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Helicity asymmetry for proton emission from polarized electrons in the eikonal regime
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The nuclear response to longitudinally polarized electrons, detected in coincidence with out-of-plane high-
energy protons, is discussed in a simple model where the ejectile wave function is approximated as a plane
wave with a complex wave vector. This choice is equivalent to solving the problem of final-state interactions
(FSI) in homogeneous nuclear matter, as the residual nucleus can be described to a first approximation when
dealing with very fast emitted protons. The main advantage of the present method is that in the framework of
the distorted-wave impulse approximation at the one-photon exchange level it allows for an analytical deriva-
tion of all the components of the nuclear response, including the so-called fifth structure fuij¢tiomich is
very sensitive to FSI. The imaginary part of the complex wave vector produces purely geometrical FSI effects
and, consequently, breaks the symmetry of the cross section with respect to the incoming electron helicity.
Inspection of every single contribution in the analytical formulas, here considered up to the fourth order in the
nonrelativistic reduction in powers of the inverse nucleon mass, allows for a detailed study of the role of each
elementary reaction mechanism. In particular, cancellations among the leading contributions determine the
very small absolute size df,, and produce a nontrivial asymptotic scaling of the related helicity asymmetry
for large values of the momentum transfE80556-28187)01608-1

PACS numbgs): 25.30.Rw, 25.30.Dh, 11.80.Fv, 24.7%

[. INTRODUCTION plitudes, most of which are usually very small and otherwise
hidden in the unpolarized ca$8]. In electroproduction of
Nuclear reactions induced by electromagnetic probes argions the fifth structure function may provide a key observ-
well known to represent a powerful tool to investigate theable for the isolation of the resonating channel in the
properties of nuclear structure, because the whole target voN— A transition, corresponding to a quadrupole deformed
ume can be explored and the electromagnetic interactiofXcitation ofA™(1232)[9]. Also in inclusive electron scat-
with the external probe is well described by the theory oftering from polarized targets the helicity asymmetry is
quantum electrodynamid€ED) [1-3]. In the case of elec- needed to access observables like the neutron form factor
tron scattering, the additional ability of independently vary-[10] or the spin-dependent nucleon structure functidr.
ing energy and momentum transferred to the target, as well Here, the completely exclusive qua&elashace( p) reac-
as having high-quality beams with large duty factors deliv-tion on nuclear targets will be considered. The fifth structure
ered by modern electron accelerators, allows for a detailefunction is then given by the interference between the direct
mapping of the nuclear response over very different kineknockout and the rescattering channels and is therefore
matical conditiong4]. highly sensitive to final-state interactiof8SI) between the
The power of this tool can be better exploited by requiringoutgoing proton and the residual nucleus. This issue has be-
exclusive measurements as in the caseepé’(p) reactions, come crucial at the nedCEBAF) and plannedELFE [12])
where the proton is detected in coincidence with the finahigh-energy electron accelerators, where experiments with
electron and, when possible, for a specific energy range coelectromagnetic probes at momentum transfers beyond 1
responding to a well-defined quantum state of the residuakeVic [in particular €,e’'p) reactions[13—-15] are ex-
nucleus. The richness of the structure of the theoretical crogsected to shed some light on exotic phenomena predicted by
section indicates that under suitable kinematical conditions iperturbative quantum chromodynamigg)CD), such as for
is possible to disentangle observables which are selectivelgxample, color transparend¢ZT). In fact, the experimental
sensitive to certain ingredients of the theoretical mdde]. signal is predicted to be very small in this energy domain and
Additionally, if polarization observables can be measureda reliable model for FSl is needed to verify the CT prediction
it is, in principle, possible to determine all the independenf16-18.
scattering amplitudegs]. However, this experimentally for- In the present literature the most popular and widely
midable goal is far from being achieved. More simply, if just adopted approach is the Glauber metljté], which has a
the electron beam is polarized, it is possible to isolate théong well-established tradition of successful results in the
so-called fifth structure function, which is generated by thefield of high-energy proton-nucleus elastic scatterjag].
interference between two or more reaction channels with difDespite the high-energy regime to which it is applied, this
ferent competing phasd®,7]. Measurements of the corre- method is developed in a completely nonrelativistic formal-
sponding cross-section asymmetry with respect to electroism within the eikonal approximation. Because for a fastly
helicity can be used to explore the interfering reaction amimoving object the nuclear density can be considered roughly
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YA transferred to the target nucleus, respectively. The cross sec-
tion is explicitly separated into a helicity-dependent tekm
and the helicity-independent unpolarized cross sechon
The tensolp,,  depends only on the properties of the elec-
tromagnetic vertex and its components are completely deter-
mined by QED[2,3]. The tensoff,,  contains all the infor-
mation about the target, in particular about the longitudinal
(A=0) and transversen(= =1) components of the nuclear
z response with respect to the polarization of the virtual photon
exchanged. It is given as a bilinear product of matrix ele-
ments of the different helicity components of the nuclear
current, which describe the transition from the initial to the
final hadronic states. Therefore, in principle, it involves
many-body matrix elements. However, in the projection op-
FIG. 1. The kinematics for the one-nucleon knockout processrator approacf22] and within the framework of DWIA it is
from a polarized electron beam. possible to project out of the total Hilbert space a suitable
channel where the matrix elements, usually called spectro-
constant inside all the nuclear volume but for the small parscopic amplitudes, are written in a one-body representation
corresponding to the surface, the eikonal wave function ofs[4]
the ejectile can be approximated by a damped plane wave,
which corresponds to the solution of a Sdllirger equation J"l, , (q):J drdoe® Y, * (r,0)
inside homogeneous nuclear matter. In fact, in a previous mimss s
paper[21] the angular distribution of emitted protons with £ '
outgoing energy beyond the inelastic threshold and with ini- X(QE ) Potjms(1, ). @

