr(ﬁg/ave_sttragtlvte .
a nucleus. In this case, the hadronic reinteractions of thieraction ot the system can bulld a quasibound state

excited nucleon with the spectator nucleons of the nucleug"th the characteristics of th&,,(1535). This approach

. . : aturally solves the problem of the large branching ratio of
can differ substantially, depending upon the structure of th o
excited nucleon. This is the main new idea that we are goin 11(1535) decay topN, showing it to be a consequence of

to establish and exploit to study the properties of the excite hzrfrt]rgln[gllchlig]l_mgrr?é tk;:g;l ?Qgtnlt\:]g h;?ggésrtitgsthgizthe

hadronic states. We will develop the reaction theory and ap511(1535) do hardly change in nuclei, as observed in the
ply it to the cases discussed above.

. o _ nuclear photoproduction a§ meson[35], is consistent with
To establish the sensitivity of the electroproduction reacyne EcL picture.

tion to the structure of the excited h_adron, we will consider  The CQM and ECL approaches described above repro-
the S;,(1535) in thed(e,e’ S;y)n reaction, where the neutron gyce fairly well the main features of th®,;(1535) reso-
will be detected as a spectator. The choice of$p£1535)  nance, but it seems that reactions involving only one nucleon
is suggested by several important characteristics of the reseannot distinguish between these two models. However,
nance. First, the production of th#;(1535) resonance is scattering on the deuteron provides the possibility of a dif-
easily calculated in any particular model, because thderent reaction mechanism, namely the soft rescattering of
S;1(1535) has a large cross section for the electromagnetithe S;; on the spectator nucleon. Thus, if one selects kine-
NN* transition and a relatively weak one for tiéN  matics in which the dominant contribution ti{e,e’S;j)n
—NN* transition. Second, th&,,(1535) has a largdl»  arises when the resonance produced from the proton rescat-
branching ratiolup to 55% [8], which makes it experimen- ters on th_e spectator neutron, one will subst_antially in_crease
tally easily detectable and distinguishable from other resothe sensitivity of the reaction to the hadronic properties of
nances with similar masses, such as Bhg(1526) and the theSi arr:d possibly provide a means to distinguish the two
S11(1680). Finally, we point out that the uniqueness ofaPproaches. _ _
S14(1535) is emphasized also through the “speed” fla., As an independent development, in RefE5] the quasi-

the dt/dW distribution, wherd is the scattering matrix and ~ €lasticd(e,e’N)N reaction was calculated within the gener-
W the total energywhere one finds no pronounced reso- alized eikonal approximatiofGEA). It was demonstrated

27 7 . that one can indeed identify specific kinematics for which the
hance peag%, which is seen for other conventional four-star dominant contribution comes from the rescattering of the
resonancegs].

: . - . knocked-out nucleon on the spectator nucleon. Such a con-

We will obtain predictions for the sensitivity of the iy, yion is provided at large transverse momenta of the spec-
d(e.e’Syn reaction to the hadronic structure of the ta1or nucleon with respect of the momenta of virtual photon.
S14(1535) from two basically different approaches, and incajculations in Ref[15] demonstrate that starting &2
each case we will identify the connection between the calcu=1 Ge\2 the eikonal approximation is well justified. This
lated cross section and the underlying model. In the firsppservation is in agreement with the theoretical analysis of
case, theS;;(1535) is represented as an excited baryonighe high-energy hadron-nucleus interactions, which had been
state whose structure is described in terms of quark constituhoroughly investigated in last decades. In its low-energy
ents. For the second, ti8,(1535) represents a strongly en- limit, with a transfered energy of 0.5 GeV, the GEA agrees
hanced structure in the amplitude of a four-channel mesonawithin 5—10 % with the results of the calculations of Ref.
baryon system with total isospi Our calculations are only [16]. In Ref.[16], the eikonal approximation was not used,
meant to be illustrative of the physics that can be studied imbut the contributions of a large number of partial wavas
the reaction, and our methods are easily extended to accono 8) were summed.
modate different models. In this paper, we will incorporate the GEA method into

Within the constituent quark modéCQM) classification, the CQM and ECL frameworks for describing t&g, and
the S;4(1535) belongs to th¢70,17]; supermultiplet and calculate thed(e,e’S;;)n reaction atQ?=1 Ge\2. The re-
represents ah=1 radial excitation of the nucledsee, e.g., sults of the CQM will demonstrate that for kinematics where
Ref. [1]). In a typical constituent-quark model with a har- the rescattering contribution to thi{e,e’S;,)n reaction is
monic oscillator ansatz for the interacting potentialg., dominant there is a substantial sensitivity to the hadronic size
Refs.[10,11]), the larger radial extension of tie=1 wave of the final state produced. Significantly different predictions
function means that the distribution of quarks in t8g ~ are made within the CQM as compared to the ECL approxi-
should be more spread out than the one for the nucleon. mation.

