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A study 1s made of the effects of Lorentz Invariance and nuc-
lear current conservation in calculations of the Ag-asymmetry of
the cross sections for (e.e’p) reactions on few-body systems. The

~value Is shown to be very semsitive to different relativistic
effects and to nuclear current conservation. In the quasi-elastic
region ( qua-~1. Ppis”®<<1 ) this value is determined only by
the degree of linear polarizatlon of the virtual photon., and the
electromagnetic current structure. while at c.m. proton emission
angles 8C™90° the Ag-asymmetry is determined by both the reaction
mochanises and the intranuclear dynamics.

3 figs., 12 refs.
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[POSBAEIVE PENSITMBCTCKMX SOOEKTOB M COXPAHSEEMXCA TOKOB B
WHTEPSEPEHIMOHHOR  IPPOIOABHO-TIOTEPEUHOM  CTPYKTYPHOR QVHKIMM B
(e,e"pY-PEAKIISIX HA MANOHVKAOHHBK CUCTEMAX: fpenpsnr X@TH 92-46.
C. W. Haropuuit, 0. A. KacaTxul, B. A. Sonienro. ~Xapbkos: X¢TW, 1882.-1T c.

Woyuaprca cneacTsrs JOpeHIl-KOBapHaHTHOCTR M KaNMGPOBOUHOA AH-
B3apRaHTHOCTH H pacueTax A'-acmmeﬂrpuu cevuennft (e,e’p)-peaxumd Ha
MANOHYKJIOHHHIX CHCTEMaX. [lokasaHo, UTO BeNHuUMHA A, OueHb UYBCTBA-
TeNkHa K Pa3fuHbLM PeASTHBHCTCKEM auemau ¥ COXPaHEHMD SAepHOTO
TOKa. B KBasmynpyro oonacts cq/a- ~ 1. ppig’/M << 1) oHa
ONPENENAETCA NMMb CTeNeHbD JNWHEeRHOA nonApWsalMM BEPTYANBHOTO
doToHa W CTDYKTYPOR DJIGKTPOMATHHTHOTO TOKa, a NMpH Yriax BhneTa
NPOTOHA 88")50° Ag-aCHMMETDRS  OTIENENSIeTCA  KaK  MeXaHHOMaM
peaKlia¥, TaK ¥ BHYTPHAAEDHOR AWHaAMHKOA.

Padora dmHaHCHpyeTcA I'oCYyRapCTBOHHHM KOMHTETOM JKpawHW 0O
BOoNrpocaM Hayk® W TexHoyorm#: "IIpoexT moaApmaammua”.

@ XapokoBexnii fusmxko-Texmmueckrmi mucTmTyT, I992.



"he nucltear structure functions of the zﬂte.e' pin.reaction
'n the quasl-eiastic region (xp=-qaf2w=1. 14, where g=(z.&) !s the
4-momentum of the photon. m-the nucleon mass) have recently been
separated and the A,-asymmetry has been measured ai ihe NIKHER/ 3/

ag=l d50(#=0) ~ Sote=m1/1d%0(4=0 + dSotg=n)] (13

ot qP=-0.21C0eV/c)%nd py s 0.18 GeWc. In (1), d¥ Is the
differential cross section of the reactlon with registration of
ep-coincidences, ¢ 1s the angle between the planes formed by
<slectron and hadron momenta.

The Lheoretical analysis of Aﬁ—asy-at.ry performed In
711 with due account of one- ana muiti-particle mechanisks,
including plane-wave Impulse approximation (PWIA), the flnal-staie
interaction (FSI), meson exchange currents (MEC) and {sobar
conf'igurations (IC) has reveaied a strong (by a factor of about 2}
gifference between the nonrelativistic C(PWIA+FSI+MEC+IC) and
relativistic (PWIA+FSI) caicuiations.