tially bound momentum below the Fermi surface has beefrhey describe the knockout of a nucleon leaving a hole with
shown to be well reproduced by actually assuming a planguantum numbersnjm,s) and propagating across the re-
wave for the final nucleon state with an additional dampinggjqual nucleus with the scattering wave functigﬁ), N
Therefore, in the following the scattering wave function will being the final(detectedl spin. The normalization of the

be represented as a plane wave with a complex wave vectqfong states is the spectroscopic factor, which measures
whose imaginary part produces a constant damping. Consgse probability that the residual nucleus can indeed be con-
quently, in the framework of the distorted-wave impulse ap-sidered as a pure hole generated in the target nucleus by the
proximation(DWIA) at the one-photon exchange level ana-knockout process. The boundary conditions for the scattering
lytical formulas can be derived for all the components of theqye XS) are such that each incoming partial wave coin-

nuclear response. Moreover, the presence of a damping {flges asymptotically with the corresponding component of

the outgoing plane wave produces a FSI effect of purélfhe plane wave associated with the outgoing proton momen-

geometrical nature and generates an asymmetry of the crogsm p’ and spins’.

section with respect to the helicity of the electron beam. The amount of é,e’'p) data presently available can be
After a short review on the general formalisi8ec. 1), explained within the DWIA by adopting fow, y(~) the so-

analytical formulas for the fifth structure function and the ytions of eigenvalue problems with phenomenological,

typical kinematics above the inelastic threshold will then b?of the Woods-Saxon typ4]. The current operatod, is

(Usually approximated by a nonrelativistic expansion in pow-
ers of the inverse nucleon mass by means of the Foldy-
Wouthuysen canonical transformatip23]. In terms of its

contravariant coordinatel‘= (p,J), it is given up to fourth
Il. GENERAL FORMALISM order by[24]

Y

for large momentum transfdSec. I\V). Finally, some con-
clusions will be outlinedSec. V).

The differential cross section for the scattering of a polar- pO=F, pM=0,
ized electron, with helicityh and initial (final) momentum
Pe (Pe), Off a nuclear target from which a nucleon is ejected @ 1 . @)
with final momentump’, can be written in the one-photon P~ =~ grz(F1+2kF2)(Q°+2ie-pxa), p~'=0,
exchange approximation 4]

do, et 1 p“EW(%ﬁKFz [(p+a)?+p*)(Q*+2ie-pXq)

dpidp’ 872 m(ﬂoofoﬁ p1if11t porforcosa " .
+p1_1f11€0820+ hpg,f §isina) + 3gam? Pl (2p+ Q) a1+ 2o Fal (p+a)+p?]
=3 +hA, () X (g?+2io-pXxq),

