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I. Introduction 

STRUCTURE* 

Center 

In these lectures we shall discuss some of the theoretical ideas 

involved in electroproduction, neutrino production, and electron-positron 

annihilation into hadrons. In doing so, we unavoidablywillbe studying 

simultaneously both the short distance behavior of products of currents 

and hadron structure. 

Surely, the subjects under discussion here, like the quark parton 

model, scaling, and (quark) light cone algebra, are familiar to many 

these lectures will reach. A number of items which are explicilty dis- 

cussed in some detail are therefore of a reference nature. However, I 

hope that some of the topics are not so familiar and that they are 

treated in sufficient detail to permit an easy grasp of forthcoming data. 

Also, as much as possible deep inelastic eN, pN, vN, and FN scatter- 
-l- - ing, as well as e e annihilation are treated together, with emphasis 

on what kinds of behavior follow from the same theoretical assumptions 

for these different processes. 

II. Some Basics 

For inelastic eN, pN, vN, or ;N scattering the assumption of 

a current-current form of the interation of leptons and hadrons results 
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in the laboratory double differential cross section 1) 

where L arises from a trace of lepton associated Dirac matrices 
PV 

and W arises from the hadronic matrix elements of the weak or 
PV 

electromagnetic current. In the particular case of eN + e f anything 

or PN -I- i-L + anything2): 

C Jdbx e-iqx 

spin 
(p/[Jv(x), Jy(0)ll~) 

+ w2h,q2Npp - P-9 \/q2)(pv - P.qqv/q2)/%, 

with Y = -p*q/s and q2 the four-momentum squared carried by the 

virtual photon. 

Defining the quantities 

1 x=-z q2 +92 w-z 
Lc, 2p*q 2Mv 

and (3) 

,+ P-cl 
p*k incident 

and neglecting terms of order M/Y and M/E, the cross section may be 

rewritten in terms of scaled variables, 
- 

d2a 4n2 = 
hay ( 1 -q- m$Jw [bY)VW2 + c; Y2) @yf)wll . 

q 
(4) 

For neutrinos (and antineutrinos) we have an additional structure 

function, W3(v,q2), involving one vector and one axial-vector current. 
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In scaled variable form, with the ssme approximations as before, 

d2&) 

dxdy = [(l-y)vW2 + ($ y2) 2MgWl 7 y(1 - $ y)xvw3] . (5) 

- R&111) also that instead of the structure functions W 1' w2J 

w3 one can define positive semi-definite cross sections; e.g., in 

electroproduction 

wy.0 
4112cY T 

K 2 
w2 = - q 

4,;‘a q2 + v2 hi + a,), 

(6) 

where K = v - and the transverse and longitudinal cross sections 

mT and c L again depend on q2 and v. 

If we consider the process efe- +hadron(p) + anything, then 

formally much is the same: the differential cross section is proportional 

3) with to a contraction of a leptonic and hadronic tensor , p. , 
PV 

c ld4xe-iqx 
spin 

fo[J,)) IP + any)*(p + any lJv(0) 10) (;I 

(7) 

= W&J,d) (y - gqd, +C2(v,q2)(!, ,,-P*,,/q2)(Pv-P~qq,/q2)/~ 

Again, v = -p*q/Mh 2 0 if Mh is the hadron mass. We will use Q2 = -q2>0 

in the time-like region. The scaling variable is 

E hadron . 
Ebeam 

(8) 

Recall that 1 < w < M for LU in deep inelastic scattering, while here 
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29-l 0<- <;<1. 

