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and and

xa(x) —(x+2)a(x—1)=constant, (A12)

tt(x) —u(x —1)=constant (x+1). (A13)

a(x) =X'(x+1—p) (x+2+p) ) ')0. (A14)

Iu(J+I) (I—+1)tJ(J+I—1)
Ib—(I J—1)—+(I+1)b(I—J—2) . (AS)

On adding (A/) and (AS), we get Hence,

xtt (x)—(x+2) tt (x—1)
=—

t (r—1)b(y—1)—(r+1)b(r—2)j, (A9)
where Therefore,

x=J+I, y=I J, —

while subtracting (A7) from (AS), we get

u(x) —a(x—1) b(y —1)—b(y —2)

The Eqs. (A9) and (A10) lead to

b(s) =—u(s), (A11)

t' (J+I+1 p)(J—+I+2+p) 5"'
A (J,I) =stX~ , (A13)

k(2J+1) (2J+2) (2I+1)(2I+2)l

where rt is a phase factor. The condition that the radical
vanishes somewhere so that negative values of J+I
do not occur in the I.R. of E4 leads to

(A16)
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The expression for the cross section for the back electromagnetic scattering of leptons and antileptons
from nucleons in the laboratory system is given in the first-order Born approximation. The expression
includes the dependence on spin states of both particles, which are described by the corresponding electro-
magnetic form factors. It is shown that the spin Rip of leptons is a result of their electromagnetic structure.

I. INTRODUCTION

IGH-energy electron scattering on nucleons is one
~ ~ - ~ of the important sources of information about the
electromagnetic structure of nucleons. ' ' Now that
polarized targets are available, ' the study of spin
dependence in the electron-proton and muon-proton
interactions has theoretical as well as practical
importance.

Electron-nucleon scattering is a particular case of
the scattering of two nonidentical fermions. Though
the g—2 experiments on electrons and muons show that
their anomalous magnetic moments are of the ord.er
of e'/Ic, tthe Pauli form factor fs(q') associated with
them is not a monotonic decreasing function of q',
and eBects of the form factor might be measurable
at high momentum transfer. This necessitates the
inclusion of fs(q') in the first-order Born calculations;
and the cross section for electron-nucleon scattering,
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including correlations between various pairs of spin
states and in convenient frames of reference, has previ-
ously been given. ~7 Possible e6ects of muon structure
in muon-proton scattering were studied in detail by
3 ames. '

In a laboratory system, it is very lengthy and cumber-
some to calculate the cross section if one includes the
dependence on arbitrary initial and 6nal spin states of
both particles described by their electromagnetic form
factors. We have therefore selected the physically
interesting case of back scattering of leptons (electrons
or muons) from nucleons. For a given energy of incident
leptons, the momentum transfer is largest in this case.
Since the electromagnetic structure of the lepton will
inQuence the cross section considerably in the high-
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The cross section for scattering of a point lepton (antilepton)

from a nucleon with arbitrary spin states of both particles is given
in R. Takwale, Ph.D. thesis, Moscow State University, 1,965
(unpublished) .
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energy region, ' ' we restrict ourselves to the con-
sideration of the longitudinal polarizations of the
leptons.

II. EXPRESSION FOR THE CROSS SECTION

Covariant expressions for the nucleon and lepton
currents are given by

J„=iezz [Fz(q')y„+(s~/2M)Fs(q')o, .q.]zz~

Jt, —— ie—zz~[fr(q')q„+ («/2m) fs(q')o;q. ]«
The electromagnetic nucleon form factors Ii~ and F~
are related to F& and Ii& by

negative muons) by nucleons, and with e= —1 that for
scattering of antileptons (positrons, positive muons).
Averaging over the initial, and summing over the Q.nal,
spin states of the particles leads to a result in agreement
with those of Barnes4 and Nikishov, ' taken for the
particular case of back scattering under consideration.

In the case of scattering of very high-energy leptons
(k, k'))m), the expression for the differential cross
section is much simpliied and assumes the form

o ($, $', s, s', 8=180')
=-,'(e'/2k)'(1+2(u) '( (1—g&') (1+s.s')aF s

+L(1+~e)(1—('k')(" k'))
+e(P+t')(s k' —s'. kP)]bF ',

Fs Ft (—q—'/4M—s)~ Fp,

Fsr Fr+Ir——„Fs.

The cross section is expressed in terms of form factors
Fg and P~.

The differential cross-section for the scattering of
leptons from nucleons through an angle 8=180' is
given by (Iz=c=1)

where

a= (1+2~)sir&f,(—2fr+ (q'/4m') 2«&fs),
b =~'(frs+4e«f gfs+ 2~Pfps),

a) =k/M.

III. DISCUSSION

e4P"E'
o. ($, (', s, s', m, 0= 180 ) =——

4 Pq4E(P'(M+ E)+PE]
Here

C'= (1—ke) (1+s s')2-4F '+((1+H')
X[1—(s k')(s' kP)]+e(~+5')Ds k')

—(s' kP)]) 2qpBFzr',
where

A =f 't F.(KK' kk')+ 'M —p(kK' k'IC—)]-
4eqpM'~)—frfp+ (2/m') qpM'Ir Pfs'(KK'+kk' m'), —

B=fzs(EK'+kk' m')+4eqpM«—frfs+ (2/m')qpsPfs'

XÃ (KK' kk')+ m'M —p(kE' k'E)—];—
(, &

= &1 are the longitudinal spin states of the inci-
dent and scattered leptons; (=+1 indicates positive
helicity and (= —1, negative helicity; s and s are unit
polarization vectors of the target and recoil nucleons";
P and. P' are the velocities of the incident and scattered
leptons; K, E', F are the energies, and k, k', p are the
magnitudes of the 3-momenta, of the incident and the
scattered leptons and the recoil nucleons, respectively;
M (m) is the mass of the nucleon (lepton); s„(ir~) is
the anomalous magnetic moment of the nucleon
(lepton); k' is a unit vector along the incident direction
of the leptons. qo

——E—M; q is the 4-momentum
transfer.

In the above expression, with e=+1, we get the
cross section for scattering of leptons (electrons,

' S. Drell, Ann. Phys. (N. V.) 4, 75 (1958)."D. I.Blokhintsev, Nuovo Cimento 9, 925 (1959)."H. A. Tolhoek, Rev. Mod. Phys. 28, 277 (1956).

If the lepton is considered as a structureless point
particle (i.e., fr 1and ~—~—fs——0), back scattering is
exclusively due to the magnetic form factor P,&' of the
nucleons. This term accompanies the lepton-spin cor-
relation coeflicients (1+(A') and ($+$'), the presence
of which shows that the scattering cross section is
nonzero for (=+1 and $'=+1 or $= —1 and $'= —1,
i.e., spin Rip is not possible. However, if the lepton has
a form factor Iz~fs, an additional term with spin corre-
lation (1—$$ ) is introduced into the expression and is
exclusively associated with the charge form factor IiE'
of the nucleon. This shows that scattering is also
possible for (=+1 and $'= —1 or f= —1 and $'=+1.
This spin Rip of back scattered leptons, therefore, is a
result of the electromagnetic structure of the leptons.

In recent experiments of Barber et al. ,
'2 the differential

cross section for electron-electron scattering at E,=600
MeV has been measured in the center-of-mass system.
A single form factor f= (1+q'/A') ' is attributed to
the electron and the limiting value h.)1.1 GeV/c is
found. The experiments give the form factor at lower
q', and the eBect indicated above may need data at
higher momentum transfer and also a knowledge of the
function fp(q').
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