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Charged leptons are an ideal probe to study the hadronic structure of nucleons. Such in- 
vestigations become even more interesting in view of the somewhat puzzling results about 
the spin structure of the nucleon in deep inelastic scattering. The advent of a new gener- 
ation of high-energy, high-intensity electron accelerators operating with a continous beam 
opens a new frontier of coincidence experiments with polarization degrees of freedom. Such 
investigations will provide precise form factors of proton and neutron over a laxge range of 
momentum transfer. The parity-violating scattering of polarized electrons is expected to  
give us first direct informations on the strangeness inside the nucleon and its contribution 
to  the charge and the magnetization distributions. The most recent results in deep inelas- 
tic scattering off the neutron indicate that at  least the difference of neutron and proton is 
compatible with the requirements of quantum chromodynamics ('Bjorken sum rule'), but 
tlie discussion about tlie carriers of the nucleon's spin is still controversial. Finally, there 
are certain expectations from perturbative quantum chromodynamics about the quasifree 
reaction (e, e'N) on a heavy nucleus ('colour transparency') which remain to  be tested by 
new experiments. 

I. fntroduction 

Since the electromagnetic interaction is governed 

by the fine structure constant CY = e2/4n N 1/137, 

the one-photon exchange approximation (see figure 1) 

has an accuracy of about 1% for electron scattering 

off the nucleon and light nuclei. In the case of weak 

neutra1 currents (exchange of 2' gauge boson) the in- 

teraction is even weaker, by orders of magnitude in the 

low energy regime, such that only its interference terms 

with the electromagnetic interaction may become vis- 

ible. The four-momentum of the exchanged photon, 

q = (w, q? = ki - kf , is fixed by the four-momenta of 

the incident and outgoing electrons, respectively. In 

general we will assume that the initial hadronic system 

is a nucleon, P2 = m2,  where m is the mass of the 

nucleon. The target nucleon may be polarized, usually 

with spin parallel or antiparallel to the real or virtual 

photon, leading to excited states with overall helicity 

1/2 or 3/2. In the following we will only discuss in- 

clusive scattering, i. e. the final state of the hadronic 

system will not be resolved. Due to momentum con- 

servation the momentum P' of the hadronic final state 

is fixed, leaving two independent variables to  describe 

the hadronic vertex. It is customary to define as one of 

these variables Q2 = -q2, because this quantity is a1- 

ways positive in the case of electron scattering (virtual 

photon exchange), while it vanishes for the absorption 

of a real photon. (Note that negative values are reached 

by lepton pair annihilation). The second independent 

scalar is the Mandelstam variable s = W 2 = (P + q)2, 

related to the total c.m. energy W. In the case of elas- 

tic scattering, s = m2,  leaving only Q2 as a variable. 

For inelastic processes s > (m + m,)2, where m, is the 

mass of the pion defining the lowest threshold. The re- 

lation between energy and momentum transfer for vari- 

ous physical phenomena can be best discussed in terms 
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of the Bjorkm scaling variable 

where WL is the energy of the photon in the labora- 

tory frame. 't'he Bjorken variable is unity in the case of 

elastic scattering on a nucleon and decreases to  smaller 

values with increasing inelasticity (W > m). We note 

that the value x = O is obtained for real photons 

(Q2 = 0) arid also approached for large inelasticities 

(W > m, Q2). Elastic scattering on a nucleus with 

mass M = Am requires Q2 = 2MwL, and the scaling 

variable takes the value 

Inelastic exc tations of collective type, such as shape 

oscillations, rotations or giant resonances require the 

cooperation of many nucleons. In that sense the collec- 

tive (inelastil:) response of a nucleus occurs at x 5 A. 

However, these resonances do not define a fixed relation 

between energy and momentum transfer. Instead they 

disappear rapidly with increasing spatial resolution (i. 

e. momentuin transfer). At the same time we should 

observe less cooperative phenomena, like clusters in- 

volving only a few nucleons. In particular, the nuclear 

response for x 5 2 should be dominated by short-range 

correlations between pairs of nucleons ('quasi-deuteron 

effect '). 

The region x E 1 corresponds to  scattering on sin- 

gle nucleons ( 'quasi-free scattering'). Slightly below 

G = 1 we expect to see the isobars as 'coherent' excita- 

tion modes of quarks in nucleons, exhibiting a depen- 

dente on both energy and momentum transfer. How- 

ever, if both energy and momentum transfer are suf- 

ficiently high compared to binding energies and Fermi 

motion, we observe incoherent and elastic scattering off 

the constituents (partons) of the nucleon ('deep inelas- 

tic scattering' = DIS). In this range the response of the 

hadronic system can be described, once more, by the 

scaling variable x only. In the most naive picture of 

'constituent quarks' with mass mq = Sm, we expect 

quasi-free scattering of such constituents near x E i. 

11. Vector and axial vec tor  cu r r en t s  

The basic lagrangian describing hadronics systems 

is given by quantum chromodynamics (QCD), 

I t  describes the interaction of quarks (Dirac spinors q 

with 6 Aavoui s and 3 colours) and gluons (vector pote- 

nial A, and firld tensor F,,). The quantities X a  are the 

SU(3) Gell-Mann matrices operating in colour space, 

with a = 1'2 . . .8. The round bracket on the rhs de- 

fines a covariant derivative involving the strong cou- 

pling constant g,. (It has been constructed in anal- 

ogy to the more familiar gauge invariant coupling in 

quantum electrodynamics (QED), a, -i a, + ieA,, 

in order to leave the lagrangian constant under a lo- 

cal gauge transformation of both the particle and the 

electromagnetic field.) If we restrict the discussion to 

low energy phenomena, only the 3 lightest quarks are 

important, with flavours u, d and s and corresponding 

masses m, N 5MeV, md = 9MeV and ms N 120MeV. 

Since these masses are nearly negligible on the hadronic 

scale (m = 940MeV), the QCD lagrangian is (nearly) 

invariant under a series of gauge transformation leading 

to 8 conserved vector and axial currents, 

where X a  is now one of the 8 Gell-Mann matrices in 



Brazilian Journal of Physics, vol. 24, no. 2, June, 1994 

flavour space (SU(3) of u, d and s quarks). In addition, 

we can define a ninth quantitiy AO as a diagonal matrix 

and corresponding vector and axial currents. It turns 

out, however, that the "ninth" axial current is not con- 

served, not even in the limit of vanishing quark masses, 

but determined by the gluon field ('UA(l) problem'), 

In terms of these quantities the photon couples to the 

vector current 

corresponding to a superposition of isovector (a = 3) 

and isoscalar (a = 8) vector currents in the more tra- 

ditional language. Obviously, this current is conserved. 