J- 
- - 

Q2 
(9) 

In terms of this scaled energy variable, the differential cross section 
--h 

for e'e- +hadron(p) + anything is 3) 

3 (10) 
where 

(point) cross section for e+e- 

)lj2, fyhv = -s*q, app = 4r$/3Q2 is the 

-+ I~+P-, and 0, d are polar and 

azimuthal angles with respect to the beam and plane of the efe- storage 

ring, respectively. Equation (10) applies to the case of 100% polarized 

(perpendicular to the plane of the ring) beams 4) . The unpolarized beams 

case can be obtained by replacing sin 2 6 by l/2. Integrating over angles 

and neglecting M/Eh terms, 

a, Q*, + @V g2(G,Q2) , 1 (11) 

Note that d2 is not necessarily positive, as was VW2 in 

electroproduction (see Eq. (6)). To see why this is the case, let us go 

back and derive d2a/dn dG in terms of positive (semidefinite) cross 

sections for an arbitrary degree of beam polarization (perpendicular to 

the plane of the storage ring). 

Consider a .virtual photon decaying to a hadron, h/plus anything. 

There are three amplitudes, gh, for A = 1, 0, -1, labelled by the net 

helicity of the final state along she By parity l!3+ll = 16-ll. If 
B is the angle between sh + and the polarization vector, E, of the 

virtual photon, then the angular distribution of h is 



$ a /g+l/2 ldiob) I2 + 

= /gl12 sin2 @ + Igo I2 cos2 p . 

I2 b-~lo(@) I2 
h-2) 

(Recall that the helicity of the virtual photon is zero along the direction 

of + E.) With 100% polarized electron and positron beams, the virtual ,photon 

is formed in a linear polarization state, with 2 perpendicular to the 

plane of the ring. Let 8 and 6 be the polar and azimuthal angles of 

x relative to the beam (as z-axis), and the plane of the ring (as x-z -- -- -- 
II 

plane). Then cos $ = sin @ sin d, and in thes 

g a lg+l12 + (lgo12-- lg+l 

,e new coordinates, 

2, sin20 sid# . (13) 

NOW let us define 

oL(Eh, Q') a Igo/ 2 

2 
aT(Eh> Q2) a hl/ 3 

.which are manifestly positive, so that for 100% polarized beams 

($) = OT - bT - oL) sin' 8 sin2 $3 . (14) 
PO1 

For unpolarized beams, (sin2 d) = l/2, and 

unpol = 'T - bT - 0 ) $ sin2 0 . (15) 

In general, if the polarization of each beam is P (O<PIl),then 
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6$= (l-P2) (%, 
utlpol 

+ Py$ 
PO1 

g (uT + uL) I 
(16) -= 6 cos2@ 1 

where oT and CT L depend in general on Q2 and E 
h'. 

In the case where P = 0, the angular distribution is 1 + a cos2 8 

with 

-l<_a= 'T - "L <+1, UT + crL - (17) 

an old result. 

Note that in the sense that the 8 distribution determines 

aT and 0 L when P = 0, the cos 26 dependence induced by polarized 

beams tells us nothing new! In practice, because of complete SPEAR 

detector acceptance in 6 and not 8, 'it is much easier to separate oT 

and aL using polarized beams. If P2 is known (say from e+e- 'p+p-) 

the coefficient of cos 2d has a unique @ dependence and its coefficient 

determines (oT - a,)/(~, + a,). 

The connection to the structure functions w, and q2 is easily 

made. It is 

'1 a 'T 

w2 a 
Q2 

Q2 - v2 
(UT - 

(18) 

OL) 

This should be compared with Eqs. (6) relating Wl and W2 to oT and 

OL in deep inelastic scattering. The sign in front of the positive 

quantity oL, has changed because the longitudinal "cross section," 



contains a hidden factor of q2 (it must vanish at q2 = 01, and hence 

changes sign on going from space-like to time-like. If we note that 

and 

Q2 1 
(Q2 -V2) =-2 $ 

2E; 
cov = - 

ST, 

then we see that for 10% polarized beams, 

da - 
dR -5 + p2 $) VTJ2 sin2 8 sin2 $8 

(19a) --. 

(1Yb) 

(20) 

"MuTf&y ' 2 2E2J(-T) (uT - crL) sin2 8 sin2 d 
p2E2 

au - T ( 'T - u,) sin2 8 sin2 d , 

which agrees exactly with Eq. (14). Therefore, all the extra factors in 

front of Gl and q2 in the angular distribution just serve to eliminate 

the factors connecting them to aT and oL. 