[ -of- i 2=0°—w? F Fi+«F
where« is the out-of-plane anglésee Fig. 1, Q=g —w 10=g, 3 =ﬁ(2p+Q)+ 12m 2io-><q,

andq=pe—Ps, ®=Pe— P, are the momentum and energy
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F,+2kF, do,—do_ A

(2)_ _gxTH0-_2
J —82—|w0><(2|0+CI) A do,7do. 3 (6)

1 because the systematic uncertainties in all the spectrometer
J@) = W{ZFl[(prq)er p?]+ kF,Q% efficiencies, target thickness, charge collection, cancel in the
ratio[8]. FSI can break the symmetry when flipping the elec-
kF,. tron helicity h or, equivalently, when reaction products are
~gme @ (2p+a)pxa, scattered above or below the scattering plane for a given
The different path followed on the way out of the nucleus
makes outgoing protons have different rescatterings with the
iwox (2p+q)[(p+q)2+p?] residual nucleus and, consequently, produces a phase differ-
ence with respect to the channel where they are knocked out
17 directly as free particles. Therefore, at variance with what
+ WFlw[(p+q)2+ p2l[g+iox(2p+q)] happens in the case o€’) where the asymmetry arises
from a parity violating interaction, her& can be generated
15 for simple geometrical arguments just by the modification of
+ WFW(ZP'*‘Q)-Q(ZP‘*‘Q‘FWX a), (3)  the plane wave of the final protons.

J@A =

+KF2

16m*| 24

where m,« are the proton mass and anomalous magnetic Il A SIMPLE MODEL: ANALYTICAL FORMULAS
moment, respectively, arfd, ,F, are the Dirac, Pauli proton FOR fyn/

form factors For the sake of simplicity, we will consider proton knock-

out from thes3 shell. No effects will then be produced by the

Q2 in-orbit int tion in the final state, but rather f FSI
2 2 2 spin-orbit interaction in the final state, but rather from
FuQ)=| 1+ _2) [ Ce(QI* 7 GM(Q ) based on the simple geometrical arguments mentioned in the
previous section.
Q2 In PWIA the scattering amplitude for the knockout from
kFo(Q?)=| 1+ 4—2) [Gm(Q?)—Ge(Q)], (4  thesk shell in configuration space reads
with Gg,Gy parametrized as in Ref25]. Jém/2>oys<q)=2 J drdoe®Te P’ T, <
If the electron beam is polarized, the fifth structure func- s

tion f(; enters the cross section as described in(Egand is ~a
given by the following bilinear product of scattering ampli- X (|91, 0)8)Rooarz) (1) Yod £2r)
tudes[4]: (7)

2q - and in momentum space it becomes

=g > (I3ms|jm)( 3ms[jm;)
s'msms

xim{3°,. ,JI*——30 3 1 (g

nljm;s’s“nljm;s’s nljm;s’s“nljm;s’s

‘])(\)0(1/2)Os’s(q) = Z f dpdod(p'—p—q)
S

. i ) ) X 5s'E<E|j>\(q,P,U)|S>R00(1/2)(P)Yoo(9p)
A necessary condition for having an imaginary component of

the interfering longitudinal-transverse response is the pres- S , 1

ence of at least two competing reaction amplitudes with dif- =(s'[In(a.p _q’U)|S>\/T_T,

ferent phaseqd7]. As already mentioned, in quasielastic

nucleon knockout the two dominant channels are the direct ®)

emission and the rescattering. Therefore, in the absence of

any FSI, the so-called plane-wave impulse approximatiotvhered,(q.p,o) and Roo(1/2)(P) are the Fourier transforms

(PWIA), the f/, identically vanishes because the absence off the representation in configuration space of the corre-

any rescatterlng makes the bilinear products inGgpurely ~ sPonding current operator and radial bound state in(Eg.