The Z', on the other side, couples to a superposition of 

vector and axial currents as is typical for weak interac- 

tions. Moreover, it involves a linear combination of the 

currents with a = 3 ,8  and 0. As a consequence of eq. 

(5) the weak neutra1 current coupling to  the 2' gauge 

boson is not conserved. 

On the microscopic leve1 the standard model (SM) 

predicts the structure of the currents in terms of 

quarks[1~2], 

where sin20w = 0.2325 z t  0.0008 ('Weinberg angle'). 

Though we cannot calculate the nucleon wave functions 

directly from quarks and gluons, we can parametrize 

the general Lorentz structure of the nucleon's currents 

in terms of form f ac t~ r s [~ I ,  

where u(p3 and ü(3) are the spinors of the nucleon in 

the initial and final state, respectively. The electro- 

magnetic current involves the familiar Dirac (Fi) and 

Pauli (F2) form factors, the axial current the usual ax- 

ia1 (GA) and induced pseudoscalar (Gp) form factors. 

The form factors are functions of momentum transfer, 

Fl = Fi(Q2) etc., normalized in the limit Q2 -, O for 

protons (p) and neutrons (n) by 

The last of these relations follows from PCAC and pole 

dominance. 

In general the momentum transfer q2 = w2 - 
g2 = -Q2 involves the transfer of both energy and 

3-momentum. We may choose, however, a particular 

frame of reference with zero energy transfer, the so- 

called 'Breit' or 'brickwall' system. In the simplest 

kinematical situation specified by that system, the nu- 

cleon comes in with momentum -f/2 and, after absorb- 

ing the virtual photon with 3-momentum $, is reflected 

with momentum +q'/2. In the case of elastic scattering, 

the nucleon's energy in both the inital and final state is 

then E: = E: Jm, and the photon trans- 

fers no energy, w = w B  = O. If we evaluate the Dirac 
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spinors of eq, (10) in that particular system, we obtain 

which looks like the expression for a nonrelativistic par- 

ticle with ar. electric charge and a magnetic moment 

given by the form factors 

G 'E (Q~)  = F I ( Q ~ )  - T F ~ ( Q ~ )  (14) 

Gw(Q2) = F1(Q2) + 3'2(Q2), 

where r = Q2/4m2 is a measure for the relativistic ef- 

fects. Independent of the particular frame of reference, 

we refer to these linear combinations of the Dirac and 

Pauli form factors as the electric (E) and magnetic (M) 

'Sachs form factors'. In the Breit frame, however, we 

may go one step further and interpret the form factors 

as Fourier transforms of a spatial distribution of charge 

or magnetization. In particular we have 

Normalizing the charge density to 1 in the case of 

the proton, the second integral on the rhs defines the 

charge radius T E  = ('root-mean-square radius', 

rms radius). Quite generally we may define a radius by 

the first coefficient of a Taylor expansion of the form 

factor about Q2 = 0. 

111. Inclusive polar ized response  

In the case of elastic electron scattering via photon 

exchange it is straightforward to evaluate the Feynman 

graph of Fig. 1 using eq. (10). The differential cross 

section is given by a current-current interact i~n[~I ,  

Summing over the electron spin in the final state and 

neglecting the mass of the electron, we obtain for the 

Lorentz tensor of the electron 

1 
= T$) f T$,) 5 - [(k + kl),,(k + k'), + g,Yq2] it i ~ ~ ~ ~ p k ~ k " ,  

2 (17) 

I 

the two signs referring to  the helicity h = f i of the the hadronic tensor W,, proceeds in a similar way. Ex- 

incoming electron. We note that the helicity depen- cept for the appearance of additional mass terms, the 

dent part of the tensor is antisymmetrical under the structure of the symmetrical tensor w~s,) is given by 

exchange of p and V by the properties of the Levi-Cività the two contributions in the square bracket of eq. (17), 

tensor epv,p. If we sum over the polarization of the in- multiplied by the two form factors GE and GM. The 

cident electron, only the term in the square bracket re- additional antisymmetrical tensor w$) appears only if 

mains, which is a symmetrical tensor. The evaluation of the target nucleon is polarized (or if the polarization 
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of the recoiling nucleon is observed). As a consequence 

the differential cross section has the structure 

and the antisymmetrical tensors contribute only if both 

the incident electron and the target nucleon are polar- 

ized. 

Figure 1: The kinematic variables for inclusive lepton scat- 
tering off a nucleon with P 2 = m2. The final hadronic state 
has four-momentum P' = P + q and total c.m. energy W 
defined by s = W 2  = ( P  + q ) 2 .  The quantity Q2 = -q2 > 0 

for electron scattering, it vanishes for the absorption of real 
photons. 

In the case of weak neutral currents, the exchanged 

Z' boson couples to a superposition of vector and axial 

vector, e. g. 

at the electronic vertex, and the equivalent combination 

of eqs. (10) and ( 11) at the hadronic vertex. Since the 

effect of weak neutral currents is very small, only the 

linear interference terms with photon exchange have to  

be taken into account. In addition to the tensor of eq. 

(17), there appears a parity violating term 

The symmetrical and antisymmetrical tensors have the 

same structure as in eq. (17), except that they have 

been interchanged and multiplied with the coupling 

constants of the weak interaction. Due to the pseu- 

doscalar nature of the additional ys, the antisymmet- 

rical tensor appears now in the spin-independent part 

and the symmetrical tensor changes sign depending on 

the helicity of the electron. The leading contributions 

to the total cross section, 

Figure 2: The leading order contributions to the differential 
cross section for parity-violating electron scattering. The 
electromagnetic scattering with photons (7) attached to the 
vector currents (V) of electron ( e )  and nucleon (N) inter- 
feres with either photon exchange or 2' exchange, the 2' 
attached to the vector current of the electron and the ax- 
ial current ( A )  of the nucleon or to the aia1 current of the 
electron and the vector current of the nucleon. The latter 
two terms change sign with the helicity of the electron. 

have been shown in Fig. 2. The two interference terms 

of y and 2' exchange change sign if the helicity of the 

electron is flipped. They give information on the ax- 

ia1 form factor GA of the nucleon and on its electric 

(GE) and magnetic (GM) form factors as seen by the 

2'. Note that these form factors are different from the 

values GE and GM seen by the photon because of the 

different coupling of the two particles to  the quarks (see 

eqs. (8) and (9)). 