This paper has been intended to estabiish the reasons for
this strong difference -nd to Investigate the effects of both the
Lorentz covariance of theory and the exact conservalioh of nuclear
electromagnetic (EM) current on the calculations of Ay It will be
shown that A.—asy-etry has the scaling behavior at xp~1 and
Puis ™1

The amplitude of process on the nucleus is determined by
the set of diagrams satisfying the requirements of nuclear current
conservation and containing the contributions of one- and multi-
particle lechanisnsa’u’. However, 1t is welil known that in the
quasi-elastic region at xp=l and Ppis R<<1 the dominant role be-
longs to the one-particie mechanisw’® 79/ In this case. the
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miltiparticle effects such as FSI and MEC are suppressed kinema-
tically and the cross section for the (e,e'p) reaction may be re-

presented in a factorized f‘orm’? -9,

a0 = K 0gy, Ppgisd €

where K is the kinematic factor, p(p.ls) is the nucleon momentum
distribution /in the nucleus, and the dependence on the angle ¢ i3
focussed only in the "elementary act”, 1.e., Chalfdoff-shell elec-
tron nucleon scattering Oop: Substituting (2 in (1) we obtain
that at xp= 1 and pyi/m << 1 the A‘-asy-etry depends neither on
the number of the nucleus-target and its structure. nor on diffe-
rent multiparticle effects:

by = [cep(OJ-vep(:)l/[cop(OJweptt)]. 3

Various kinds of off-shell effecis’ accaunting in %op have
been considered’10:11/, In the covariant form, the cross sectior.
of ¥"-quantum absorption by off-shell nucleons is determined by
the convolution of electron lp and hadron Up- tensors:
vepclpwp. In view of the Lorentz covariance, CPT and gauge inva-
riance (QI>, this product can be represented in terms of four

structure functions (for nonpolarized electrons3:

"ep:c{"u tkop+ K vToosaQ + [:c(lm)]iecloosi},. 4)

vhere C=(anszoos£e/q2)2[-q2/aaz)x'l. 0e-1/137. E, and 0, are.
respectively, the final electron energy and scattering angle;
x=(1—2a2/qztgzee/2)_1 determines the degree of linear polarization
of the virtual photon. The structure functions 6y ¢ 1 In (4

are related to "c.T.S.I/s'm/ as:

-
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The structure functions are easily calculated if one takes
into account that

i = Akygkoytkigkay) + o’g od kE=kZ-0, )
w ~ Sp((p+||)J (p M), p =2, p’ -(p—q)zm2

Here k; and k; are the 4-momenta of initial and final
electrons ,p’ and p are the 4-momenta of the nucleon before and
after 7"-quantum absorpt.lon J is the EM current of the virtual
nucleon, Jv"@’v'o' p Pu¥u g belng the 4x4 Dirac matrices.

So. from (3)-(B), the A‘-asymetry in the quasli-elastlc
region is determined only by the degree of linear polarization of
the virtual photon and the EM current structure:

Ag=l (1411120 Aoy rtoy +op)). N

To evaluate the A‘ sensitivity to off-shell effects in 7NN

vertices, we shall calculate the structure functions for two forams
of the nucleon EM current (which are equivalent only on mass
shel):

JG =GPI Ry 427, ~(p+p®) Fp/2miuCp®), (8
(@5 i : i,
Jp_ =u(p)(l'-’11u a‘mqu‘Z/am}u(p ), % [1,‘7,]2. Q)

where u(p) are bispinors, Fl.acqa) are on-shell EM form factors of
nucieons. Using (4)-(9),we get the universal expression for A‘ at
pel Ppem<<l:

A‘=a {SCO) - S(a1/[b + a(SCO) + SCA)],

S(#)=4(pk,)(pk,) + QP

10)



The function S(¢) represents the Lorentz-covarlant propertles of
the Ag-asymmetry, and a,b values are determined by the v NN vertex
structure:

for current (8) for current (9

w0 Fparg . (1
be1tbecr-ICF +F2, betomtniF, 4Rt -0

The varlsbles 'ts-qa/n2 and x-(na-p'a)/u2 deternine off-shell
effects for photons and nucleons,respectively. According to (10)-
(11, at = » xtheA.valuedoesnotdependont.herornofthem
current.whereas at T ~ x this dependence may be significant.

In fig.1, the results of A‘-asy-et.ry calculations by egs.
€10)-{11) for two forms of the EM current, (8) and (Q), are shown
by szild curves 1 and 2, respectively. It Is seen that the
"scaling” curves 1 and 2 practically coincide with Tjon’s
relativistic calculation”?”Cdotted curve), and the uncertaintles
in A, due to a different cholce of the EM current are negligible
(3-4%0 under the conditions of the experiment “1“ ¢z > x ) and
are comparable with MEC contribution”)”. Thus. neither the nuclear
structure C(curves 1 and 2 are universal for any nucleus) nor the
mujtiparticle effects of FSI and MEC types have a real effect on
the A‘-asymet.ry value in the vicinity of the guasi-elastic peak.

