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1 Introduction 

A complete observation of the electromagnetic structure of hadrons is 

possible only in polarization experiments. In particular, for the zero 

spin hadroni; (rr±,J(,.K,4 He,etc.) electromagnetic form factors can be 

determined (up to the phase) just by the measurement of the differen

tial cross-sections with unpolarized particles. 

On the other hand, the electromagnetic structure of a particle with 

spin 1/2 is completely described by the electric GE(s) and magnetic 

GM(s) form factors (ff) and they can be determined (in the space-like 

region) by measurements of an elastic electron scattering differential 

cross-section, employing a linear cot2 rJe/2 dependence of the latter ( rJe

is the electron scattering angle in the laboratory system). However 

polarization effects are unavoidable also in this case. 

One cannot determine the proton electric ff very accurately for 

higher values of the momentum transfer squared s = -Q2 ( Q2 2: 

3Ge V2) by a measurement of the differential cross-section of a scatter

ing of the unpolarized ep because in the latter region proton magnetic 

ff is dominating. 

A situation gets even worse with the neutron electric ff G'];( s) which 

is in the absolute value essentially smaller than the magnetic neutron 

ff G'.{f(s) for alls< 0. Therefore a reliable determination of the neu

tron electric ff G1l:(s) for s ~ -2GeV2 is a basic problem of the hadron 

electrodynamics. At present unadjusted knowledge of the G'k( s) pre

vents a quantitative analysis of the role of the non-nucleon degrees of 

freedom in nuclei, like isobar, quark and mesonic exchange currents 

contributions. 

So, for determinating a relative sign of electric and magnetic nucleon 
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ff's, especially neutron ff's and for a more accurate determination of 

G'];( s) polarization experiments also in the space-like region arc to be 

performed. 

An important .role of polarization effects in a measurement of the 

nucleon electromagnetic (e.m.) ff's was already stressed long time ago 

[1]. Especially, due to reality of nucleon e.m. ff's in the space-like 

region, polarization effects in the framework of one-photon exchange 

approximation for elastic eN- scattering are very peculiar. 

On that account there are nontrivial polarization effects in the scat

tering of longitudinally polarized electrons on a polarized target. But 

polarization of scattered nucleons is also different from zero if longi

tudinally polarized electrons are scattered on an unpolarized nucleori 

target. We would like to note here that the latter polarization effects 

are specified by a product of electric and magnetic nucleon ff's. 

An experimental investigation of polarization effects in the electron

hadron interactions is just at the early stage. There are only results 

from SLAC elastic and inelastic scattering experiments [2] of polarized 

electrons on a polarized proton target carried out in 1976 with the aim 

of separating G1;, and Gt1 and also for obtaining furher information on 

nucleon resonance ff's. 

A great excitement was caused by the results [3] on measurements 

of asymmetry in deep inelastic scattering of polarized muons on po

larized protons, the interpretation of which caused the so-called "spin 

crisis." 

A measurement [4] of deuteron tensor polarization in elastic ed

scattering, with asymmetry [5] determined in the scattering of unpolar

ized electrons on a deuteron target with tensor polarization rendered 

possible to find deuteron quadrupole• ff in the region of momentum, 
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where one expected the most remarkable manifestation of the quark 

structure of the deuteron. 

Significance of investigations of polarization effects in scattering of 

electrons on protons, deuterons and other light nuclei is expected only 

to grow. This is connected with the progress in a polarization target 

(p,d,3 He,6 Li,etc.) technique, on the one hand, and on the other hand 

with the construction of intensive electron accelerators with continu

ous beams (ELSA, CEBAF, MAM!). In programs of the latter serious 

attention is paid to scattering experiments with polarized electrons on 

polarized protons and deuterons with the expectation of a reliable de

termination of e.m. ff's of nucleons and deuterons. 

It is obvious that an experimental investigation of the e.m.structure 

of hadrons contains also a measurement of the e.m. ff 's of hadrons 

in the time-like region by using e+e- --+ AA reactions, where A = 
1r+, J(+, K 0 , p, n, etc .. 