A second approach is based on the framework developed We first (in Sec. ) set up the kinematics and calcula-
in Refs.[12—-14, where effective potentials for the interac- tional procedure ford(e,e’S;;)n within the generalized
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eikonal approximation. The structure 8f;(1535) will then vE v %

. . . N* h N
be incorporated using the constituent quark model and the
chiral dynamics approach. In Sec. lll, the results of our nu- + X E !
merical estimates will be discussed. In Sec. IV, we will dis- 4
cuss a class of resonances that may be investigated in a sim N h N
lar way. Finally, in Sec. V we will summarize the paper. @ (b)

FIG. 1. Diagrams corresponding to the reactier-d—e’
Il. SETTING UP THE KINEMATICS +N* +N. Kinematics have been chosen in a way that suppresses
AND CROSS SECTION the contribution from theN* component of the deuteron ground

. . state wave function.
A. Kinematics

. B. Cross section of the reaction
The resonanc® may be selected in tha(e,e’R)n reac-

tion by fixing the four-momentung=(qq,q) transferred to In general, the differential cross section of thie,e’R)n
the struck nucleon by the virtual photon. One condition onreaction, where the momentum of the scattered electron and
the choice ofq is clearly that the mas®V of the produced Spectator nucleon are measured in the final state, can be rep-
hadronic state should equal the mass of the reson&nce resented as follows:
whose properties one wishes to explore. In terms,ofhe
do 2a E.
four-momentapy=(my,0) and ps=(Eg,ps) of the target :__67] W (5)
deuteron and the spectator nucleon respectively, the Wass dEédQedfﬂpS Q4 E. "*" '
state is
where a= 137, the four-momenta of the incoming and scat-
W2=(q+pg—Ps)®. (2 tered electrons are’=(E, ko) andk? = (E. k), respec-
) - tively, and »,,,= %Tr(Réy"Rey”) is the leptonic tensor. The
One may also be able to impose other helpful restrictions OB 5qronic tensor can be expressed through the electromag-

q using the phenomenology of baryon resonance productiofetic transition amplitude of the deuteré# as follows:
by virtual photons; this is discussed further in Sec. IV.

It is essential to our method to also control the kinematics
of the final state and require that the resonance be produced WM’VZE E FeFT, ©)
off a nucleon with small Fermi momentum. This requirement oo
is most important for identifying the rescattering of the pro-where we average over the initial and sum over the final spin
duced resonance, but the restriction will also allow us to usstates. It is convenient to express the cross section i3xq.
the well-established nonrelativistic deuteron wave functiorthrough the four invariant functionst, o, o1, andor
and may in some circumstances to be discussed further sups follows:
press the unwanted contributions of nearby resonances. 6 ,
One way to fix the kinematics corresponding to the pro- d®o _* EcK
duction of the resonance off a quasifree nucléalmost at dEédQed:"ps 2 Q%E(1—¢)
resy is to choosex=Q?/2mq, to be

X{or+e€o —€ecog2¢)orT

©) +e(et1)codP)or}), )

wheree=[1+ 2tarf(6./2)q?/Q2] ! and ¢ defines the azi-
whereQ?=—q?, and wheran andm are the masses of the muthal angle between thé,k.) and (k.,ps) planes. The
nucleon and the resonance, respectively. We must also résur invariant structure functions are defined as
quire that the light-cone momentum of the recoil nucleon
(fraction of the deuteron momentum carried by spectator

2_ 2
mg—m

x=1- —————
Q%+ mz—n?

A42a WX+ wY

oT— T
nucleon be near ong¢15], i.e., T K 2
_ 4ma g 2
Es pszwl (4) o= q_[WO,O_ Z%WO’q-f-(% Wq,q}’
m ' K Q2 q q
2 X, X __ Yy
The z axis is defined by the direction of virtual photap - _Amta W —w
Note, however, that we will require that the transverse mo- T K 2 '
mentum of the spectator hg,;<0.4 GeVk to ensure that
the dominant contribution arises from the rescattering dia- _4772a 2092 do 4y w0y
gram. Using this restriction on the Fermi momentum, one ITLT T ? EW TTWE ®

can also neglect any contribution from tN& component of
the deuteron ground state wave function and end up with th&hus, knowledge of the electromagnetic transition amplitude
set of diagrams presented in Fig. 1. F# will allow us to calculate all of the above structure func-
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tions and the differential cross section of Ef). To proceed, Fa=( 277)3’2zp(ps) AX(Q3?), (9)
we express=*=F4+F{ . Here, F4 describes a transition

amplitude within the impulse approximation when the reso-

nance produced on one nucleon does not experience any fuithere A“(Q2?) is the electromagnetigNN* transition am-

ther interactiorisee Fig. 1a)], andF{ describes the ampli- piitude andy is the nonrelativistic deuteron wave function
tude where additional rescattering of the electromagneticallyormalized ag|#|%(p)d3p=1.
produced hadronic system is taking pldsme Fig. 1b)].
Next we shall outline the calculation of th€ andF{ am- _ )
plitudes. 2. Rescattering amplitude
We next consider the rescattering amplitude of Figp),1