An evaluation of the electronic tensors qP,, in the 

laboratory frame leads to  the familiar kinematical func- 

tions appearing in a generalized Rosenbluth decompo- 

sition of the cross ~ec t i on [~ ]  
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where VL and v~ correspond to the two structures in 

T,$$ and is derived from The most general 

form of the t ross section has been discussed in ref. [4]. 

111. The f o r m  fac tors  of p r o t o n  and neu t ron  

The differential cross section for the scattering of 

unpolarized c:lectrons off the nucleon isI3] 

da+ + du- GE + TGM da = - w 
!9 

2 
+ 27 tan2 - G$. 

14-r 2 
(23) 

The two forrl factors can be determined by means of 

a 'Rosenblutli plot', showing the cross section as func- 

tion of tan2 $ for constant Q2. The data should lie on a 

straiglit line with a slope TGM, and the extrapolation 

to  the (unph,yrsical) point tan2 = -i determines the 

electric form factor GE. Unfortunately, this procedure 

has a limited range of applicability. For decreasing Q 2,  

also T and the slope become small and the error bars on 

G& increase. Large Q2, on the other hand side, leads to 

a small electric contribution G ~ / T  with large errors 

for the electric form factor. In the case of the pro- 

ton, the Rosenbluth plot has now been evaluated up to 

Q2 = 8.8GeV2 in the experiment NE-  11 at SLAC[~]. 

The results a.e shown in Fig. 3. Additional and more 

precise inforrr ation will be obtained a t  the new electron 

accelerators tby double polarization experiments (the 

antisymmetrical-antisymmetrical terms in eq. (18)!), in 

particular tar,;et polarization $((e', e' )p at small Q2 and 

recoil polarization p(Z, e')$ at large Q2. The additional 

transverse-longitudinal interference terms in such po- 

larization exprriments contain terms - GEGM rather 

tlian the sum of squares as in the unpolarized cross 

section, eq. (:!3). Of particular interest is a recoil po- 

larization of t l  e proton perpendicular (sideways) to the 

momentum tritnsfer f and in the scattering plane. 

The situat on is much more delicate in the case of 

the neutron. Since its overall charge vanishes, GE(0) = 

O and GÊ remains small a t  a11 Q2. Moreover, there are 

no neutron tal gets available and the form factors have 

to be determiiied from scattering off the deuteron (or 

other light nuclei). The only reliable experimental data 

up to now are from scattering of neutrons off atomic 

electrons. For obvious kinematical reasons, only small 

values of Q2 can be obtained in such experiments. The 

result is a very accurate slope of the form factor at 

Q2 = O,  i. e. a neutron radius (r2);. In order to ob- 

tain information at the higher Q2, two techniques have 

been used up to now: 

(I) Quasifree scattering off the deuteron determines 

the incoherent sum of proton and neutron 

contribution~[~I. The prescription 

(IG$I' + I G B I ~ )  d e u t  - I G E I ~ , , ~  = I G ; ~ ~  (24) 

leads to big uncertainties for the neutron from 

factor, because the structure of the proton in the 

deuteron has to be corrected by final state interac- 

tions, correlations, meson exchange and relativis- 

tic effects of the order of 20%. Since G g  < Gg,  

we expect large systematical errors. 

(11) Elastic scattering off the deuteronL7], leading to 

the cross section 

u,d  N (G; + G;)~ . ~i~~ + corrections. (25) 

Again we find large model dependencies. The 

deuteron form factor Fdeut depends on the specific 

nucleon-nucleon potential, and also the correc- 

tions (meson exchange, relativistic and off-shell 

effects) are expected to  be large, introducing sys- 

tematical errors of the order of 30 - 50%. 
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Figure 3: The form factors of the proton. Top: Magnetic 
form factor GM normalized to the dipole form factor GD 
(see text), middle: electric form factor G; normalized to 
Go, bottom: the ratio Q2F2/F1 expected to approach a 
constant for Q2 

-r oo. The predictions are from various vec- 
tor dorninance models and QCD sum rules (dashed-dotted 
curve). References to the data and theoreticai predictions 
see Bosted et a1l5]. 

Within the large error bars of present experiments, 

the data follow surprisingly close the so-called 'dipole 

fit' for the Sachs form factorsL6], 

with ,L+, = 2.79, pn = -1.91, m = 940MeV, Mv = 

840MeV and Mv, = 790MeV. Since r = Q2/4m2, 

Gg(0) vanishes, while G%(O) = 1 and the magnetic 

form factors approach the total magnetic moments for 

Q2 + O. In the asymptotic region, Q2 + cx>, a11 Sachs 

form factors have a Q-4 behaviour as expected from 

perturbative (asymptotic) QCD (see below). In order 

to  get an idea about the size of the form factors, we have 

sketched the predictions of the dipole fit for the neutron 

in Fig. 4. The corresponding results for the proton are 

simply obtained by a scaling of GM. We note in par- 

ticular that C$ is quite small over the whole range of 

momentum transfer . 

NEUTRON FORMFACTORS 

2 3 

-2.0 J 

Figure 4: The form factors of the neutron a s  function of 
Q~ as obtained from the dipole fit, eq. (26). See text for 
definitions. 

Why are we so interested in the form factors of the 

nucleon ? The reason is that they can be measured in a 

well-defined way and, a t  the same time, provide a crit- 

ical test of our models of the nucleon. Moreover, the 

Fourier transform of these form factors gives us some 

idea about the distribution of charge and magnetiza- 

tion inside a nucleon. Let us briefly discuss, therefore, 

some of the models and their predictions. 

IV.l Perturbative QCD (PQCD) 

In the limit of Q2 co the nucleon should be 

described by the 'minimal' configuration of 3 quarks. 

Since the photon strikes only one of these quarks, the 



two others have to  be 'informed' about the scattering 

process by 2 gluon 'messengers' (see Fig. 5). Each of 

these gluons lias the propagator of a massless particle, 

Q-2, the excliange of two of them leads to  a Q-4 be- 

haviour of the form f a ~ t o r [ ~ ] .  If we solve eqs. (14) for 

the form factors Fi and F2, we find Fl -i Q-4 and 

F2 --+ Q-6 in the asymptotic limit, i. e. the Pauli form 

factor drops f'aster than a11 others due to  the spin flip 

involved. Thcre are some indications of this scaling in 

the lower parta of Fig. 3. 