We would like to note that in e+e---+ AA processes a measurement 

of the e.m. ff's of baryons is possible only above the threshold of 

creation of baryon-antibaryon pairs, i.e. for s ~ 4m1. On the other 

hand behaviour of baryon e.m. ff's according to the idea of the standard 

VMD model is determined by vector-meson contributions essentially 

just in the unphysical region below the baryon-antibaryon threshold at 

the range s ~ mi, where mv is the vector-meson mass. 

In principle the e.m. ff's of nucleons for O < s ~ 4mt can be 

measured in reactions 

1r- + p --+ n + e+ e-

fi + p--+ 1r0 +e+e

p+ii --+ 1r++e+e-. 

Creation of e+e- pairs in 1r-p- collisions has been already employed 
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[6] for extracting'information on the pion and nucleon e.m. structure 

in the O < s ~ 4mi region. 

There is a fundamental peculiarity of the time-like region, in which 

clue to the unitarity condition the imaginary part of the hadron e.m. 

ff 's is for s > so ( s0 is the lowest threshold) different from zero. 

Especially, the complexity of ff's for s > 4mt (B means baryons) 

determines special features of polarization effects in reactions like e+ c- -; 

BB even in the framework of the one-photon approximation. As a re

sult the polarization effects in such crossing reactions like e+e- -; pp 

and e-p-; e-p are completely different. This difference consists in the 

fact that there are noticeable polarization effects in e+e- -; pp process 

even if there are no polarized particles in the initial state. The appear

ance of polarization effects is clue to G1;; and G~1 with nonzero relative 

phase being complex. 

This paper is devoted to the analysis of polarization effects in pro

cesses like e+e- -; BB in the framework of the· one-photon exchange 

approximation. 

In terms of two e.m. ff's GE and GM ,ve calculate vector polariza

tion components of B(B) in e+e--; BB process. · 

Of course, the measurement of the 1folariiation of nucleons treated 

in e+e- ~- NN process ,vith small values of cross sections is an ex

ceptionally difficult experimental task. More perspective seems to be 

the measurement of asymmetries in a reversed process NN -; e+c

arising with polarized annihilated nucleons [7r A completely different 

situation is in the reaction e+e- -; AA, where the measurement of po

larization of A(A) can be carried out without any problems because it 

is reduced to the investigation of asymmetry in the decay A -; p + 71"-. 

A theoretical analysis of polarization effects in the reaction pp -; 
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e+c- has been carried out in papers (7]. [8]. In more detail these prob

lems have been investigated in [7], where an explicit. form of the> differen

tial cross sect.ion for annihilation of polarized antiprot.ons on polarized 

protons in the framework of the one-photon exchange approximation 

is obtained. P-odd effects in JJJJ-; e+e- due to 1 - zo interferC'ncc has 

been investigated in [9]. General analysis [IO] of P-violation effc>cts in 

inclnsiw processc>s like> in e+c- -; BX has shown that P-odd effc>cts 

can be created here> even in t.hc> framework of one-photon approxima

tion because of the nonconsPrvation of P-parity in a decay of created 

hadrons. 

In this paper the dependence of polarization st.ates of created baryons 

in e+ c- -; BB on the polarization of colliding leptons is invPst.igated. 

The formulae obtained here 1•xhaust all polarization effects of baryons 

with spin 1/2 in e+e- -; BB. Always. wh<'rt' it is possible. we an' 

stressing tlw general character of obtaitH'd results. Numerical esti

mates of polarization effects an' carried out in the framework of tht• 

most. accomplished up to now the unitary and analytic Vr.1D model of 

the nndcon elcct.romagtll'tk st.rndure. Polarization dl"C'rts ,tppPar to 

b(• V<'ry st•nsit.iw tot.hr d10seu variant of the latter model. TlH' YPdor 

polarizat.ion components of Nin ,.+c- -; N:.\' are strongly depl'ndPnt 

on s in a vicinity of t.Iu• N JV threshohl. Th,, polarization dfrcts are 

rather large in ahsolut.,, vahw. 
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2 The structure of electro1nagnetic cur-
. -

rent of the transition ,* -+ BB 

The matrix element of the process e+e- ----+ BB in the framework of 

the one-photon approximation (Fig. l) is defined by the formulae 

e2 
}vt = k2 e µlµ, 

fµ = u(-k2),1,u(ki), (1) 