1. Impulse approximation where the hadronic systefh) produced in an electromag-

The scattering amplitude within the impulse approxima-netic scattering on one nucleon rescatters off the second
tion (IA) corresponds to the diagram of Figal, where the  spectator nucleon producing ti8; in the final state. Sup-
S;; produced by the electromagnetic interaction does not inpressing the spin indices, the rescattering amplitude can be

teract further with spectator nucleon represented as followsee, e.g., Ref§15,17):
|
1 AK(Q)T (pg, P ™M "(py,pg ,po) d*p
Fi=r= 2 — : T (10)
V2m W J [(pg—pg)?—mP+iel[pe®~m?+iel[(pi+ps—pe)®—mp+ie] i(2m)*
|
where,p; and ps are the momenta of the spectator nucleon thHN*N(pst_ pL) d3p!
in the intermediate and final state, respectivaly,is the X > - =y (12
; : N i 2mps,[pL,— Ps,H A+ie] (2m)°2
momentum of theS,; in the final state,I'(pq,ps) is the 2LPsz™ Msz
invariant vertex of the transitiod— pn into two off-mass
N NF N ) . where
shell nucleons, and are thehN— SN diffractive
transition amplitudes. All spin dependences of the target Es . P WZ—mﬁ
nucleons are included in the vertex factor. Herg2in arises A=(Es—m) o (Pst— pst)a + T (12)
z z z

from the normalization of the spectator nucleon wave func-

tion. USing a nonrelativistic deSCfiption of Fermi motion in whereW= pf2 defined according to E(qz) In the last part of
the deuteron allows us to evaluate the loop integral by takingq. (11) we used energy-momentum conservation to express

the residue over the spectator nucleon energy in the intermene propagator of the hadrohsproduced in the intermediate
diate state, i.e., we can replagp.’—m?+ie] *d°p. by  state as

—i(2m)[2E{~ —i(2)/2m. This is possible because, in this
case, there is only one nearby pole in the lower part of the (pst+ps— p;)z—mﬁ
pso complex plangsee for details Ref§15,17).

The calculation of the residue o, fixes the time order-
ing from the left to the right in diagram Fig(l). We intro-
duce the nonrelativistic deuteron wave function as

’ Ef ’ Pt
=2ps, Ps;— Pszt (Es—m) — —(psi— pst)_
Pz Pz

(Ps—pL)?  W2—m?

} ~ 2pfz[ péz_ PszT A]-

’ Fdﬁpn " 2pr 2pfz
#Pa=Ps) [(py—pL)2—m2+ie]y(2m)32m (13)
(with []¢(k)|?d®k=1). Performing the above integration we The fact that the energy transferred in the so—N*N
obtain rescattering is small compared to the total energy of the scat-
tered particles allows us to neglect the ternpg (
(2’77)3/2 —n")2/2 (n —n' 418m2p.— S A 2/ ith -
Fo—— D f AKQ?)¥(pl) P22, (~(Ps— PL)“/8m°pr,— (Ps— P&)*/2ps, with |ps
2m R —ps|~0.2 GeVk) as compared to the other contributions to
hN— N* N , 3, A. In the considered nonrelatistic region of the nucleon’s
f (P.Ps.Ps)  d7ps momenta in the deuteroi ~m.
[(pi+ps—pL)2—mi+ie] (2m)° We keep the termHE,—m)(E¢/p;,) because it does not
3 vanish with an increase of the projectile energy at fixed spec-
__ (27) z f AM(Q?)¢(pl) tator nucleon momentum. The termg(— p<,) (Ps¢/Ps,) van-
2 h n s ishes for the kinematics being considered, whgres nearly
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parallel to the momentum of virtual photon. The last term One gains a further simplification by neglecting the
proportional to (nﬁ* —mﬁ)/zpfZ takes into account the mini- charge exchange contribution in the soft rescattering ampli-
mal longitudinal momentum that needs to be transferred téude. Neglecting this is justified by the fact that the charge-
make a nondiagonai—N* transitions. Because this term €xchange amplitude is predominantly real due to its pion-
enters as an effective longitudinal momentum into the arguexchange nature. Thus, it will interfere mainly with the real
ment of the deuteron wave function it suppress the contribupart of the diffractiveN* N amplitude, which is<5% of the
tions of intermediate statéswith masses far fronmys . total cross sectiofisee discussion in Reff15]).

The fact that the soft scattering amplitude depends only The two approximations mentioned above will allow us to
weakly on the initial energy helps to simplify EqL1). Itis  factorize the electromagnetic amplitude Ff so that we
convenient to redefine the soft scattering amplitudefinally obtain
thHN n(pf ,pé ,ps)/prmethHN n(ps_ Dé), where (277)3/2 fN*NHN*N(k) d3k
fAN=N"n is now the soft scattering amplitude normalized Ff=— A%, (Q?) f P(ps—K)r— . 5
similarly to the elastic amplitude, which is in turn normal- 2 [k, +A+ie] (2m)
ized by the optical theorem IfN="N(k=0)=0o{%_\. (19

Then, introducing the transferred mometa& ps—ps,  Here
Eqg. (11) can be rewritten as

E N
A=(Eq—m) — — (P plo—
pfz

(277_)3/2
Fi=— 2 3 [ wlpa AR ! Pre
W2—mi,
th—PN*N(k) d3k +T+IFmR/(2pfz)a (16)