A formula completely analogous to Eq. (16) holds for the angular 

distribution of any three-vector quantity characteristic of the final 

state. In particular, the same formula holds for a jet axis. Of course the 

corresponding aT and IS L then have no Eh dependence, as they characterize 

the whole jet. The same remark holds for any particular final state. For 

example,‘ TIT has only oL f 0, 7f-P has only aT f 0, while rAl has both 

OL and CJ T+ 0 in general. Of more current interest, y f O- or r + O+ 

has only aT and hence the gamma distribution is 1 + 8 (with un- 

polarized beams). On the other hand, electric dipole transitions to r f- If 

and y + 2+ states have 'L"T = 2 and 6/7, respectively, so that their 

angular distributions are 1 - 1. cos 2e 
3 

and l+ ' 
v 

cos 2 8. 
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111. Currents at Short Distances 

For deep inelastic electron or neutrino scattering as V, q2 --+co 

or for the total cross section in electron-positron annihilation as Q2 +co, 

the region of configuration space x2 _" 0 dominates 5) in 

and 

s d4x e-iq'x (OIJP(x), Jv(0)/O) , 

respectively. It becomes relevant to consider the Wilson expansion for 

6) a product of currents at short distances. : 

[J&x), J,(O)] = : Sri(x) gPv P . . . 
n=O 1 

+ other terms 

(20) 

Here Sri(x) are singular C-number functions and @ (0) are 
PV Pl’ * l I12n 

operators. Only the leading term contributing to VW2 'has been made 

explicit in Eq. (20) and internal symmetry indices have been dropped. 

Taking the 'spin averaged hadronic matrix element of Eq. (20) as q2 -+~a 

and putting it back in the expression for W PV 
in Eq. (2), one finds that 

the result can be expressed in terms of a series of moments: 

Mn(q2) =i" $ VW2(V,q2) 

/ 
1 

= dx x2" VW-(x,q2) = cnS(q2) 
“0 ‘d 

for n=0,1,2,... ,where E.J,') 

of Sri(x) and the Cn are constants 

of @ 
I-IV [Il”‘P;ln 

(0). 

is related to the Fourier transform 

proportional to the matrix elements 

(21) 
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The behavior of vW2 as then depends on that of the 

This is true for a& hadron targets since the zn(q.2) just depend 

on the behavior of the currents at short distances. The C,'s, on the other 

hand, are different for each hadron and give us information on hadronic 
CI 

structure. 

As q2 +~a, some favorite behaviors of the moments are: 
d 

A. Mn(q2) + Cn(P2/q2)' n where the dn are called anomalous dimensions. 

One can show that dn+l 2 dn. Conventionally 7) do = 0, since a candidate 

for the corresponding operator, 0 
I-J 

is the energy momentum tensor which 

has canonical dimension (zero anomalous dimension). 

Ln(q'/$)l* 

n 
B. Mn(s2) + Cn . This behavior is that deduced in asymptotically 

free gauge theories 8) of the strong interactions in which the coupling 

constant vanishes logarithmically as q2 +w. The An are known once 

the gauge group and fermion representation is chosen. 

. - 
B. 3n(q2)+finite, non-zero constants. This is the behavior of free field 

theory. It implies that vW2(v,q2) --j VW,(x), i.e., Bjorken scaling 9) . 

To gain further results, we abstract the leading light cone (x2 =o) 

singularity from the free quark model 5'10). . 

+ d~Pr[(V~(x,0)-V~(0,x))6P~+(V;(x,0)-V;(0,~))~v~ 



where V;(x) and Aa are vector 
1-1 

index a, and $(x,0) and AF(x,O) 

and axial-vector currents with SU(3) 

are bilocal operators. Although Eq. 

(22) is for the commutator of two vector currents, similar expressions hold 

for two axial-vector currents or a vector and axial-vector current 5’10) . 