· [ . aµvkv] ( 
lµ = u(p1) F1(s),Jl - H(s) 2.~f u -p2), 

where s = -Q2 ~ 41\12, M is the baryon mass, F1 ( s) and F2( s) are the 

Dirac and Pauli e.m. ff's of the baryon B, respectively; the definition 

of four momentum is shown in Fig. l and the electron mass is further 

neglected. The c.m. system of the reaction e+e- ----+ BB is the m~st 

e+(k2) B(p1)/ 
/, 

e-(k1) 
., ~ . 

B(P21 "'- · 

Figure 1: 

suitable for the analysis of polarization effects. 

The differential cross-section in the latter system is connected with 

the matrix element (1) as follows 

da = IMl
2 

. (3, (3 = Jl - 4lvl2/s. 
dO 64n2s 

(2) 

Electromagnetic currents f.µ and lµ are conserved, therefore in the c.m. 

system f.o =Jo= 0. Consequently the matrix element Mis determined 

6 

r 

only by spatial components of currents 

2 
e - -.A1 = --C•J 
s 

4 
2 e j},,tl = -e;kwik, 

s 

where 

eik = C;fk vVu- = J;J;,. 

(3) 

For the tensor f.;k, following the standard method of QED, one 

can obtain the general expressions, corresponding to annihilation of a 

polarized e+e- - pair 

e;k = (1+i1 -L~)(o;k-1n;1nk)-(LtL~+LhLt)+i(L~+L~)c;k1m1, ( 4) 

where ii'i is the unit vector along the three momentum of the electron, 

L1 and L2 are three vectors of electron and positron polarization (in 

the rest frame of these particles), notation J_ and II mean transversal 

and longitudinal parts of L according to the vector m. 
At the accelerators of colliding beams the transversal polarization 

arises that in principle can transform into the longitudinal one (Siberian 

"snake"). 

One can see from (3) that just the longitudinal polarization of one 

of the colliding beams gives the antisymmetric contribution to f.;k which 

is important in investigating polarization effects in e+e-----+ BB. 
The electromagnetic current J is convenient to express trough two

component spinors 'Pl and 'P2 

f = VS'Pt [cM(s)(a - iia ·ii)+ ~GE(s)iia · ii] 'P2 (5) 

GM(s) = F1(s) + F2(s), 
s 

GE(s) = F1(s) + 
4
M2F2(s), 

where ii is the unit vector along the three momentum ij of the baryon. 

7 



• 
Since combinations ( iJ - iiiJ • ii) and i'iiJ • ii are orthogonal, there 

are no interference terms of the type [GE· G'.;1] in the differential cross 

section of the process e+e- - BB with unpolarized baryons. 

The spin structure of the current J is connected with the specifica

tion of the angular momentum of created BB - pairs. More specifically, 

the conservation laws of the P-parity and total angular moment.nm in 

process 7* - BB ('Y* is the virtual photon) allows the creation of BB 

only in two states with £ = 0 and £ = 2 ( £ is the angular momentum of 

the BB system). To obtain the value of the total angular momentum 

of the BB system to be one, the total spin of BB in both states must 

be e_qual to one. As a result, the C-parity in the transition 7* - BB 

is conserved automatically . 

The combinations 'Pi iJcp2 and ncpt iJ · iicp2 are vectors because the 

intrinsic parity of the BB system is negative ( the Beresteckij theorem 

[11)). As a result total P- parity is conserved in 7* --+ BB transition. 