X - 3. (14

[ZletAtie] (2m) where the termil’'mg/(2p;,) accounts for the mass width of
. o the resonance produced in the intermediate disee, e.g.,
In EQ. (14),’ the oply quantlt_les to bez specified are the eIeC'Ref. [23]). The size of this correction decreases with increas-
tromagnetic transition ?mpl'tUd@ﬁ(Q ) and the softrescat- g energy, and in the high-energy limit the location of the
tering amplitudef™~N"N(p.—p!). Note that the result of pole will be again defined by the mass of the propagating
the integration bydk, in Eq. (14) is determined by both the resonance.
pole and the principal value contribution of the denominator |5 g, (15) fN*N=N"N s the small angle elastic scattering
U(=k+A+ie)=—imo(k,~A)+PL/(—k,+A). The pole  ampjitude, which can be represented in the fdgee, e.g.,
defines the eikonal contribution to the scattering amplituderef, [19]):
(for details see Refd.15,17). In next two subsections we
will discuss the constituent quark model and the chiral dy- ok N N(U%Uﬁi (i +a)e®?t, 17)
namic approach and perform the calculation of the impulse

approximation £7) and rescattering Ky) amplitudes i \hereo!® s the totalN* N scattering cross sectiob, de-

each of them. fines the slope factor of the elastic differential cross section,
and « accounts for the real part of the amplitude.

C. Predictions within CQM approach To construct the soft amplitudéN" N=N"N within the

Within the constituent quark model approach, we assum&QM framework, the idea is to exploit the fact that in gen-
that the intermediate states are either nuclgdhor anN*  €ral the small-angle elastioN scattering depends on the
resonance, whose structure is described by the CQM. Fufadius of the hadron in a characteristic fashion. In particular,
thermore, we neglect th&N—N*N transition amplitude the hadronic radii of the interacting particles are reldse,
compared to the amplitude of elashi* N— N* N scattering.  €-9., Refs[20-22) to the total scattering cross sectiofy
The relative suppression of the transition amplitude comas follows:
pared to the elastic amplitude is supported by experimental )
observation in Ref[18], which gives upper limit of such ot _tot (re)

. 1 ONN= ONN"—5— (18
suppression asryn_n*n/ OnENN* N~ 35- Another source <rﬁ,>
of suppression is our choice of kinematics in E8). Be-
cause this corresponds to the production ofN&nresonance and to the slope parameter
off a quasifree nucleon amxk< 1, the struck nucleokN) in
the initial state is highly virtual. The resulting phase change 1, )
in the amplitude is expAEZ), where according to Eq12) b~z ((ri) +{ri)), 19
AE%(mﬁ,* —m?)/2p;, accounts for the virtuality of the in-
termediate nucleon. Since this phase will contribute a longiappearing in Eq(17). It follows from Egs.(17), (18), and
tudinal component of momentum into the deuteron waveg19) that if we implement elasti&;;N scattering based on
function, one can estimate the suppression ashe well established characteristics of the nucleon we can
|4 (AE)|/|p(p~0)|. establish the spatial parameters of g resonance.
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One may now recall that within the CQM, the mean-tude[see text before Eq14)]. The quantityA;;, which ac-
square radius of a quark orbft?) scales roughly asi®  counts for the longitudinal momentum transfer is
+L+3/2, whereN is the number of radial nodes ahds the .
orbital angular momentum in the wave function. Thus, the f , Pre My —m;
spatial distribution of the quarks is quite sensitive to their Aij=(Es— m)@_(pﬂ_ pst)@ 2p;,
orbital excitation within the individual resonances.

To estimate the dependence of the reaction on the size afherem;=[ Vmy, (i) +k;+ Vmg(i) + k;]? is the off-shell in-
the hadrons in the CQM, it is first necessary to eliminate thevariant mass of the intermediate system. Accordingty,
dependence on the center-of-mass coordinate in the hadreaW is the mass of the final state hadronic system.
wave function. In the zero-order quark shell model of Ref. In Eq.(22), fN~IN(q) corresponds to the scattering of the
[10] this wave function is¥=¢(N,,L,,p) d(N,,L, ,\), initial correlated meson-baryon pair off the spectator
where p?=(r;—r,)%/2 and\?=(r,+r,—2r3)?/6 with r;,  nucleon to the final correlated meson-baryon pair in state
r,, andr; being the coordinates of the three constituentwith the spectator nucleon recoiling. The amplitude of such a
quarks. The quantitiedl, and L, represent the radial and scattering can be represented through the transition form fac-
orbital excitation quantum numbers. One then obtains théors S j(q) (see, e.g., Ref$24,25)) as follows:
following relation for the radius of the baryons in terms of o
the mean-square radii of the two independent harmonic os- ' N(k)=f"N(k)S j(ak) + PN(K)S j(—azk)
cillators:

(23

i [ d%k]
— MN L
(r2)=[(2Ny+L,+3/2)+ (2N, +L,+3/2)]bis, (20) +2f(2ﬁ)2f (ark—k")
2

where bf,. is the slope factor of the harmonic oscillator X fBN(ak+k")S j(k]), (24)
wave function of constituent quark. For the nucleoN, ()