Constituent Chiral Deformed 
Quark Model Bag Model Bag Model 

Soliton 
Skyrme Model 

Figure 5: aòp: Phenomenological models of the nucleon in 
terms of quark~, coexisting quark and pion phases, and a 

pure meson fielc!. Middle: The nucleon as a 3 quark system 
in PQCD (left). Elastic scattering requires the exchange of 
two gluons (intc:rnal wavy lines). Dispersion relations con- 
nect the photon with all possible intermediate states start- 
ing with a two-pion or three-pion system for its isovector 
or isoscalar component, respectively (right). Bottom: Both 
the CQM with hyperfine interaction (left) and the CBM 
(right) can desc;:ibe the observed charge distribution in the 
neutron: a positive core surrounded by a negative cloud. 

PV.2 Diquark correlat ions 

At intermetliate momentum transfer corrections to  

P Q C D  should become increasingly important. These 

involve corre1a:;ions between the quarks in the wave 

function or a t  ;,he operator level. (Some authors even 

suspect that such correlations give the dominant con- 

tributions also a t  very high Q2). A particularly conve- 

nient way to obtain such terms is t o  introduce strong 

diquark corre~ations[~], i.e. the nucleon is reduced to a 

two-body problem of a diquark and a quark in a po- 

tential. Such corrections to the asymptotically leading 

terms are called 'higher twist'. They make it possible 

to  calculate the Pauli form factors F2, which vanishes 

in PQCD.  

N.2 Nonpe r tu rba t i ve  models  

In the range of Q2 < 1GeV2 the interaction be- 

tween the quarks cannot be treated in a perturbative 

manner. Instead, various models have been developed 

to describe the basic symmetries of Q C D  in a phe- 

nomenological way (see Fig. 5). The constituent quark 

model(CQM) assumes that 3 heavy ('constituent') 

quarks are confined by a common potential. In the 

ground state of such a system the quarks move in a 

symmetrical S-state, their spins and flavours (u and 

d) are coupled to  a symmetrical configuration according 

to SU(6) = SU(2)jpin x SU(3)fla"oup , and the colour 

degree of freedom provides the overall antisymmetry 

required by the Pauli principle. In such a'scheme, u 

and d quarks move in the same orbits and have the 

same (matter) density distribution, p U ( q  = pd(q .  As 

a consequence the two d quarks of the neutron carry ex- 

actly the opposite charge distribution as the u quark, 

the charge distribution of the neutron vanishes at each 

point in space, and GE(Q2) = O for a11 values of mo- 

mentum transfer. 

A more realistic description is obtained by intro- 

ducing a hyperfine interaction due to  the exchange of 

gluons between the quarks[lOlll]. Such a force admixes 

higher orbitals into the ground state wave function. 

In addition to  the lowest symmetrical S-state (ad- 

mixture coefficient a s )  we find an excited symmetrical 

S-state (as,), a state of mixed symmetry (aM) lead- 

ing to p, # pd, and a very small LI-state ('bag- de- 

formation', ao). If the force is fitted to  the excitation 

spectrum of the nucleon, we obtain the neutron charge 

radius 
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where ao is the oscillator parameter describing the 

range of the confining (oscillator) potential. The nega- 

tive sign of (r2)% reflects the fact tliat the two d quarks 

(charge -113) move in a slightly larger orbit tlian the 

u quark (charge $213). In a simple picture the neutron 

lias a core of positive charge surrounded by a negatively 

charged cloud (see Fig. 5). Experimentally, the present 

data indicate (r2)d N 0.68 fm2  and ( r 2) ,  M 0.51 fm 2.  

Chiral bag models (CBM) describe the nucleon as 

a (small) quark bag coexisting with a surrounding pion 

cloud. The coupling between the two phases is con- 

structed such that chiral symmetry (PCAC) is con- 

served. Without the pion cloud we obtain the MIT bag 

model of u and d quarks in a central potential, leading 

to GE = O as in the case of the C Q M  without hyper- 

fine interaction. IIowever, the pion-quark interaction 

leads to an admixture of a configuration with a proton 

bag in the centre of tlie nucleon and a cloud of nega- 

tively charged pions[12,131. Another description is the 

Nambu-Jona-Lasinio model (NJL) ,  which starts from 

a nonlinear, chirally invariant lagrangian between es- 

sentially massless quarks[14]. The nonlinear interaction 

generates the mass of the quarks and, a t  the same time, 

creates the pion as a strongly bound quark-antiquark 

pair. 

A completely opposite approach is taken in soliton 

models, solutions of a nonlinear lagrangian of meson 

fields[15]. This projection of Q C D  on purely mesonic 

degrees of freedom is justified in the limit of Nc -+ a, 

where Nc is the number of colours. Since N, = 3 in 

nature, the success of this model is surprising. It is 

probably due to  the incorporation of certain aspects of 

vector dominance (VMD, see below) by explicity in- 

troducing p and w mesons and their cou~ling to the 

photon. The radius of the nucleon in these models is 

described by the fact that the photon couples to  both 

the vector meson with mass Mv and the (small) soliton 

bag, 

In view of the different physics behind the models, their 

overall agreement with the data is quite satisfactory. A 

detailed study of the predictions (see table 1) shows, 

however, that none of the models is able to describe a11 

radii at  the same time at the 10% level. 

IV.4 Dispersion relat ions 

Using Lorentz invariance, gauge invariance and 

causality (analyticity), it is possible to  derive disper- 

sion relation for the form factor~['~I.  In a somewhat 

symbolic way, 

where to is the threshold for the lowest state appearing 

in the t- channel (see Fig. 5). In case of the isovector 

component of the photon, this threshold is given by the 

mass of two pions, to = (2m,)'. Experimentally one 

finds, however, that this amplitude is quite small close 

to threshold and dominated by the pmeson. Similarly 

the isoscalar photon has a threshold at to  = (3m,)' and 

is dominated by the w-meson. It is convenient, there- 

fore, to parametrize the integral by a sum of poles at 

the positions of the vector mesons (vector meson dom- 

inance, V M D) . Unfortunately, however, the analysis 

of the data requires a second pole close to the mass of 

the p or w and with negative residuum, in order to  de- 

scribe the phenomenological dipole fit. The origin of 

this second pole is yet kind of a puzzle, and a more re- 

alistic treatment of the dispersion integral in eq. (29) 

is absolutely required. 