real and symmetric aroung. Therefore, thef}, provides a  espectively. o _

suitable observable to monitor the rescattering processes jn 1he €ikonal approximation of the scattering state at the

lowest order can be represented by a plane wave with a com-

(e,e p) reactions and may permit a much higher precision mplex momentunP’ =p’ +ip”:

constraining the models of FSI by isolating important and

otherwise inaccessible reaction amplitudes. However, this is

possible only at the cost of measuring the reaction products

out of the scattering plane. ) .
From the experimental point of view it is more advanta-Wheré R is a constant vector with modulus equal to the

geous to isolate the helicity-dependent term in Eg, A,  nuclear radius. The facta™? R represents the proper nor-

which is proportional tdfg;, by measuring the asymmetry —malization. In fact, ifz is the propagation axis, the wave

e—p"~ReiP’~r:e—p”~Reip’~re—p”~r’ 9
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enters the nucleus at= — R=(0,0,— R) with unitary modu- R < A p”
lus and leaves it ar=R=(0,0,R) with the damping P'=p’+ip"=p TP =P 1""?
e 'R

”

By analytically extending the integrand of E®) into the
complex planeP, it is possible to go beyond the PWIA and,
at the same time, still to perform the integration analytically.
The extension to the complex plane has two requirementgvherepy, is the missing momentum of the reaction. By sub-
First, a new definition of the distributiod of a complex stituting Egs.(10), (13) in Eq. (5) for the s3 knockout shell,
variable (see Appendix which automatically connects it to the analytical expression fdy,, becomes

the “plane” wave eP'r of Eqg. (9) in the same way as for

E<pm+q>(1+i% , (13

the case of a real momentum. Second, the function§, _ \/Eq R2 P p_”
a . 01~ oow2(IPmtip |)pmx 7
J\(a,P,),Rog(1/2(P) must be well behaved and their prod- mQ p
uct must asymptotically vanish fét— . With these restric- > 2y 4 2 312 "2y 4 D’ +
tions EqQ.(8) can be extended into the complex plane, i.e., [S(,0%)+D(w,q%p"",p") +D (w,q)(pmz @,
(14)
JSO(l/Z)Os’s(q):Z fdpda_a(P/_P_q)ei(Pﬁ—q—p’)‘RéS,; where
S
1 D(w,qZ,pIZ,pHZ)
X (’513,(0,P,)|s) ==Rog1/2)(P)
(8] ) Tam oo _3kFiF, , FIf 1 224 2024 P L Q2
) 1 8m? m|am?| <P Ty
:<5’|J>\(q,P'_q10)|5>\/?R00(1/2)(|P'_Q|), ) 5 ) 1}
— wg?-1|,
" 2 5
where the normalization facter P 'R has been included in a D'(w,q)=— 2_13q(1+ S_w) (15)
m m

redefinition of the bound stat@yy(1/2y

The scattering wave of Eq9) represents a simple plane R
wave damped by an exponential factor driven bycome from the part of the current operathi(q,P’—q,0)
|m(P’):p”_ This Corresponds to So|ving the Scdmger which does not ﬂlp the initial nucleon Spin, while
equation with a complex potential for a particle traveling

through homogeneous nuclear matter, i.e., Fit+2xF; w
Jn nomes S(0,0%)= —grz— 07| Fat kF o+ g (Fyt+2xFy)
_ﬁ2 (16)
——V2+V+iW|x=Ey, 1) -
( 2m XTEX (D is produced by the spin-flip part. Here, the vector compo-
nents along?, z are referred to the hadronic plang’ (q). If
or, equivalently, a=0° the latter coincides with the scattering plane and
Pm, actually represents the component alongkhaa(is of the
pr.p p'2_p2  pl.p lab system described in Fig. 1. 4=90° the hadronic plane
(E-V—iW)x= T 5 +i X is perpendicular to the scattering plane amg refers to the
m m m X

(12  component along thg axis of the lab system. No ambiguity
should arise from the interpretation of the components along

the z axis which always points in the direction qf

If the experimental setup is such that the spectrometer of
the hadron arm detects the outgoing protons on a plane per-
ependicular to the scattering plane, i.e., to=90° in Fig. 1,
from Egs. (1), (6) the helicity asymmetry takes the simple

from which a natural relationship betweptiand the absorp-
tive partW of the potential is deduced. If the outgoing proton
is sufficiently energetic, i.ep’=1 GeVk, and comes from
a bound state with a momentum below the Fermi surfac
this approximation has been shown to give reliable result
[26,21,27 with a constanp”«W/p’. Therefore, the question
is whether the description of FSI by a simple plane wave
with a constant damping is sufficient to generate an asym- A= N
metry in the cross section with respect to the incoming elec- poofoot prafiai—pi-1fi-1 g o p1afas’
tron helicity, i.e., a nonvanishing fifth structure function. The
answer is positive and analytical formulas will be given inbecause for increasing the nuclear response becomes more
the following. and more transverse. Since, analogously to(&x the struc-