=(0,0) for both sets of quantum numbers, aod,,) Wheréai=mg/(mg+my) anda,=my/(mg+my) (M and
—3b2,_. For theS,, one set of N,L)=(0,0) and the other B defines the meson and the baryon which belongs to the

hosc* . . . MN BN . . .
is (0,1). This givegr?,,)=4bZ,... Therefore, according to intermediatei statg f*" and f®" are the diffractive ampli
Egs.(18),(19), one obtains tudes qf the m_eson_-nucleon and baryon-nucleon s_mall angle
' e scattering, defined in the form of EQL7). TheS; j(q) is the
transition structure function of the meson-baryon system

4 7

oa"&,b):(go‘N‘J‘N,EbNN). (21) N
s,00= | drunulme 29

The coefficients on the right-hand side may be larger than

those given here, since the harmonic oscillator model mayyhere y,.(r) is meson-baryon wave function for chanigl

overestimate the effect of confinement. For a sufficientlyyhich can be expressddee, e.g.[26]) as follows:

sensitive experiment of the type we propose here, one should

be able to determine the extent to which B¢ resonance is

3 oy (I Tnilki
larger than a nucleon. b=+ f(d | i {1 Tnilki)

2m)° K2—124ie

(26)

D. Predictions within the ECL approach . .
It Wi PP Here, the on-mass shell momentum is defined as

Within the chiral SW3) dynamics approach, th®,; rep-
resents a superposition Nfr, N7z, AK, and3K states with » {W2—[mg(n)+my(n)]*H{W?—[mg(n) —my(n)]?}
total isospini [12]. One can therefore describe the interme- “n™— AW2 '
diate state of Fig. (b) by these four states, which then inter-

act with the spectator nucleon. Such a picture will corre-n Eq. (26) ¢' is the plane wave function for statendT,;

spond to the following rescattering amplitude in Eig): is thet matrix of then—i transition, which represents the
(232 solution of the coupled channel Lippmann-Schwinger equa-
Fi=— > f P(ps— K)AX(Q?) tion [12,13. In the calculations, we made the partial wave
2 i ' decomposition of the wave function in ER5) using the

FIN=IN () 43K relation (for any operato\) [27]:

X[kt Ay +ie] 2

(22)
(KAl =472 (21+1P(K' k(K [ATK), (27
wherei,j=(1—4) represent the four relevant meson-baryon

channels statedi7, N7, AK, and2K, respectively, and{*  retaining only theS:wave (=0) contribution. Such a restric-
are the amplitudes for the corresponding electromagnetigion is justified by the fact that E424) corresponds to small-
transitons yN—Nm,N»,AK,XK.  We take ZX; angle scattering, where the main contribution comes from
=3,[[d%;/(2m)%], with the 1/2/m?+p? term absent be- momentak<200 MeVk. Sinceq enters intoS; as a; X,
cause of the normalization used for the rescattering amplieven smaller momenta are relevant for the rescattering am-
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plitude. Finally we note that for both the electromagnetic 1.2

ampIitudeA{‘(QZ) and the matrixT,,; we use the calculation 11 — @
of Refs.[13,28. 1t
09
0.8 [

Ill. NUMERICAL ESTIMATES 07k

For the numerical results we present in this section, we 06
assume that the quantities measured are the momenta of the 05 F .
final electron and the spectator neutron. To assess to what 4 g="20""20" 60" 80 100 120 140 'lfio' 180
extent the hadronic structure 8f; is revealed in the rescat- By d‘*gf
tering processes, we must first ensure that the rescatterings; _
(amplitude F{/) dominates in the overall scattering ampli- 575 £
tude. For this purpose we will consider the kinematics close 25 ¢
to the condition described in Sec. Il A. Within this kinemat- 225 |

ics one considers the following ratio: 17§ 3
2 WG 15 E

g s VIV 125 F

~ o(Q%W,ps 28 ]

T 0A2W ey P S R S R S R
o (Q%,W,ps) 0 20 40 60 80 199
qu eg ]
where o is the differential cross section of E(p) that in-
cludes both impulse approximation and the rescattering am- FIG. 2. Dependence d® on the angle of the spectator nucleon
plitudesF4 andF{, respectively. The cross sectiofl cor- with respect to transferred momentum Solid lines, calculations
responds to the impulse approximation only. Because of thwhere rescattering amplitude f8, set asNN amplitude of elastic
destructive character of the interference between the impulsiattering. Dashed lineg;;N—S;;N amplitude calculated within
approximation and rescattering amplitudes above, the ratigQM. The dash-dotted_ curve corresponds to t_he calculations within
has a functional fornR~1—2(|Fan|/|Fa|2)+|Fb|2/|Fa|2. ECL approach, fomN final state. The curves ifg) cqrrespond to
As follows from Eq.(14), the deuteron wave function iaj the spectator _momentaps=20(2_l\/IeV/c and in (®) ps
) : =400 MeV/c. W=1.54 GeV andQ?=1 Ge\~.
enters asly(ps—q), compared taly(ps) in the impulse ap-
proximation of Eq.(9). Because of the different arguments
appearing in the deuteron wave function, by increagigg
one should in general expect a more dominant contributio
from F{ since it contains the loop integration with effective

fined according to Eq(21). Note that whereas our CQM
I;falculation predicts 15% more screening for the laiggrat
ps=200 MeV[c, it reveals more than 50% greater rescatter-
.- ing in the kinematics where double scattering dominates,
momental ps—q|<ps. p<=400 MeV/c. Thus, such an increase Bfwith the spec-