Then one can rewrite the current Jin the following form 

f = ./sept [Gd(s)(3iiiJ · ii - a)+ Gs(s)iJ]cp2 (6) 

GM= Gs - Gd, 
2
JGE =Gs+ 2Gd, 

where the form factor Gs describes the creation of BB in the s -state 

and Gd in the d - state. 
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3 0 - dependence of the differential cross 

section of process e+e- -+ BB 

As a result of the polarization states of created particles, the tensor 

TV;j consists of the sum of three tensors as follows 

Tl,. · - l·l10 + l-l11 + l·l12 
I) - ij ij ij• 

where' lVg corresponds to the creation of unpolarized particles, lF;} 

to the creation of polariz(•d B or B and ll';} to the creation of both 

polarized baryons B and fJ. 

The geucral structure of these tensors can be found rC'quiring P

iuvariance of the electromagnetic interactious of hadrons. 

Really, for the tensor ll';~ OUC' can write the expression 

H'B = li;jw1 (s) + 11;11jw2 (s), 

where WJ ,2 arc real structure functious (sfs). 

( 7) 

To fiud the connect.ion lwtween sfs w1. and the c.m. ff"s G.l/ and 

GE, we use the relation 

H';~ = TrF;F/. 

where 

- - -- - 2.1\J -- -F = GM(s)(a - na · n) + r;:Gds)na -11. 
vs 

Consequently, one gets 

(8) 

[ 

. 2 ] 2 2 41'1 ' •) "'1(s) = 2IGu(s)I , 11·2(s) = 2 -IG,,rl + -IGE(s)I- (9) 
s . 

So, the 0 - dependence of the differential cross section of the c+ c- -

BB process is determined as folows 

IMf ~ (b;j - m;mj)ll';~ = (10) 

= [(1+eos2 0)IG.u(s)12 + sin2 0 ➔-:12 jGE{b")l2] _ 
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We would like tb note that the typical 0 - dependence of the cross 

section of process e+e- - BB 

da 
dO ~ a( s) + b( s) cos2 0 

. is caused by 

• the spin one of the virtual photon 

• the one-photon exchange approximation of e+e- - BB process 

o the C- and P- invariance of electromagnetic interactions of hadrons. 

A similar 0 - dependence will be valid also for the inclusive process 

e+e- - hX (h means the chosen hadron). Just the cos2 0- depen

dence of cross sections of e+e- - BB and e+e- - h.Y processes leads 

through the crossing symmetry to the cot2 0e/2 - dependence of cross 

sections of electron elastic and inelastic scattering on hadrons. 'vVe have 

already mentioned that the linear dependence of the cross section of 

process e-p - e-p on cot2 0e/2 is used for separating of contributions 

of ff's G1;; and G~1 . 

Analogously, the cos2 0 - dependence of da / dO for e + e- - BB 

can be employed for separating of the contributions of ff's IGM(s)l2 

and !GE(s)l2 • The 0 - dependence of the cross section of e+e- - BB 

process in terms of form factors Gs(s) and Gd(s) has the following form 

:~ ~ 2IGsl2 + (5 - 3 cos2 0)1Gdl2 + 2(1 - 3 cos2 0)ReGsG'd, 

1.e. Gs leads to the pure isotropic angular distribution. We would like 

to draw an attention to the form of the matrix element (10) from which 

it immediately follows that the s - dependence of the differential cross 

section e+e- - BB is determined only by GM(s). 
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4 Polarization of the baryon B in e+ e- ~ 

BB process 

Owing to the fact that polarized states of a particle with spin 1/2 are 

described by pseudovectors, the general ( PI is used for baryon, pz- for 

antibaryon) form of the tensor Wi} (linear in p) is possible to write 

down as follows 

l-Vi} = iEij/J}/w3(s) + iE;j1n1(p· n)w~(s) + (E;nj + Ejn;)ws(s), (11) 

Ei = EimlPmn/. 

This structure is valid for an arbitrary process e+e- - B1B2, where 

for Bi and B2 there are no restrictions on the spin and P- parity. 