The pzrticular case of electron (or muon) scattering is realized with the 

identification 

J em 
c1 

= e[Vc3) +(l/fi)Vf)l . 
P 

(23) 

If the bilocal operators are expanded in a Taylor series in x , we 
CL 

recognize the coefficients as essentially the operators 0 (0) in 
WP1” l I-Lzn 

the Wilson expansion, Eq. (20). The last term in Eq. (22) contributes to 

deep inelastic scattering of polarized electrons on a polarized target. 

An examination of the quark light cone algebra as is partly dis- 

played in Eq. (22)' shows that it displays the following features: 

(1) The singularity is a c-number characteristic of free field theory. 

Hence it yields scaling: Wl, vW2 and VW 3 
should scale in deep in- 

elastic. electron and neutrino scattering. Vector and axial-vector 

currents contribute equally to Wl and VW 2' When applied to 
+- 

e e +hadrons, it predicts 

Dtotal(e'e- jhadrons) = R(Q2) = a constant 
cr(e+e- -+ %I-) 

. 

(2) The (Lorentz) tensor indices, due to the spin l/2 of the quarks, yield 
- 

(2Mx)w1 = @w, = VW2 , (24) 

i.e., +T + 'Y in deep inelastic electron and neutrino scattering. 
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(3) The SU(3) indices on the pr and daBr relate different processes 

involving electrons and neutrinos, as well as yield bounds like 11) 

(25) - 

(4) Matrix elements of the various bilocal operators determine the shape, 

as a function of' w, of Wl, vW2 and VW 3' Again, this is where all 

the hadronic structure information resides. 

IV. The Quark Parton Representation 

The quark light cone algebra in the last section has what is, at the very 

least, a very convenient representation in terms of quark partons =,I3 . In 

its usual derivation, one starts without mention of the light cone and short 

distance analysis, and instead pictures the hadron target as being composed 

of point, spin l/2, quarks (and antiquarks). When the hadron is boosted 

to an infinite momentum, the scattering at large v and q' is viewed as 

taking place incoherently (in impusle approximation) and elastically off each 

quark. The variable x = l/u, now also has the interpretation of the frac- 

tional longitudinal momentum carried by the struck parton. 

The basic connection between the parton picture and the structure func- 

tions is given by 

2%~ W,(x) = VW,(X) = c Q;xf;(x) 
i 

(26) 

where f;(x) is the distribution of partons of type i in the hadron target 

h, and Qi is its (electromagnetic or weak) charge. It is straightforward 

to then write out the structure functions for various processes on nucleons, 

in terms of u, ;, d, l, s, and s quark contributions: 



Fep ep 
2 = VW2 

en 
*2 

e = YW2 

FvP = 
2 

F;;P = 
2 

4 =x lf +I- kf +l Lf 
[yfu+s d gfsf9 ; yf,+9 s' 1 

- 12 - 

= x[-l f + 
9 u 

4, +Lf +l 9d 9s 3 f- + 4, 9 +l 
U 2 

;? f-1 
S 

7n =2x[fd+ f ] =F2 
ii 

= 2x[fU + f ] = Fgn 
iI 

(27) 

43yp = -xywsvp = 2x[fu - f-1 = 4; 
d 

In all these relations we have used the quark distribution functions, f!(x), 

for a proton. Where necessary those of the neutron were related using 

f"u = fi, fp = fr, etc., which follow from isospin conservation. The extra 
; d 

factor of 2 in the neutrino structure functions arises because although 

quarks have unit "weak vector charge," there is a contribution from both 

vector and axial-vector currents. The anti-quarks contribue to F 
3 

with 

opposite sign because, being anti-fermions, they give an opposite sign to 

the V-A interference term which is involved in W3. We have used the 

approximation of setting the Cabibbo angle to zero. 