Figure 6: The electric forrn factor G E ( Q ~ )  of the neutron 
derived by an analysis using the Paris potential (data nor- 
malized to the full line)[71. Other curves correspond to dif- 
ferent choices of the potential, the highest curve shown is 
for the Nijmegen potential. 

Why do we want to see new and better experiments? 

As has been shown in Fig. 6, even the most recent 

high quality data for scattering on the deuteron suffer 



Table 1: The electric radii of proton and neutron, (r2)En, and the axial radius of the proton, (r2)%. The experi- 
mental data are compared to some theoretical predictions, in units of fm2.  

from large s>stematical errors. In spite of their good 

statistical ac<uracy, tlie analysis depends on the choice 

of the nucleoii-nucleon potential for the analysis of the 

C Q M ~ ~ ~ J  
MIT bag[12] 
cBM[l21 
CBM + N * ,  A .. .[I3] 
NJL, m, = 418[l4] 
~ o l i  ton[' 51 

deuteron, the best neutron target we have. This model 

analysis of the data has a large error band of the same 

range as the t ieoretical predictions for the neutron form 

factor shown in Fig. 7. Clearly, the corresponding 

charge distributions given in Fig. 8 differ wildly, and yet 

we cannot exclude any of them by the existing data. As 

has been poiiited out earlier, the experimental break- 

through is expected t o  come by polarization transfer. I t  

lias been shown for quasifree scattering off the deuteron 

that there exist kinematical situations for which me- 

.74 
.53 
.66 
.73 
.6O 
.96 

son exchange xrrents, final state interactions and other 

binding effectij can be safely neglected[l71. This is par- 

ticularly true for forward emitted neutrons with recoil 

polarization perpendicular to their momentum and in 

-.IO 
O 

-.I3 
-.I5 
-.I2 
-.25 

the scattering plane. In these cases the observed po- 

larization trar sfer should be essentially proportional to  

tlie neutron fcrm factor GE. 

.35 

.28 
.27 

.38 

Figure 7: The electric form factor G'&(Q2) of the neutron 
compared to different predictions as described in the text 
and in table 1. Data: as in Fig. 6. 

Experimexs t o  determine Gz by the reaction 

qe', e'n), d(Z, 5'6) and 3 H e ( ~ + ,  e',) are underway at 

M I T / B ~ ~ ~ S [ ' " ~ ~ ]  and MAMI[~'] in the region up to 

Q2 = 0.6GeV2. Some preliminary results from Mainz 

indicate that the neutron form factor could be sub- 

stantially larger than derived from elastic scattering 

off the deuteron. At higher momentum transfer up to  

Q2 = 2GeV2, two experiments are being planned at 

C E B A F [ ~ ~ ~ ~ ~ ] .  

Figure 8: Predicted charge distributions pr,) of the neutron. 
Models as in fig. 7. 

V. The s t rangeness  conten t  o f  the nucleon 

The basic interest in parity-violating electron scat- 

tering is due to fact that we hope to learn about 

the content of strange-antistrange quark pairs in the 

n u c l e ~ n [ ~ ~ ] .  This possibility arises because the photon 

and the 2' boson couple to the vector currents of the 

quarks in a different way. The corresponding charges 

of the quarks can be read off eqs. (8) and (9). If we 
1 approximate the Weinberg angle by sin2 Bw m 4 and 

leave out the overall coupling constants of the electro- 

magnetic and the weak interaction, the photon sees the 

quark charges e, = $ and ed = e, = -L 3 '  while the 2' 

boson couples with E, % and Ed = E, % -'. 6 
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In addition to  the differential cross section of eq. will also determine the asymmetry[24], 

(23), d a  = (da+ + d ü ) / 2 ,  a polarization experiment 

A = (da+ - da-)/(da+ + da- ) 

1- 1 - c ~  + 2í-çMGM tan2 !j + const . ( I  - 4 sin2 B W ) G M Õ ~ ]  

In comparing with eqs.(20) and (21) we note that the 

first two contributions in the numerator arise from an 

axial coupling a t  the electron vertex and a vector cou- 

pling of the 2' to the nucleon. The third term describes 

the opposite case, vector coupling to the electron and 

axial coupling to the nucleon. It is strongly suppressed 

by a factor (1 -4 sin2 Ow ) R O appearing a t  the electron 

vertex. If the electromagnetic form factors are known, 

we may determine 3 new form factors by a generalized 

Rosenbluth plot, 

A = A E ( ~ E ) + A M ( ~ M ) + A A ( ~ A ) .  (31) 

These 3 contributions have been shown in Fig. 9 for the 

kinematics available a t  a 1GeV accelerator. The pre- 

dicted value for AE is very small and requires a preci- 

sion measurement at forward angles (small momentum 

transfer). At angles B > 15' the magnetic term AM 
is by far the dominant one, the smallness of the weak 

charge of the electron will make it difficult to extract 

the axial form factor GA . 

Once the weak neutra1 form factors have been 

measured, it will he straightforward to  determine the 

strangeness content of the nucleon. Of course, we can- 

not (yet) calculate the form factors of the nucleon di- 

rectly from eqs. (8) and (9). IIowever, we observe that 

the quark currents üypu appearing in these equations 

will Iead to the same matrix element in both cases and, 

hence, to the same contribution G, of the u quarks to 

the form factors. In the case of the proton this con- 

tribution includes both the 2 valence quarks and the a 

priori unknown uü sea quarks. Similarly we define Gd 

for the d quark plus dd sea quarks, and G, for the sS 

sea quarks. Furthermore we assume that the neutron 

is obtained by changing the isospin, i. e. G, H Gd. In 

this way we obtain the equations 

where s2 = sin20w. Eliminating the u and d quarks from these equations, we can relate the strangeness content 

G, directly to the observables, 
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In case of an atomic nucleus (mass number A = N + Z) the simplest model gives 

Particular siinple and promising targets are the proton and 4 H e .  In the latter case N = Z = 2, and the wave 

function can be approximated by a11 4 nucleons in an S-state. The asymmetry is then given by 

where GF is the Fermi constant of the weak interaction. With the above approximation the asymmetry does not 

depend on the nuclear wave function. If both G g  and GE have been determined previously, eq. (35) can be used 

directly to dctermine GE. 