Formula (11) describes the .vector polarization of the baryon which 

completely exhausts polarization states of a particle with spin 1/2. If 

the spin of the baryon is greater than 1/2, then it is characterized by 

the quadruple, octupole, etc. polarization. 

Formula (11) is valid also for the inclusive creation of baryons 

e+e- - BX. However, then structure functions w3 - w5 are depen

dent already on two invariant variables, w3_5 =w3_,5(s, rn 2 ), where 

m is the invariant mass of the X system. 

There is a similar situation also for the inclusive scattering of elec

trons A( e, e')X, where A means the vector polarization of the particle 

A. In this case the polarization contribution to the cross section is also 

characterized by three sf's. 

A common feature of processes e+e- - BX and e-l - e-x is 

the fact that the sf's w3 and w4 (coupled with antisymmetric tensors) 

give nonzero contributions to both reactions only in that case if the 

: nitial lepton is polarized. If leptons are unpolarized, then only the sf 
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w 5 appears. In ,this sense one can find a principal difference between 

the electron scattering on hadrons and the creation of hadrons in c+c

- annihilation. 

The problem consists in the following. As a result of the unitarity 

condition, e.m. ff's of hadrons are complex in e+e- ---. B 1B2. But. for 

s ~ 0 they are real because of the electromagnetic current being her

mitian and electromagnetic interactions of hadrons being C- invariant. 

Therefore already two particle contributions to the inclusive cross 

section e+ e- ---. BX are responsible for the nonzero contribution of 

the "symmetric" sf w 5. In the electron scattering, two- particle con

tributions don't appear in the sf w5 owing to e.m. ff's being real. 

Besides, the situation is not changed even for multiparticle n•actions, 

since due to the general theorem [12] based on the T - invariance of 

electromagnetic interactions sf w5 (s,m2) = 0 for e-1---. e-x in the 

whole kinematical region of deep inelastic scattering. 

Turning back to the process e+e- ---. BB we note that there are 

all three sf's w3 -w5 different from zero and they are defined by the 

following combinations of e.m. ff's 

1 
-w3 
s 
1 
-w4 
s 
1 
-ws 
s 

2Re[GE · G11l/T 

= 2IGMl2 
- 2Re[GE · G~]/T 

= -2Im[GE · c:;1]/T 

(12) 

where T = s/41vf2
• The sf w5 (s) is nonzero, as one can expect, only if 

the relative phase of complex ff's GE and GM is different from zero. 

The latter ensures the nonzero polarization of the created baryon in 

the annihilation of unpolarized e+e- to be as follows 

Py= 
sJn20 · Im[GE(s) · Gt1(s)]/T 

IGE(s)l 2 sin2 0/T + IGJlf(s)l 2(1+cos2 0) 
( 13) 
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The y-axis is orthogonal to the sc,~ttering plane defined by the vectors 

11i and 11 as shown in Fig.2. 

"'-:r 

"" 
/,111:: 

'./4 
m 

Figure 2: 

The structure functions w3 and w 4 arc different from zero only 

if at least one of the colliding leptons is longitudinally polarized. and 

they determine comp01wnts of the vector polarization P in the plane 

of reaction e+ e- ---. BB in the form 

P., = 

Pz = 

2sin0. Re[GE(s). c:;1(s)]T 

IG E(s )1 2 sin2 0/T + IGM(s)l2(1+cos2 0) 
2cos01Gu(s)l2 

IGE(s)l 2 sin2 0/T + IGM(s)l2(1+cos2 0)' 

if the longitudinal polarization of a lepton is equal to 100%. 

(14) 

( 15) 

For the complete determination of e.m. ff's of baryons ,vith spin 

1/2 for s > 0 it is necessary to know the following four combinations 

of ff's 

1Gel2
, IGul2

, Re[GE. c:;1J. In1[GE. GA1l-

They can be measured as follows. At a fix<.'d value of s onP has to 

measure da/dO of the proc<.'ss e+e----. BB at two values of the angk 

0 (this allows determination of 1Ge12'and IGMl 2) and two components 

of the polarization of one of the final particles 

Py(0 = 45°)---. Im[GE · GA1] and Px(0 = 90°)---. Re[GE · G~1]. 