To study the reasons for a strong differenc? of
nonrelativistic and relativistic calculations in (11, let us
perform a nonrelativistic reduction in the current (9) and get the
structure functions in the form of decomposition in 1/m powers
(see "¥:



AR +F %82 + (BB + c1mhy,
oM R=( -20%/82) (F3-F, (Fy +2F )y + 1D,
ARAB 2t + c1ah),

NR=-20-22 412181 | FEidid + o1,

In this case, the Lorentz-covariant, CPT and GI properties of
the hadron tensor H,, Cand convolutions of 1‘,pr are certainly
conserved. The A‘—asyuet.ry values calculated using the covarlant
formula (7) but with nonrelativistic structure functions (12) are
shown in fig. 1 by the dashed curve. Comparing the dashed and
solid (2) curves we see that the nonrelativistic reduction of the
EM current (9) leads only to a 14% decrease in the A‘-asylnetry
value from the relativistic calculations. A significant difference
between our “"nonrelativistic” dashed curve and Arenhovel's
nonrelativistic calculation”” (dash-dotted curve) may be due to
the violation of Lorentz covariance and GI of the tensor Hp when
calculating some of its components, ¥oor "io.ol and 'lk
{i,k=1,2,3), in the quantum-mechanical approach with nonconserving
hadron currents. Indeed, at ¢=0 and ¢=x the electron scattering
takes place on the nucleon of the nucleus with the mcmentum #=f-3
moving in the lab.system "forward” and "backward” with respect to
the direction of the incident electron. Therefore, the Lorentz
boosts from the nuclear rest frame to the nucleon one, where the
nucleon two-component spinors are determined, at ¢=0 and ¢=x and
the same pg;.=IB-d1 are realized with different rates”??. This
effect arising due to the "small" wave functions components is not
cosidered in quantum-mechanical calculations with two-component
spinors. This leads to the decrease in the A'-asy-etry absolute

5

(12)



value (as the contributions from “"large" components to A¢ are

essentially compensated J.
So the significant difference betwoen relativistic and

nonrelativistic calculations”l” is due to the nonrelativistic
reduction of EM current and the absence of ‘Lorentz covariance in
quantum-mechanica! approaches.

To estimate the role of exact conservation of the nuciear
current in A;asy-etry calculations, we use the fleld-theoretic
approach which allows us to take Into consideration the nuclear
structure and provides the GI of the theory. The amplitude of the
2I-l:e.e'|:o)n process in the one-photon approximation s determined
by the convolution of electron JS°1) and nuclear JE™CD currents:

T = )5 egq®almel) el giicimutky). Sk

The conserving nuclear cwrent, being unified for the
processes with photons and electrons has the forw@-47:

(nucl) T p) D+ -0 42 D= n)
JEnuel ey cdriicp) FY] ‘pL.z;! Al-kp) + Agl-kD) D=l FEM +

(14)
(¥, L '2

d 1
+ Py Eaﬁ;f!é— ALK2) + $ ) QE“A‘[ ~ck-Ag213cETen)

In (14) n is the 4-momentum of the neutron. U,. d and M are the
deuteron polarization vector, 4-momentum and mass, respectively.
The dNN vertex structure Ae(-kz) and its connection with the
douteron wave functions Is given in (2], and the covariant
variables are defined in the following way:

k=(p-n)2, ky=k-q/2. k;=k+q/2., n’=n-q, d’=d+q.

The 7N and gdd vertices saltisfying the Ward-Takakhashi
identities are writien as
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2 2 0
3 e - - - -
(-t a3 18y 0 % (agag- S + (18 i'-ql_;ﬂ-‘-q,,g,,g .