The corresponding equation for the proton is much more involved due to the spin degree of freedom. It  reads 

AP = -- GFm' T {(i - 4s2) - cGk(GE + G;) + TGM(G~E, + G k )  
f ira E(G$)~ + T(G&)~  

where E = (1 + 2 (1 + T) tan2 $)-I is the transverse po- 

larization of the virtual photon and S = sin 8,. By ap- 

propriate measurements and a generalized Rosenbluth 

plot we may determine a11 3 form factors of the strange 

quarks, their influence on the charge (GE), the mag- 

netization (C:&) and the axial current (GA). For for- 

ward angles (8 -, 0, E -+ 1) we should observe G% at 

small Q2 (sniall r!). At the larger Q2 (larger T!) GJ 

becomes the dominant quantity, while the axial term 

GS, is suppr1:ssed by the factor 1 - 4 sin2 8w. Even 

though the lwt term becomes larger at backward an- 

gles (8 -, 11$0°, E + O), it will always be difficult to 

extract it from the data due to higher order (radiative) 

cor re~t ions[~~J .  

Since the1.e are no strange valence quarks in the nu- 

cleon, the net charge of the strange content vanishes, 

and the leading order term is given by the rms radius of 

the strange sea. Schematicmodels for the strangeness 

contribution are shown in Fig. 10. By means of a weak 

interaction t:le proton can decay into a C0 or Ao hy- 

peron and a K+. In this way a fraction of the positive 

charge of the proton is carried from the centre to a sur- 

rounding cloiid of positively charged I( mesons. On the 

I 
quark leve1 the interaction of the quarks via gluon ex- 

change will easily lead to the creation of sS pairs. In 

order to obtain a finite radius (r2)%, it is however neces- 

sary that the pairs are spatially separated by additional 

correlations. If the S quarks move to the outer region 

and the s quarks remain in the centre as in Fig. 10, 

we obtain the same qualitative picture as in the case of 

I<+ production. As a consequence we expect (r2), > O 

for the proton. 

Figure 9: Relative contributions of the weak neutral form 
factors of the nucleon to the total asymmetry as a function 
of scattering angle 6 for incident energy c = 855MeV [30]. 
The asymmetries are defined as in eqs. (30) and (31). 
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Figure 10: Models of the charge distribution of the proton 
carried by strange quarks, pS(r). Note that a concentration 
of strangeness in the centre and antistrangeness in the outer 
region of the proton leads to a positive value of (r2)&. 

An estimate of the strangeness content has been 

given by ~ a f f e [ ~ ~ ] .  This model works particularly well 

in the case of the isoscalar photon whose response is 

strongly dominated by the w at 780MeV (see section 

IV, VMD). The next meson with the quantum num- 

bers of the photon is the $ at 1020MeV, which is nearly 

completely described by sS pairs. A fit to  the form fac- 

tors of the nucleon in the framework of the VM D and 

including the 4 gives 

for the strange contribution to  the rms  of the Dirac 

form factor and to the anomalous magnetic moment. 

In order to appreciate the difficulties of the exper- 

iment it is important to note that the factor in front 

of the bracket on the rhs of eq. (35) is of the or- 

der of 10-4 even a t  Q2 = 1GeV2. In the past such 

relations have been used t o  determine the Weinberg 

angle Bw, assuming that the strange contribution GS 

can be neglected. The first such measurement has 

been performed at S L A C [ ~ ~ ]  using a proton target, 

later experiments include quasifree scattering off Li at 

hIaind2q and scattering off 12C at ~ ~ ~ / l ? a t e s [ ~ ~ I .  In 

the last case the momentum transfer has been only 

Q2 = ( 1 5 0 M e ~ ) ~ ,  leading to the tiny asymmetry 

A = (0.60 f 0.14 f 0.02) . 1 0 - ~  and a value well com- 

patible with other measurements of Bw. The strategy 

of the new experiments will be exactly opposite. Since 

Bw is now known to about 3 decimal places, relations 

like eq. (35) can be safely used to determine GS. Quite 

a few such experiments are being planned at the new 

electron accelerators. At Ba t e s lMIT  the S A M P L E  

collaboration plans t o  measure K~ at  small Q2 but large 

8 1291, and the A4 collaboration at ~ a i n d ~ ' ]  intends 

to determine (r2)& at small scattering angles. Finally, 

there are 3 big projects a t  C E B A F  to extract the 

strangeness content of the nucleon by parity-violating 

electron scattering from both the proton[31~32], and 4He 

[33], using the much larger kinematical leverage of the 

4 - 6GeV accelerator. In view of the strongly differing 

predictions[25~34] on the strangeness content of the nu- 

cleon (Fig. 11) the result of these experiments will be 

invaluable for a11 model-builders. 

Figure 11: The strangeness contribution to the Dirac form 
factor Ff  as function of Q2. Solid line: VMD fit to the pro- 
ton data[25]; dashed-dotted and dotted line: Skyrme model 
without and with vector mesons13*]; dashed line: neutron 
form factor for comparison. 

VI. Deep inelastic scattering and s p i n  structure 

As has been shown in section I and illustrated in Fig. 

1, the structure functions for inclusive inelastic scatter- 

ing depend on two variables, the momentum transfer 

Q2 and the total c.m. energy W (or, alternatively, the 

lab energy wr, carried by the incident photon). The 

Bjorken variable x (see eq.(l) ) classifies the different 

reaction mechanisms, e.g. x = 1 for elastic scattering 

off the nucleon and 0 _< x < 1 for inelastic ~ c a t t e r i n ~ f ~ ~ ] .  

Note that the condition x = 1 for elastic scattering fixes 

the energy (W, or w t )  in terms of Q2,  hence the nucleon 

form factors appearing in elastic scattering depend on 
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Q2 only. In the case of deep inelastic scattering (DIS) 

we assume 1 hat the wave lengtli of the virtual photon 

is so small that the reaction takes place on an individ- 

ual constituent (parton) of the nucleon. If this parton 

is a truly st.uctureless particle, the scattering off that 

parton will he essentially elastic scattering. In a nonrel- 

ativistic picture of constituent quarks, we expect such a 

scattering ai x = rnq/rnN 5 .  Similarly, scattering off 

a virtual pion (quark-antiquark pair) will take place at 

x = rn,/rnn NN 3. In a relativistic description of DIS ,  

the reaction may be analyzed in the so-called 'infinite 

momentum !'rame', in which x corresponds to the frac- 

tion of the rucleon's momentum carried by the struck 

parton. Thc probability to find a parton with such a 

momentum 1s denoted by fq(x), where q refers to the 

flavour (u,  d, s) of the struck parton (quark). 