13 



Since the measu:rement only of the differential cross-section with un

polarized particles provides IGEl2 and IG.1112 , then the P, - component 

can be unambiguously predicted on the base of the latter as folloks 

P. = 2cos0 
• 1 + cos2 0 + sin2 0 • R' 

R - !_ IGEl2 
- rjGMl2 

(16) 

This structure of Pz can be used verifying the one-photon exchange 

approximation in the process e+c---. BB, 

If for r ~ l ff's GE and GM have equal falling, then for P~ we have 

p _ 2cos0 
z - l + cos2 0' ( 17) 

Pz = ±l (for cos 0 = ±1), 

1.e. Pz does not depend on ff 's. Further we notice that the angular 

dependence of all vector polarization components is known to be 

P 
da . 

0 x dO ~ sm - ' Py:~ ~sin20, 
da 

PzdO ~ cos0, (18) 

1.e. it is enough to measure the polarization components only at one 

value of the angle 0. The measurements at several values of the an

gle can be used for checking the validity of the one-photon exchange 

approximation. 

Finally, we would like to demonstrate to what extent the behaviour 

of the components of the vector polarization (13)-(15) is sensitive to 

the employed global model of the nucleon e.m. structure. 

For the latter we use two formulations of the unitary and analytic 

vector-meson-dominance (VMD) model of the nucleon ,e.m. ff's pro

posed [13], [14] recently, which differ in a method of incorporating the 

14 

asymptotic behaviour as predicted by QCD ( up to logarithmic cor

rections) for nucleons. In the first formulation (13] a t\vo-cut approx

imation of the correct ff analytic properties is incorporated into the 

standard VMD model, which leads to factorization of the resultant ex

pressions into the asymptotic part and the finite energy part. Then the 

correct asymptotic behaviour is achieved simply by changing the pow

ers of the corresponding asymptotic terms. In the construction of the 

second model [14], first, the standard VMD model is transformed to be 

automatically normalized and to have the QCD asymptotics. And only 

then the unitarization of the VMD model, with eight ( compared with 

fourteen in the previous formulation of the model) free parameters. 

Both models reproduce the existing experimental information al

most equally well. However, the predicted behaviour of the vector po

larization components from both global models (see Fig.3 and Fig.4) 

is completely different. 

The latter result shows that the measurement of polarization of 

nucleons in e+ e- ---. N N process can be used for discrimination of 

already existing global models of the nucleon e.m. structure. It can 

unamhiguously prefer the most realistic approach from all existing up 

to now global models of the nucleon e.m. structure. 

5 Summary 

Starting with the review of the present status of polarization effects 

in electromagnetic interactions of hadrons, the paper is completely 

devoted to polarization effects in e+e- ---. NN process. Since many 

features of the nucleons are common for all baryons with spin 1/2, 

the determination of the structure of the e.m. current in the two-

IS 
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Fig.3. A prediction of the vector polarization component (13)-(15) be

haviour by the old ( therefore at the beginning of y- axis descrip

tion 0:) formulation [15] of the unitary and analytic VMD model 

of the nucleon e.m. structure 
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component spinor formalism, derivation of the 0- dependence of thC' 

corresponding differential cross section and the calculation of explicit. 

formulae for vector polarization components of a creatC'd baryon in the 

annihilation of unpolarized e+e- colliding beams are caITicd out on a 

more general level. The sensitivity of the vector polarization compo

nents is demonstrated only for nucleons as there arc two formulations 

of the unitarity and analytic VMD modd of the nucleon c.rn. strncture 

which appear to be very suitable for the latter aim. 

l\tieasurcment of polarization effects in e+e- .- NJV processes with 

small values of cross sections represents an exceptionally difficult ex

perimental work. However, all considerations of this paper show that. 

such measurements arc highly desirable. 
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