As long as the (positive semidefinite) functions fi(x) are not 

specified further, the expressions in Eq. (27) for the structure functions 

are perfectly general and predict no more or less than taking matrix ele- 

ments of-the quark light cone algebra between nucleon states. In particular, 

any relations between the structure functions derived from Eq. (27) can also 

be derived from quark light cone algebra manipulations. For example we have 

the local relation 14) 
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6(*zp - VP *En) = 2x(fU - fd + f- - fZ) = x(F3 - Fgn) 
U 

(28) 

as well as the integral relations 

J 4 dx (FF _ 
0 x 

FgP) =j’ dx 2(f 
0 U -fdff ;i - f-) = 4 t@IIzb) = 2, (29) 

U 

(the Adler15) sum rule') 16) and 

i dx(Fp i- F;Vn) =I1 dx2(fu+fd-f -f > 
0 0 ii ;i 

6 . 1 s 1 = 
30 

dx(fu+fd+ fs - f - f - f ) (30) 
G z s 

= 6 (p/B\p) = 6 . 

In the last equation we used the constraint that 

/ 

1 
dx(f - fs) = (PISIP) = 0 . . 

0 S 

There are also easily derived and important inequalities like 11) 

and 

Fgn -b F;’ = 2X(fd + fu f f + f ) 
z ii 

<Gx(5f +zf +zf +& +2f +2-f) 
- -5i9dYuY;,Y;Ys9, 

5 9 (FE' f *En) . 

(31) 

(32) 

For polarized scattering, there are other relations as well, such as the 

Bjorken sum rule 17) on the difference of proton and neutron spin dependent 

structure functions. 18) 
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This is as far as we can go without making assumptions which are out- 

side the light-cone framework. A commonly made additional approximation in 

some x regions, is to neglect the contribution of antiquarks, 

.i.e.,- set f (x) = fa(x) = f-(x) = 0. 
ii S 

It then follows that fs(x) = 0. In 

this case everything simplifies further. In addition to all the previous 

relations, we have: 

24.x w,(x) = VW2 (x) = -x VW3 (x) 

for each process. For neutrinos 

d2,vN -= 
e=c dy (- G2F) FgN(x) 

d2a7N 

-=%-- ax W 
G2m) F,VN(x)(l-y)2 , 

and as a result: 

Also 

F;" + Fsn = F YP 
2 + Fin = F (Fy -I- Fzn) , 

and 

6(*zp - Fe,") = F$ - FF 

(33) 

(344 

(34b) 

(35) 

(364 

(36b) 

so that measurement of ep and en deep inelastic scattering determines 

everything. Furthe.rmore, the Adler sum rule, Eq. (29), can then be rewritten 

as 
1 

$ [FGP - FE"] = $ (37) 
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Equation (37) actually holds using a somewhat weaker parton model assumption 

that the nucleon contains valence (u and d) quarks plus an isoscalar sea 

of qi pairs (f = fa). 
ii 

- For electron-positron annihilation we have the very simple result in 

the parton model that 

R~ ?-total ( e'e- +hadrons)- 

a(e+e- -+ p+p-) 
=cQ;, 

i 
(38) 

where the sum goes over each quark (not antiquark) type. If each quark also 

comes in three colors, then the sum is implicitly over color also. With 

colored u, d, and s quarks, Eq. (38) predicts 

R~3(4+~+~ 9 ;? 9)=2. (39) 

We are now in a position to state a zeroth order (to N 20%) picture 

of experiments on deep inelastic scattering in terms of the quark parton 

model: For values of the Bjorken scaling variable in the range 0.15; <, 1, 

only quark (not antiquark) partons are found in the nucleon and scaling 

holds for q2 > 1 GeV2 and hadronic invariant masses W > 2GeV. Some N 

representative samples of the evidence is shown in Figures 1, 2, 3 and 4. 