Let us br efly compare the coherent nature of elastic 

scattering of: the nucleon, which has been discussed in 

the previous sections, to  the incoherent picture assumed 

in the case oi' DIS .  In the case of elastic scattering, the 

cross section is 

doer -- I ( N I  :)I: e p ~ p ( q ) l ~ ) l ~  - (eufu + edfd + esfs)2, 
P 

(39) 
where fq a r?  the matrix elements for the different 

flavour curreiits JP in the ground state of the nucleon. 

Obviously, tlie process is fully coherent. In inclusive 

inelastic scatr;ering, we have to  sum over a11 the excited 

states of the nucleon (N*). Using closure we obtain 

where the ellipses denote well-defined kinematical fac- 

tors. The 4 structure functions may be determined, 

in principie, Ey a 'super' Rosenbluth-plot. In practice, 

however, only the transverse functions have been stud- 

In D I S  we further assume that the correlations between 

different quarks (q # q f )  vanish and that each scattering 

takes place on one parton only. In this approximation 

we obtain the extreme incoherent limit 

where f:" are the expectation values of the Lorentz ten- 

sors W:' = ( , 7 ~ l ) t J ~ l  in the ground state of the nu- 

cleon. As has been shown in the previous sections, there 

is only a limited number of such Lorentz tensors. In the 

case of the scattering of unpolarized electrons off un- 

polarized nucleons, there are two independent scalars, 
-, -, 

J+ .,7 and pt .p, corresponding to transverse and longi- 

tudinal currents and leading to the structure functions 

Fl and F2. In general these structure functions depend 

on two variables, e.g. s and Q2. In DIS ,  however, the 

additional dependence on Q2 is assumed to be negligi- 

ble ('scaling'). Moreover, the two structure functions 

may be expressed in terms of the momentum distribu- 
tion fq (x)[36,37*231 

With polarization degrees of freedom we may construct 

two vectors, essentially j+ x and pf j, leading to 

the polarized structure functions Gi and Gz.  In con- 

clusion the cross section for the scattering of electrons 

with positive helicity (+) off nucleons with spins par- 

allel (+) or antiparallel (-) to the spin of the electron 

has the s t r u c t ~ r e [ ~ ~ ~ ~ ~ I  

I 
ied, because the longitudinal effects tend to be small in 

the usual kinematical situations. Combining charged 

lepton and neutrino scattering data, it has been pos- 
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sible to  measure the valence and sea quark contribu- 

tions separately. It  has been found, indeed, that the 

valence quark distribution peaks near x m 5 ,  while the 

sea quarks tend to  give a substantial contribution for 

small a .  Since the distribution functions fq(x) define 

the probability to find a quark with a certain fraction where r = F / D  m 2/3 from SU(3) of the flavours u,  d 

of the momentum of the nucleon, the integral is well and S. The model-dependent quantity r cancels in the 

defined in a model of constituent quarks only. For the isovector combination 

integral 

the quark model predicts the value 0.278 while the ex- 

perimental data give 0.125. We conclude that only 50% 

of the linear momentum of the nucleon are carried by 

quarks. Obviously, the remaining half must be carried 

by gluons. 

In a similar way as in eq. (42) the polarized struc- 

ture functions are related to distribution functions for 

quarks with spin parallel (f) or antiparallel (L) to the 

total spin of the nucleon. Neglecting the small lon- 

gitudinal contributions, we have for the transverse- 

transverse structure function 

and 
1 

n ( 4  = - 2 C e: (fi(x) - f t (x))  . (46) 
'i' 

With the definition 

the so-called 'Bjorken sum r ~ l e ' I ~ ~ 1 .  The appearance of 

the axial coupling constant g~ is due to the fact that 

the combination f+ x f leading to Gl is an axial vec- 

tor, hence related to the axial current of the nucleon. 

As a result, eq. (51) is a direct consequence of QCD. 

The 'spin crisis' was generated i 3  1988 by the EMC 

g r ~ ~ p [ 4 0 1  who derived 

the total probability to find t ~ e  quarks with spin in the from their data, inciuding the statistical and system- 

direction of the nucleon's spin should be related to atical errors. It differed substantially from the value 

predicted by eq. (49) with r taken from SU(3) consid- 

ri = l1 gl(t)dx = erations, 

The last factor on the rhs  is the lowest order radiative 

correction for QCD. It leads to a weak dependence of 

rl on the momentum transfer Q2. 

According to the 'Ellis-Jaffe sum rule'L3" lhe inte- 

grals should have the following values for proton (r:) 
and neutron (r:), respectively: 

5 3 r- 1  The results of this experiment and of the theoretical 
P P  QA ( ) - ) (4g) expectation are shown in Fig. 12. 
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will have to be 'renormalized'. 

- 0.10 The discussion about the spin crisis triggered con- 

siderable experimental activities to  measure the struc- 

ture function of the neutron, in particular to  test the 

Bjorken sum rule, eq. (51). The question has been ad- 

dressed in two recent publications of the S M C  group 

at C E R N [ ~ ~ ]  and the E142 collaboration a t  SLAC[~~] .  

The S M C  group measured the scattering of polarized 

electrons off a polarized deuterium target in the kine- 

0.01 0.05 0.1 0.5 matical range 0.006 < x < 0.6 and 1GeV2 < Q2 < 
. X 

30GeV2. Combining their data for I'! w I': + r? with 

the previously measured value for r:, they obtained 

O 0.2 0.4 0.6 
X 

Figure 12: Upper part: The EMC spin structure function, 
xgl(x), for th*: proton and the corresponding integral I'i(x), 
see eq. (48). [40] Lower part: The spin structure function 
for the neutron g;(x), extracted from the SLAC data. [43]. 