If the damping of the plane wave is constant not only inture functionfq; is given in terms of the scattering ampli-
size, but also in its direction, i.ep/||p’, then tudes ag4]

! f! I fl
Poilo1 Poilo1

(17)
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. — 21 Q? 0
fiu= > (1Emslim)(1 3mys[jm)) -2 1 _ il e
e 2 AL i Po1~ 2 2 ni PUT 542 > (19
1x -1 —1x
><{‘]nljm s’ s‘]nljm|s §+‘]nljm|s’s‘]nljm7|s’j (18)

the final analytical expression of the helicity asymmetry for
and the components of the lepton tensor redd the knockout from thes3 shell is

4qQtan(6/2) p”
A=~ 57+ aqttarf( 672) P prl L @107) +D (0,67, P p"%) 4D (0,0) (P, + D[ S(0,6%, P "2 ") + §'(@,0) (P, Q)

+5"(?,p"2,p"?) (P, 0)*+D(w?,0%,p'%,p"2) (PF + P )+ D (A,P"2p") (P, + Q) (PF, + P )T (20

Analogously to Egs(15), (16) the functionsS,S’,S” and IV. RESULTS

D,D' are produced by the spin-flipping and non-spin- |n this section results will be shown for the fifth structure
fllpplng parts of the interaction, respectively. Their expres-function f§, of Eq. (14) and for the heI|C|ty asymmetr of

sions are Eq. (20) for the proton knockout from a3 shell by a polar-
ized electron beam. For sake of consistency with previous
g(w'qz,p,z,p,,z) calculations[26,21,27 and available measuremen®,2g],

the °C target has been selected. The choice of the residual
ot 2kF 2 2 1B with quantum numberss is justified, as mentioned in
:(1—K2 ) 2 g2y 9 the previous section, by the absence of any FSI due to spin-
>—o| (p'°+p")+ 5 F1t+kF; . . .
4m 2 orbit effects, which not only makes formulas simpler, but
F.42kE, 12 F.4kF also clarifies the pure geometrical nature of FSI introduced
+ 2 24 - 22 by a plane wave with complex wave vector. Because of the
4m 8m purely absorptive nature of the damping, the energy range
X[4F 4(p'2+ p"2)+ 2F ;02 + «F,Q?], g;lssl!c?cbiﬁr?s:;?dﬂgg’l Brlcngré\f;zs been selected above the in-
It has been shown elsewhef@7] that the nuclear re-
sponse forp,, well above the target Fermi momentum
Prermi IS dominated by FSI with a nontrivial structure, while
for pm=peemi it can be described as the PWIA contribution

S (w.a)= q{ (Fat kF2)QP— (F1+ &Fs)

2
X (F1+2kF ) 0— (F1+2«F5) w2 with an additional constant damping. Since the propagation
1 2 am ' of the outgoing proton with a complex wave vector can ac-
tually be pictured as a plane wave with a constant damping,
Fi+2kF, |2 p"2 it seems natural to select valuesmyf, inside a range where
S"(w?,p'2,p"?)= Tw) 1+ —5], the adopted representation of FSI is not too inadequate. The
m P Fermi momentum of?C is pgermi= 221 MeVEk; therefore, in
the following, a typical value op,,=200 MeVEt will be
n2
D_( 2 N2 12 //2): Fl 1+p _ ( /2+ //2) used. . . . .
@5AnP P = | AT m2 PP In the considered domain of inelastic processes

p’'~g>p,,. Therefore, the kinematics are almost purely
! KFz 2 transverse. In the following, without loss in generality, they
2m2 Q will be kept exactly transverse, i.e., with, =0,py, =200