In Figure 1 we have the results of inelastic scattering of electrons off 

hydrogen and deuterium 19) , showing scaling at SLAC energies. Figure 2, taken 

from results of the CalTech-FNAL narrow band neutrino experiment 20) , confirms 

the scal-ing prediction that VN and VN total cross sections should rise 

linearly with the beam energy. The integrated form of Eq. (36), 

/ ?- [F;'(x) f Fzn(x)] dx 
0 5 

J 
1 

[F;'(x) + F?(x)] dx 
=18 

0 
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. - 
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0 

Fig. 1 

W>2 GeV 
Q* > I GeV* 

R=0.18 DEUTERIUM 

HYDROGEN 

4 I 

X- 

I 2 3 5 IO 20 30 
w’= I +W*/Q* 2375C3 

The structure function vW2 for 8 = 6’ and 10' inelastic 

electron scattering on hydrogen and deuterium 19) . 
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60.0 

20.0 

.O - 

0.6 

Total Cross-sections 

0, l = Cern-Gargamelle 

0, l = Caltech-Fermilab 
(this expt) 

2 4 6 IO 20 40 60 -100 

Neutrino Energy (GeV) 2834A2 

Fig. 2 I The neutrino and antineutrino total cross sections on 

~ nucleons2') as a function of incident energy. 
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Mean Squwe Charge of fnteracting Conslituenfs (S=O) 

0.6 

0.4 
<q2> 

0.2 

A = CG (ref. 4) 
* = This experiment 

“Integral 
._---------------------I +-- Unit 

Charges” 

-_---------- - - - --- 

i . 
"QllcIl4-T 
Charges” 

0 
0 50 100 

E, (GeV) 2542A22 

Fig. 3 21) Comparison of the ratio of integrated electron-nucleon to 

neutrino-nucleon structure functions to the value 5/18 

expected from "quark charges." 



- 19 - 

IA 
b 

V 

123 
b 
+ 

b” 

cX6 

0.4 

0.2 

150 

100 

50 

I - 

(a> 
CALTECH- NAL 

a, 

T 

a, = 0.33 +- 0.08 
* 

1 I I I I I 
--- 0 20 40 60 80 100 120 

I 

b) 

E, (GeV) 
2542A24 

Fig. 4 (a) R t- a 10 of antineutrino to neutrino total cross sections; 

21) and (b) rise with energy of their sum . 
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is compared with experiment 21) in Figure 3, ;N vN and the prediction crT /DT = l/3 

following from the absence of antiquark partons can be compared with the 

data*l) in Figure 4. - 

c. Within the stated errors, everything works rather well. The data for 

neutral current neutrino induced events will eventually be useful in testing 

this picture. At the .moment, one usually works the other way and assumes the 

zeroth order picture in order to extract additional physics information from 

the present data. 

In e+e- annihilation, the equivalent zeroth order picture only holds 

for J- Q2 ,< 3.5 GeVj data from SPEAR 22) for 2.45 J- Q* ,< 3.4 GeV are con- 

sistent with a constant value of R lying between 2 and 3. Within errors, 

and given the possible approach of R(Q*) to its scaling limit from above, 

as in asymptotically free gauge theories 23,24) , such values are consistent 

with the value of 2 in Eq. (39) arising from colored u, d, and s quarks. 

V. Scaling and Scaling Breakdown 

Having summarized the state of experiments in deep inelastic scatter- 

ing in a very simple way to an accuracy of N 2%, we shall now look at the 

evidence for corrections to this picture. As we will soon see, a variety 

of physical origins can be ascribed to these effects, and at the 1% level 

one encounters a confusing but exciting situation which is not yet sorted out. 

Although it didn't seem that way a year ago, perhaps the clearest 
+- case is e e +hadrons. After the spectacular narrow resonances $ (3.1) 

and $' (3.7) R(Q2) rises rapidly near22) d- Q2 = 4 GeV, and beyond 

N 5 GeV appears 25) again to have settled on a constant value between 5 and 6. 

Presumably this signals passing the threshold for new physics and Ci Qf 
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has increased appropriate to the number of new quarks which have become 

operative. This new physics very likely will also affect to some degree 

deep inelastic scattering, to which we now turn. -. 

c, Evidence for a scaling breakdown in deep inelastic scattering comes 

from three different experiments: 

1. Cornell-Michigan State-UC Berkeley-UC San Diego; Experiment 26 at FNAL 26,27) . 

Using 56 and 150 GeV muon beams at FNAL, this experiment tests scaling 

both by a relative comparison of the data at the two energies and by a 

comparison of the absolute rate with a Monte Carlo calculation based 

on a fit to SLAC data. As indicated in Figure 5, the latter comparison 

shows a fall of the data with increasing q' at small w (,< 5), but a 

rise at large CD (6 ,< CD ,< 40). 