In conjuriction with other DIS data, this blatant 

discrepancy leads to  the conclusion that the spin contri- 

bution of the valence and sea quarks should cancel, and 

that the total spin of the nucleon should be given by glu- 

ons and, pos;ibly, quark angular momentum (D-state, 

bag deformation). As has been pointed out by ~ l o s e [ ~ ~ ]  

the discrepancy is actually considerably reduced. A 

reevaluation of the data led to  a slight increase of the 

integral, 

r; (exp) = 0.126-f 0.011 f 0.014, (54) 

and a new ar~alysis of the model-dependent parameter 

r lowers the t.heoretica1 value, 

I': (theory) = 0.175 0.007. 

in good agreement with the Bjorken sum rule, 0.191 -t 

0.002, as derived from eq. (51). The SLAC group, on 

the other side, used polarized 3He as a target to derive 

a first result for the polarized neutron (the two protons 

in 3 H e  cancel to lowest order !), 

This value agrees with the naive quark model (eq. (50) 

evaluated with r = 2/3). However, the combination 

with the existing proton data leads to  a considerable 

contradiction with the Bjorken sum rule, i.e. with 

QCD. Since the SLAC data have been taken a t  smaller 

momentum transfer, 1GeV2 < Q2 < 6GeV2, and for a 

smaller range of the Bjorken variable, 0.03 < x < 0.06, 

a direct comparison of the data and the combination 

of different data sets should be performed with great 

care. Using reasonable corrections for the Q2 evolu- 

tion, ~ l o s e [ ~ ~ ]  has reanalyzed the existing experimental 

information. As has been shown in table 2, the combi- 

nation of the E M C  and S M C  data disagrees with the 

quark model but fulfils the Bjorken sum rule, while the 

combination of the SLAC results with either the E M C  

or the S M C  data violates the Bjorken sum rule. The 

table shows that it may be too early to  draw definite 

conclusions about the carriers of the nucleon's spin. 

Of course, the naive quark model predicts that the 

The two values are still at variance, but a t  a much re- spin should be carried by the quarks only. The con- 

duced level. As a consequence the results of Fig. 12 tribution of the u,  d and s quarks should add to an 
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Table 2: The spin integrals for the proton (r;) and the neutron (I'?) obtained for combinations of the EMC[~'], 
S M C [ ~ ~ ]  and S L A C [ ~ ~ ]  data, in comparison with the theoretical predictions according to ~ l o s e [ ~ ~ ] .  See eqs. (48-51) 
and text. 

expectation value of for the total spin of the proton, 

r! 

with Au = 2 ,  Ad = - 5  and A s  = O in the constituent 

quark model. It is well known, however, that this mode1 

gives a wrong value for the axial coupling constant, 

r? I r + r I r; - r? 

5 5 
g~ = -(Au + Ad) = - # 1.26 (experiment!). (59) 

3 3 

Furthermore, the SU(3) symmetry is broken and tlie 

nucleon acquires a small contribution of s-quarks, 

A s  sy -0.15. In conclusion we may expect 

theory 

1 
X ( S . ) ~  = I(Au + A d  + As) 

a 

considerably below tlie "naive" prediction of the quark 

model, eq. (58). 

As has been stated before, also the "experimental 

data7' have moved towards a compromise with theory. 

The result has been shown in tabIe 3 indicating the 

most likely answer at this time: About 50 % of the 

spin of the proton is directly carried by the quarks, the 

other half lias to  be carried by the gluons. This is es- 

sentially the same answer as in the case of the linear 

momentum of the nucleon. 

0.173 

VI. Summary and conclusion 

Investigations with electromagnetic interactions 

have contributed substantially to  a better understand- 

ing of the structure of the nucleon. We have concen- 

trated in this review on the two limiting cases, elastic 

scattering, i.e. a completely coherent reaction with re- 

gard to the partons of the nucleon, and deep inelastic 

scattering (DIS), i.e. the idealized case of incoherent 

reactions with the individual partons. These carriers 

of charge and magnetization are the quarks, existing 

in the form of valence and sea quarks. Their motion is 

governed by tlie laws of QCD, and the general structure 

of the electroweak interaction with quarks and nucleons 

is well understood. However, we cannot yet calculate 

the wave functions of the quarks, and therefore the ma- 

trix elements of the vector and axial vector currents 

involved have to be parametrized in terrns of nucleon 

form factors and quark distribution functions. The goal 

of the experiments is to  measure these structure func- 

tions over a wide kinematical range in order to  test the 

theoretical predictions about the structure of hadrons. 

-0.019 

A new generation of high-energy, high-intensity c. 

w. accelerators has opened exciting perspectives for a 

series of new experiments involving polarization degrees 

of freedom. In the area of elastic electron scattering we 

expect a model-independent separation of the electric 

and magnetic form factors of proton and neutron over a 

wide range of momentum transfer. New information is 

particularly important in the case of the neutron whose 

charge distribution may serve as a very critical test of 

models of the confinement phase. Parity-violating elec- 

tron scattering allows to measure asymmetries due to  

the interferences between electromagnetism and weak 

interaction. These experiments are expected to  provide 

a direct measurement of the strangeness content of the 

nucleon, i.e. the  influence of the strange sea on charge 

and magnetization distributions. The strangeness con- 

tent and the role of sS pairs has been a central point 

of uncertainty in many analyses of hadronic structure 

in the confinement phase (condensates, sigma term, 

0.154 1 0.192 
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Table 3: The contribution of the quarks to the total angular momentum of tlie proton (in per cent). 

I u d s valence sea I total 

I I 

old a n a l ~ s i s l ~ ~ ]  1 78 -48 -20 107 -97 1 10 

naive CQM 
refined theorv14'1 

new a n a l y s i ~ l ~ ~ ]  I 1 42 

anomalies, spin crisis). The analysis of these experi- 

ment wili &O require better data for the neutron form 

factor. 

New experiments are also necessary in the area of 

DIS.  While the experiments agree that only half of tlie 

momentum of the nucleon is carried by the quarks, the 

situation is still quite open in the case of tlie spin. It is 

now realized that the 'spin crisis' might not be as dra- 

matic as originally reported and that only about half of 

the spin m i g ~ t  be 'missing', i.e. carried by gluons or by 

the orbital angular momentum of the quark-gluon sys- 

tem. The prwent experiments are somewhat contradic- 

tory among t hemselves. The essential problems remain- 

ing at tbis pcint are the deviations from scaling (depen- 

dente on monentum transfer, particularly for tlie data 

at low Q2)  and the question, how much of tlie overall 

strength is e.rolved into the polarized sea. One of the 

cleanest answers to the latter aspect is expected from 

a semi-inclusive experiment planned at HERA ('HER- 

MES Collaboration'), a measurement of the Ií-(sü) 

production a, function of the polarization of beam and 

target. 

The adve~it of a new generation of accelerators and 

continuing plogress in handling polarized beams and 

targets will provide a chance to ask questions at an 

unprecedentetl leve1 of accuracy, and tlie answer to 

these questioris is expected to qualitatively improve our 

knowledge of the interna1 structure of hadrons in terms 

of quarks and gluons. 

133 -33 - 100 - 
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