MeV/c. The damping factop” has been shown, in the pre-
vious section, to be directly related to the imaginary rt
(21 of the equivalent optical potential. If the Glauber choice of
Weoep’ is adopted, the observed damping in the NE18 data is
reproduced by selecting=0W=0.036 p’ MeV [21,27].
Finally, it should be noticed, from Eqél4), (20) respec-  Correspondingly, in the following”=50 MeVic will be
tively, that bothf j, andA depend omp”/p’, which is related  used.
to the imaginary part of the complex momenttth defined As a cross check, the helicity asymmetry of EQ) for
in Eq. (13). This ratio gives a measure of the damping of thethe present choices @f,, andp” has been compared in the
scattering wave, i.e., of the FSI. In fact, fof—0 the damp- range 0.6sg<1 GeVkt and for a quasielastic kinematics
ing vanishes: the scattering wave becomes a plane wave wiflw=q2/2m) with the output of the numerical codevsrr
momentunP’=p’ andf(,,A vanish, as it must be in PWIA. developed in Pavia, which successfully describes the amount

2

— F
D/(q,p/Z,p/IZ):#q

n2

p
1+ —

p 2
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FIG. 2. The helicity asymmetr, multiplied by 16, as a func-
tion of the momentum transfey in the range 0.& q<1 GeVk for
the 12C(e, e’ p) By reaction in quasielastic completely trans-
verse kinematics [,,= Pm, =200 MeVk) at the scattering angle
0=40°. The solid line is the outcome of the analytical formula of
Eg. (20) with the dampingp”=50 MeV/lc (see text The dashed
line is the output of the numerical co#®sFr based on the DWIA
with a purely imaginary optical potential with deptki=0.036p’ . .
MeV and with the bound state obtained from the potential of Com-duasielastic knockoytbut on the other hand produces a very
fort and Karp(see text small, hardly measurable quantity.

Experimentally, it is possible to directly determifig by

of presently availableg,e’p) and (é,e’p) data at medium perform_ing an absolut(_a measurement of_ t_he corresponding
proton energies in the framework of DWIA and including UnPolarized cross sectiol and of the helicity asymmetry
spin-dependent FSI and Coulomb distortion of the electrof* [8]- The knowledge of. andA in Eq. (6) makes it pos-
waves[4]. In Fig. 2 the solid line corresponds to the analyti- §|ble to isolate the helicity dependent part of thg Cross sec-
cal formula, while the dashed line is the numerical resultion, A, and consequently the fifth structure function through
obtained with the complex optical potentid=0W=0.036 the relation

p’ MeV and the bound state of Comfort and Kdg9] for 8720%p0/
the si shell of ®C. The agreement is satisfactory for £/ :Agw_
g=0.8 GeVEt, while above this threshold the accuracy re- o e’pos
quired by the delicate cancellations taking place in the nu-
merator of Eq.(17) is not fulfilled by the numerical code,
which was optimized for lower energies.

10
q (GeV/<)

FIG. 3. The solid line is the fifth structure functidij, of Eq.
(14), multiplied by 16 and divided by— 2R,/ 7, as a function
of the momentum transfeg for the 2C(e,e’ p) !B ) reaction in
the same kinematical conditions as for the solid line in Fig. 2. The
short-, long-, and dot-dashed lines are tBdw,q%,p’%p"?),
D’'(w,q), andS(w,q?) functions of Eqs(15), (16), respectively.

(22

B. The helicity asymmetry A
In Fig. 4(a) the helicity asymmetnA of Eq. (20) is plot-
A. The fifth structure function f{, ted as a function ofj for the *2C(e,e’p)*'By(/2) reaction

In Eq. (14) emphasis has been put on identifying thevmh Pm, =200 MeVE, p f50 MeV/c,- a”‘,’ 6=40". Again,
single contributions coming from different reaction mecha-Pecause of the cancellations occurring insfdgthe asym-
nisms(flipping or nonflipping of the nucleon spirio putin ~ Metry quickly becomes very small. A zoom of it is given in

better evidence the delicate interplay that leads to a verjid- 4b), which shows an interesting structure with a change
small structure function. of sign and a long asymptotic tail. Despite the fact that the