The analysis of Ref[15] demonstrates that the similar ta16r momentum could clearly indicate a large radius of the
ratio for quasielastici(e,e’N)N scattering exhibits a strong agonance.

dependence on the spectator nucleon momerymwith A qualitatively similar picture is obtained for the calcula-
the increase ops, R first decreases below oribecause of tion of R within ECL approach, only now the angular distri-
the dominant contribution from interference tedf,Fy|,  bution is somewhat broader because of the nondiagonal had-

usually called thescreeningeffect). Then it increases above ronic state contributions. This is because intermediate states
one as thedouble scatteringcontribution |F |2 becomes with different mass contribute with different longitudinal
dominant. momentum transfer due to the term(m?—m?)/2py, in Eq.

In Fig. 2 we demonstrate the dependenc®eh 65, the  (23).
polar angle of the spectator nucleon with respect to the mo- A general feature of th® is that atps<300 MeV/c the
mentum of the virtual photon. We fiQ?=1 GeV¥, W screening effects are dominating in E88), thusR<1, and
=1.54 GeV and choose two characteristic values for the moat p,, =300 MeV/c the dominant character of the double
menta ps (200 MeV/c and 400 MeVt), where, respec- scatterings makeR>1. Such a trend suggests that one can
tively, the screening and double scattering terms are impofintroduce another ratiR,, , which corresponds to the ratio of
tant. Note that the minimum in Fig(& and the maximumin  the cross section measured saypat400 MeV/c to the
Fig. 2b) correspond to the value ofand Es—ps)/m de-  cross section measured @~ 200 MeV/c:
fined by the conditions of Eq$3) and(4), which ensures the
maximal contribution from rescattering amplituéi¢ [Fig. (pe~400 MeVic)
1(b)]. S ) Ry (Ps1,Ps2) = — .

The solid line in Fig. 2 corresponds to the calculation o(ps~200 MeVlc)
within the CQM, where we assume that the hadronic size of
the S;4 is the same as for the nucleon. The dashed line alsBecause of the different trends of the prediction at the two
corresponds to the calculation within the CQM model, butkinematic ranges, this ratio becomes more sensitive to the
the radius of theS;, is described using the relation of Eg. hadronic structure of the reinteraction than each cross section
(20) with the parameters of the rescattering amplitude dedoes separately.

(29
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FIG. 3. Dependence &®, (normalized byR,, calculated within FIG. 4. Dependence of transverse cross section of

; ; .
IA) on the angle of the spectator nucleon with respect to transferrea[e’e (7N)IN scatterln.g, on the mass of the produced hadronic
momentumq. The kinematics and definition of the curves are theStateW’ calculated within ECL approach. Different curves corre-
same as in Fig. 2 spond to different values of spectator nucleon transverse momenta

ps: at fixed Es—psy)/Mm=1. The solid curve corresponds to the
In Fig. 3 we represent the angular dependence oPs=0; dashed curve,ps;=200 MeVic; dotted curve, ps
R,(ps1,Ps2) Normalized b)R(ro calculated fopg; =400 and =300 MeV/c; and dash-dotted curv@s;=400 MeV/c.

ps>=200 MeV/c. As follows from this figure, the CQM pre- .

dictions corresponding to the larger resonance radius of Eq&10re absorption gs<200 MeV/c). Thus these two effects -

(20) and (21) differ by a factor of 2 from those correspond- tend to cancel each other, and the resulting distribution is

ing to an S;; whose radius has been taken equal to thd®SS affected by the final state interaction. _

nucleon radius. For kinematics where double scattering dominates, both
Next, we will consider another measurable characteristi¢he real and the imaginary parts of the rescattering amplitude

which could be complementary to that given above. This igVork in the same direction, to broaden tWédistribution.

the W dependencémass distributionof the cross section at Here one observes a substantial broadening of the mass dis-

fixed (Eq— ps,)/m=1 [Eq. (4)] and different values ops. tribution. Such a broadening is the essential signature of the
Within the ECL approach, where tiy; represents the COMPposite nature of the resonance.
superposition of four meson-baryon isosgirstates, one ex- Figure 5 presents the analogous dependence of

pects a larger contribution of the higher-mass intermediat€ ol d(€.€’ 7p)n]=4m(or+e€0y) calculated within the
states in the rescattering amplitudes with an increase/of CQM approach. For the calculation of the electromagnetic
Specifically, as follows from Eq23), with an increase ofy,  transition part of the cross sectiorf N—Nz, we used the
the contribution of the more massiveA andK3 interme- ~ Parameterization oro(y* p—p7) from Refs.[29]. As in
diate states will be the least suppressed by the longitudind® case of Fig. 4, the calculations were done Gt
momentum. As a result, one may expect that the final state 1 GeV* for fixed (Es—ps)/m=1 and different values of
interaction will grow with increase oiv. Pst-