13 102 g2 N : N
+262(gmq§ - gpaqa) + %(d d )(gmqr Sl gmq”). (1%

kere 2y is the nucieon charge, 61.3.3(qu are the EM forn
factors of the deuteron (Gy(0)=1.r G(0)=py,, 03(0)=and+0d-l). b
and Q4 are 1is magnetic and quadrupole moments. The first three
terms in (142 correspond to the diagrams with proton, neutron and
deuteron poles in fig.2. The contact diagram ampllitude providing
the conservation of nuclear current is given by the last term In
(14). It can be easily seen with the help of (13)-(165 that
Jf!““c”qfo at arbitrary q° values.

The A’-asynet.ry values calculated by formulas (13)-(14) with
the Reid potential are represented in fig. 1 by solid curve 3. The
significant difference between curves 2 and 3 is due to the
contact diagram contribution. The caiculations based on the first
three pole diagrams only (fig. 2) coincide with Tjon's
calculations”l” and with our calculations by the scaling formula
(10). So., the exact conservation of the nuclear current in
A‘-asy-etry is of the same importance as the Lorentz-covariance
effects are.

A high sensitivity of A' to the reaction mechanisms at pg; Sm
is illustrated in fig. 3, where covariant cajculalions of the
A¢-asymet.ry for the reactions ?’He(e.e'p)aH and 4He(e.e'p)3H are
represented as functions of the c.m. proion emission angle. The
vertex functions of SHe + pZH and %He + p°H were obtained”>+4-0”
by using overlap integrals of the wave functions for the Reid anc



Urbana potentials. The calculation results based on GI set of
diagrams (f'ig.2.) are shown in fig. 3 by solid curves. The dotted
curves correspond to the consideration of the diagrams with the
proton pole only. The calculations without contact amplitudes are
shown by the dashed line. From fig. 3 It is seen that the exact
conservation of EM current in the A:—asymtry calculations is
also of great importance for the 3He. He nuclei. For the reaction
3He(e.e'p)2H. in addition to the set of diagrams in fig. &, the
mechanisms of deuteron production from orthogonal states, l.e.
from uncorrelated np-pairs have also been considered (the total
calculation is shown by the dash-dotted line In fig. 3). At a
fixed ¥™-quantum polarization x at 0° < dg' < 50°, the complete
calculations with conserving currents also show the scallng
behavior of A‘ (cf.curve 3 in fig. 1 and the solld curves in fig.
3), and the variable k can be considered as a scale parameter.

So, the A‘-asymnetry measurements on lightest nuclei in the
scaling region (xpel, pp;c/M<<1 and 88"<50°) may be used for
studying the relativistic effects. off-shell structure of NN
vertices and contact interactions of photons with nuclei. The
experimental data at a§m>so° and py;s/M S 1 may give information
about the reaction mechanisks and the intranuclear dynamics.

In conclusion, it should be noted that Lorentz covariance of
the theory and the nuclear current conservation are of great
importance not only in the calculations of A'-asymmet.ry but alse
at studying any polarization phenomena which are due to
interference contributions of different components of the EM
current.



[
S0
F S

T

0 50 100 150 7 200 250
P [MeV/]

Fig. 1. The A‘-asymmet.ry of 2H(e.e'p)n cross section as a
function of pp;c in NIKHEF kinematic conditions”!”. Solid
curves 1 and 2 are the covarint calculations by scaling for-
mula (100 for the currents (8) and (9), respectively. The
dashed curve is the covariant calculation by formula (7), but
with nonrelativistic structure functions (12). The dotled and
dash-dotted curves are the relativistic and nonrelativistic
calculations”}”. Solid line 3 is the covariant calculation
with the exactly conserving current (14). The experimental

data are from =
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The set of covariant dlagrams for amplitudes of the pro-

cess ACy™,pIA-1 providing Lhe conservation of nuclear current
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Fig. 3. A‘-asymmetry for the
processes 3He(e.e'p)aH and
YHote. 0’ p>H versus 85M at E;0.5
GeV 8,=60° £,=0.391 GeV  and
Ey=0.377 GeV respectively. The
dotied curves are the calcula-
tions with only the proton pole
tzken into account. The  dashed
curves are the calculations ba-
sed on the first three diag-
rams of fig. 2. The solid curves
are the calculations with the
exact conserving nuclear current,
taking into account the whole
set of diagrams in fig. 2. The
dash-dotted curve is the comp-
lete calculation with the whole
set of diagrams of fig. 2 with
addition of thoe contribution
from noncorrelated pn- pairs
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