In Fig. 3 the f), [apart from the constant factor asymmetry measurement is an experimentally favorite situa-
_ \/ER(ZJO(llz)(|pm+ip”|)/7T] is represented by the solid line tion, the absolute size @& is probably too small to ever be

for the 22C(6.e’ p) 1Y . functi ith detected.
or the "C(e,e'p) “Bsyz) reaction as a function af wit However, it is interesting to study the asymptotic behav-
Pm =200 MeVk and p”"=50 MeVic. The results for the

ior of this smooth dependence upgnor equivalentlyQ. It
functionsD(w,0?,p’%,p"?),D’(w,0),S(w,q%) of Egs.(15),  has already been mentioned that for increasinghe re-
(16) are indicated by the short-dashed, long-dashed, and do$ponse to an electron probe is known to become more and
dashed lines, respectively. It should be noticed that the totahore transverse with respect to the helicity of the virtual
result is amplified by a factor fOwith respect to each ad- photon exchanged. In pQCD simple dimensional arguments
dendum. This dramatic cancellation is the natural counterpafB0] show that for exclusive processes like elastic electron-
of fy, being defined as the difference of contributions com-proton scattering the ratio between the Dirac and Pauli pro-
ing from the interference between longitudinal#€0) and  ton form factorsF;/F,, scales af?. At the cross section
transverse X=*=1) components of the nuclear currdsee level this corresponds to the linear scaling i@ f the ratio

Eq. (5)]. This peculiar feature on one hand makggvery  J%J*1, whereJ? (J=1) is the helicity amplitude for absorp-
interesting because it is extremely sensitive to reaction chariion by a proton of a longitudinallytransversely polarized
nels emphasized in the interferenge FSI, in this case of photon. Apart from kinematical factors, the fifth structure
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0 FIG. 5. The producA* Q*, multiplied by 18, as a function of
—-0.05 = the momentum transfeq in the range 5q<23 GeVt for the
B 12C(e,e'p) !B/ reaction in the same kinematical conditions as
0.1 = for the solid line in Fig. 2.
—0.15 |- , _ , ,
. Finally, since the kinematics here are purely transverse
-0.2 ‘ ‘ ' — and for highp’,q the longitudinal component of the missing
4 5 6 7 8 910 momentumpn, , is anyway small, the asymmetry is approxi-
q (GeV/¢) mately linearly dependent opy, (pmy=0) and, conse-

FIG. 4. The helicity asymmetn, multiplied by 16, as a func-  duently, does not show any interesting structure with respect

tion of the momentum transfeg for the °C(e,e’ p) !B, reac- 10 P,
tion in the same kinematical conditions as for the solid line in Fig.
2. Upper part(a) for the range 1.49<4.5 GeVE, lower part(b)

for the range 3.5g=<10 GeVt and in an amplified scale. V. CONCLUSIONS

The 12C(e,e’p) By 2) reaction has been analyzed as-
function f, is approximately a linear combination of prod- suming for the scattering state a plane wave with complex
ucts J°J*1, while the dominant purely transverse structurewave vector. This choice allows for obtaining analytical for-
function f,, is essentially given byJ*')2. Therefore, one mulas for the different components of the nuclear response;
would naively deduce from Eq17) that the helicity asym- it corresponds to the situation where the outgoing proton
metry itself asymptotically scales asQl/ emerges as a free particle but its wave function is exponen-

But the fy; is not just a linear combination of products tially damped with a rate related to the imaginary palttof
J%J*1 as it is evident from Eq(5). The cancellations be- the complex wave vector. This picture is also equivalent to
tween contributions of the same order in powers @ &te  solving the problem for the scattering state in the lowest-
very sensitive to the relativistic corrections to the currentorder eikonal approximation or, alternatively, to compute the
operator and produce a nontrivial scaling law. Assuming thatSI of the outgoing proton traveling across absorptive homo-
for large Q? the Bjorken variablex= Q?%/2mw is approxi- geneous nuclear matter represented by a complex potential.
mately constant and, consequently~q~Q?, from Egs. Infact,p” has been shown to be directly related to the imagi-
(4), (15), (16), and (21) it can be deduced that the helicity nary part of this potential and is of the same order of mag-

asymmetry of Eq(20) scales as nitude.
Since the residual nucleus is left with quantum numbers
A ~ i 29 s3, there are no FSI due to spin-orbit effects. The modifica-
Omseo Q° tion of the emerging plane wave is the only reason why the

symmetry between protons emitted above and below the
scattering plane is broken. The different path followed on the
In the energy domain pertinent to the planned ELFE setujvay out of the nucleus makes them have different rescatter-