In Fig. 4 we present theW dependence of the As follows from Eq;.(15) apd(lG), the W dependence of
or[d(e,e’ »p)n] cross section calculated according to Eq.the 2':5' amplitude is mainly due to the termW}
(8) within the ECL approach. The cross sections are normal—My.)/2p;,. Because the kinematics was chosen wi (
ized by the square of the deuteron wave funcligp(ps)|? —Ppsy/M=1, such dependence will suppress the FSI ampli-
and by values oR calculated atW=1.54 GeV. The calcu- tude atW>myx (W<myx). Thus one would have less FSI
lations are done a?=1 Ge\? for fixed (Es—ps,)/m=1 in the tails of thew distribution. Note that becaugg, grows
and for different values gb;. The figure shows little defor- with W, some additional’v dependence comes from the term
mation of the mass distribution for kinematics where theiI'mg/(2ps,), which will slightly shift the maximum of the
rescattering results from the screening effe@t ps,  FSI to largerW.
<200 MeV/c). This reflects the fact that while the real part  Because of the suppressed FSI in the tail\bdlistribu-
of the rescattering amplitude makes th& distribution tion, one observes a broadening of the overétiistribution
broader, the increased contribution of the intermediatdor kinematics where the FSI results from screenimg, (
masses into the imaginary part of the rescattering amplitude=0.2 GeVkt) compared to th&V distribution within the IA.
results in a sharpening of the/ distribution (because of However, for the kinematics of double scatterings;
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= 16 T Whereas we have discussed the size determination only in
2 1 , the context of theS;;, extending the study to other reso-
E1al 7 nances is straightforward within the same theoretical frame-
work. The extent to which an experimental study would be
feasible for other resonances will depend on the rates, which
in turn will depend upon the magnitude of the coupling of
the photons to the baryon resonances in question, and the
size of the theoretical background amplitudes fdiN
—NN* and charge-exchange amplitudes. An examination of
the data on resonance productidr8] shows that the same
upper limit applies for all other baryon resonances studied as
it does to theS;4(1535). The nondiagonal transition cross
section will be even more suppressed for the higher-mass
baryon resonances than it is for t8g(1535) because of the
larger value ofAE discussed in Sec. Il C.
4L We discussed in Sec. Il several ways to use the kinemat-
[ ics[e.qg.,q, orx according to Eq(3)] for selecting the baryon
1.5 1.52 1.54 156 158 1.6 1.62 1.64 1.66 1.68 resonance whose structure we are interested in studying. Ad-
WIGeV] ditional experimental constraints are desirable, e.g., when
FIG. 5. Dependence of total cross sectiog=4m(o+ec,)  (Nere are multiple numbers of resonances in the same region
of d[e,e’(7p)]n scattering, on the mass of the produced hadronicof Q® and qo as in the case of th&;,(1535), where the
stateW, calculated within the CQM approach. Different curves cor- D13(1520) and theN* (1680) lie nearby in energy. Many
respond to different values of spectator nucleon transverse momenpossible filters of the type required exist. For example, con-
ps: at fixed Es—ps)/m=1. The solid curve corresponds to the sideration of the electromagnetic form factor shows that re-
Ps=0; dashed curve, p;=200 MeV/c; dotted curve, ps;  quiring Q?=1 Ge\? tends to emphasize ti#,(1535) over
=300 MeVic; and dash-dotted curveg;=400 MeVic. the D;5(1520) [2] in the resonance production. The
S,1(1535) may be separated from these in the final state
=0.3 GeVk where the FSI becomes dominant, ielepen-  using the fact that this resonance has a relatively large
dence of the FSI has the opposite effect on the ovéhall pranching ratio fory meson decay. Additionally, in certain
dependence of the cross section compared to the IA contriinematic regions specific resonances will be suppressed by
bution. ] . choices made in Eqg3) and (4). For example, in regions
Comparing Figs. 4 and 5, one concludes that\Wele-  \yhere the light-cone momentum of the spectator is close to
pendence of the FSI is opposite within the ECL and COM. ity “the contribution of theN* (1680) will be suppressed
Within the ECL, at largew one has a larger FSI because of because of the larger Fermi momentum that can be shown to

the increased contribution of the large mass intermediat . * . .
states. On the other hand, within the CQM, the FSl is smalle?;) ;q;|r3i;%gr&ﬁu (1680) at giver [defined by Eq.
R"\‘ .

at largerW because of the larger longitudinal momentum ) _
transf%r entering into the FSI a?nplitudg. Note that this sen- BECaUSe th® 5 s favored for the smalle@® values, this
sitivity of the FSI onW will be suppressed with an increase '€Sonance may thus be selected by chang¥ig Like the

of Q2 (p;,). The suppression will be more pronouncedsll- theD3is a_negatlve parity resonance and_corresponds
within the CQM, since theWw dependence is determined 0 @ quark excited up by one shell. In the simple quark
mainly by the factorA of Eq. (16). model, we would therefore expect the spatial distribution of
quarks to be similar to that of th®,;, and hence the behav-
ior of the reaction cross sectial{e,e’ D3)n should be simi-

lar to that of theS;;.