[12], the previous assumptions &ng/Q?, w/Q? do not hold  ings with the residual nucleus and, consequently, produces a
yet. A different tail as a power of @ must be expected for phase difference with respect to the channel where they are
A. In fact, in Fig. 5 the helicity asymmetry is shown, multi- knocked out directly as free particles. In these conditions,
plied by Q%, as a function ofy for the same reaction and in and in general whenever there are at least two predominant
the same kinematical conditions as in the previous figurefeaction channels with different phag@g, the cross section
The plateau indicates that in this energy window the scalingart depending on the electron heliclydoes not vanish.
is different from what is predicted by E23), or, in other In particular, the fifth structure functioff), can be used to
words, that the asymptotic behavior is not yet reached withirdlisentangle interfering processes and, in the present case of
the present nonrelativistic reduction of the current operator agjuasielastic kinematics, to study the rescattering amplitudes.
the order described in Eq3) (see also Ref.31)). The fg;, has been analyzed for the previously mentioned re-
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However, the asymmetry between particles detected
above and below the scattering plane is equivalent to the
asymmetry for particles emitted in the same direction but for

The usual distributiond can be defined as

— &
oppositeh. The helicity dependent cross sectitin propor- o(x—x)=lim——r—
tional tof;,, can be singled out by making coincidence mea- e~0(X=X)"+e
surements with a fixed spectrometer at an angle out of scat- 1 1
tering plane and flipping the helicity of the incoming = lim — R — . (A1)
polarized electron. High precision data can be obtained with 602 l X—X—ie X—X+ie
this asymmetry technique, because most systematic errors _
cancel in the ratid8]. wherex, x € R. This definition can be generalized to the case
The analytical formula for the helicity asymmetdyhas  of the distributions of the complex variable as[32]
been studied in the same previous kinematics, specifically L 1 [ 1 1
focusing on its asymptotic behavior for very large energy 8(z— z)=lim=— S —— ] (A2)
and momentum transfer. In fact, despite its very small abso- 602l 1 z—z—ie z—z+ie

lute size, it shows an interesting structure with a change of
sign and a long asymptotic tail.

The occurrence insidg), of cancellations between com-
peting contributions, asymptotically scaling with the same _ _
power of 1Q, is very sensitive to higher-order relativistic f dzé(z—z)f(z)=1(z), (A3)
corrections to the current operator and produces in the re- ¢
latedA a nontrivial scaling law for larg€, which cannot be whereC is an integration path on the complex plane, extend-
naively deduced from dimensional arguments applied to théhg to Re) — + on the real axis but going through the
elementary photoquark reaction amplitud8s]. Moreover, pointz=z_ andf(z) is an analytical complex function with
this asymptotic scaling occurs for very large values@f the proper,tyf(z)ﬂo for |z -, Im(2)>0>[Im(2)<0] if

outside the range available to the operational or planned sek | :
s closed in the uppeflower) part of the complex plane.
ups of modern electron accelerators, such as CEBAF or From Eq.(A3) it fglrl)c?(ws thgltp plexp

ELFE. In particular, in the energy domain of the latf&g]
the asymmetnA still shows a scaling behavior, but with a — iz ixT
power law in 1Q which is different from the asymptotic one. Ldzé(z— z)e”=e",
In summary, within the present nonrelativistic reduction
of the current operator at the order described in Bj.the  which generalizes the standard relationship betweensthe
helicity asymmetry is very small in its absolute size butand the plane wave through the Fourier transformation.
shows a long nontrivial tail for larg®. For Q—« it scales Equation(A4) can be demonstrated by closing the pé&th
as 1Q° but it approaches the asymptotic regime verywith a semicircle in the upper part of the complex plane
slowly, even locally showing, for large but fini@, different  [|z|—o, Im(z)>0] for x=0 or in the lower parf|z|—,

The new definition of Eq(A2) keeps the usual properties
of the 4, in particular

(A4)

scaling behaviors. Im(z)<0] for x<0.
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