Class of the resonances which can be investigated by The Agz; resonance would be another interesting case,
similar reactions.From the discussion of the previous sec-since in the simple quark model all three quarks are in
tion, we see that the radius of a baryon resonance, whickwave orbits. Thus, in contrast to ti$g;, the spatial distri-
scales sensitively according to the orbital quantum numberbution of the quarks in thé s3 is expected to be more com-
of the quarks in it in a definite modét.g., that of Ref[10]), pact. Its reactiond(e,e’ Aszg)n should therefore show less
bears a rather straightforward relationship to the quantunpronounced final state interactions than ®g, behaving
numbers of the resonance itself. Since the electroproductiomore similarly to the nucleon. ThA;; should be easy to
of a baryon resonance in the type of experiment we study isletect and analyze since it is a strongly excited, isolated
sensitive to its mean-square radius, and since there is a riglesonance.
variety of such baryon resonances with various quantum Another case of interest would be the positive parity
numbers, the opportunity arises to determine experimentall¥,5(1680). In the simple quark model, this resonance in-
whether a scaling relationship based on these simple ideamlves the promotion of one quark two shells @], and
describes the structure of the baryon resonances. thus the increase in the quark spatial distribution would be

12 B

10

IV. FURTHER PROBLEMS THAT CAN BE ADDRESSED
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even more dramatic than in the case of $y¢ or D,3. We V. SUMMARY

find for this resonance that N )= (5/3s thfl)tN*‘”a)NN_)' We have proposed a new method for the investigation of
Thus, the interference of the rescattering diagram with theycited states of quarks based on the,e’'R)N reaction,
impulse approximation amplitude may have a very pro-where the spectator nucledhis detected in a special kine-
nounced signature. Because of the existence of other resmatics that allows substantial reinteraction of the electro-
nances in the same energy regimuch as thed,5(1675)], magnetically produced hadronic system with the spectator
the F,;5 may be more difficult to separate from the back-nucleon. Our results have been established by considering
ground, requiring additional information, perhaps with polar-the special case of thi(e,e’ Sy;)n reaction. N

ized measurements. However, fg resonance is known to ~ 1hese reactions were shown to be very sensitive to the
be strongly excited with increasir@? out to at least 3 Ge¥/ hadronic radius of the resonance. Measurements such as the

LS : . . ratio of the cross sections measured at different values of
[2], so '.t IS an attractlve ca ”d'd?te? for study using Fhese Sa.mgpectator momenta can yield as much as a factor of 2 differ-
theoretical techniques. Finally, it is worth mentioning that in

. ; . ence for the CQM models calculated using different assump-
case of the production of states with>0 andS>1/2, it jons for the spatial distribution of the quarks in the reso-

would be interesting to try to observe spin effects in thenance. In one case we assumed that the size of the resonance
rescatterings. In this case, the resonances produced should\h&s equal to the nucleon size and in another that it scales
polarized due to the FSI, because of the different color sepaaccording to relations suggested by the harmonic oscillator
rations for stategprojection$ with different helicities(see  wave function of its constituent quarks.
Ref.[30]). Next we studied the sensitivity of the{e,e’S;;)N reac-
Relations to other nuclear effects.is worth noting that  tions to the composite nature of the produced resonance. We
the size of resonances as suggested here is an important c@pplied here the ECL approach to describe $eas a su-
sideration for the interpretation of other reactions such agerposition of multichannel meson-baryon wave functions
electroproductiorf31] and pion scatteringi32] from nuclei ~ With total isospinz. As compared to the CQM approxima-
in the GeV range of energies, where resonance excitation #0n, the ECL approach predicts a qualitatively different pic-
important. To unambiguously interpret such experimentsture for the interaction, in that the rescatterings now depend
one would like to know, say from geometrical consider-9On the relative contribution of the different channels in the

ations, whether the quark distributions of resonances prohtérmediate state. In particular, one consequence of the
duced in the interior of nuclei significantly overlap those of pomg%csne nafure Of_thf resohnance within the E(f:t apgroach
the nucleons of the nucleus. This has a bearing on whethds @ different pattermln act, the opposite patte)m). road-

the resonances can be treated as quasiparticle excitatioring for the mass distribution due to final state interactions.

. . To summarize, the results of the analysis given here sug-
The A3 is an example of a resonance believed to propagate :
N ) . o . ests that the electroproduction of baryon resonances on the
as a quasiparticle, and its medium-modified mass and width

euteron can provide a sensitive measure of the hadronic
LT i )broperties of resonances. This can be achieved by using spe-
data[33]. The situation is less clear for higher-mass reso<s| inematics where the dominant contribution of the reac-
nances. However, theoretical analysis of higher energy piofon comes from the hadronic reinteraction amplitude. Note
scattering data with such a quasiparticle assumption showat such an experiment might be carried out at TINAF for
that significant medium effects occur for the more massivghe case of théS;, resonance, for which the theory and nu-

resonances as wefi4]. merical results are worked out in this paper.
With respect to the quasiparticle assumption, an important
property that can be studied in the reactions considered in ACKNOWLEDGMENTS
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