2. Harvard-Pennsylvania-Wisconsin-FNAL; Experiment LA at FNAL *8,29) . Using 

the broad band neutrino and antineutrino beam at FNAL, tests of scaling 

of ctotal(E), td), x and y distributions, etc. are possible. While 

the claimed discrepancy has been presented in several different ways, 

Figure 6 is typical. For antineutrinos above 30 GeV, the y distribution 

disagrees with what is expected assuming scaling and quark partons. This 

is usually presented28) as showing that there are too many events at 

large y (y = 1) when x < 0.1. Alternatively, there are too many 

events2') in GN scattering at large hadronic masses, W. However, it 

has been stressed by the Cal-tech group 30) that the discrepancy is really 

at low y. They claim that at large y the ratio of ;N to vN events 

is about what one expects with a reasonable amount of antiquark protons 

for x < 0.1. It is at low y, where the distribution for vN and GN 

should be equal by charge independence, that the Harvard-Pennsylvania- 

Wisconsin experiment has a depletion of events in ;N compared to vN. 
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30) Thus the "anomaly' is a low y effect. Further, the Caltech data 

does not show such an effect, although the statistical errors are large 

enough so that an outright experimental disagreement can not be claimed 

a& thepesent time. 

3. SLAC Group A; Experiment E8$'). Using large angle (50' and 60') electron 

scattering at SLAC, measurements have been made out to q* "_ 30 GeV* on 
- 

the structure function Wl. For fixed values of w or w' (,< 2.5), 

Wl tends to drop with increasing q2. 

To what can these observations of apparent scaling violations be due? 

Let us examine in turn the various possibilities. 

(i) Radiative corrections, crL/crT variation, A dependence on heavy nuclei. 

None of these should affect the claims based on neutrino experiments, 

at their present level of accuracy. Baring a major error, the radi- 

ative corrections should present no problem to anyone. Variation of 

. - DLL/UT within reasonable limits makes insignificant changes in the 

values of Wl from SLAC31). It is possible that aL/mT or A depen- 

dence at large w could vary in such a manner with q2 so as to have 

a significant effect on the comparison of the results of the muon ex- 

periment at FNAL with the SLAC results at lower LU and q2 on 

deuterium. 

(ii) Approach to Sealing. We have very little theoretical control over non- 

leading singularities on the light cone, An example is the use of 
A A 

the variables w and LU* = LU + tiN/qc. Scaling is significantly better 

in LU*, but as q2 + 06, wr +w, so any differences involve the approach 

to scaling> i.e., - non-leading terms in the light cone formalism. 

Particularly at small w, the choice of variable can be important at 

present energies 32) . At large o, where the structure functions vary 
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slowly, it makes less of a difference. Unfortunately, it is at large (0 

where the range is most limited and a definitive test of scaling 

over a large range of substantial q2 values is not yet possible. For - 

&xample,if one only tested for scaling beyond q2 = 2 GeV2, it would make 

a considerable change in the magnitude of scaling violation deduced 

from Fig 5- at large CD. 

(iii) New Particle Production. As was noted earlier, the rise-in R(Q*) for 
+- e e annihilation inspires one to consider new quarks and hence new 

particles. In particular, either heavy lepton or "charmed" particle 

production is a possible explanation of "anomalies" in neutrino or 

antineutrino scattering, If charm threshold is being passed at FNAL, 

one would in fact expect it to be a threshold in the hadron mass, W, 

exhibiting itself first as an excess at large y (and small x) 

fora given incident energy E, and slowly propagatingtosmall y as 

E increases. In the case of charm or other new quantum numbers this 

could be accompanied by apparent charge symmetry violations 33) . It 

could also involve V i- A hadronic weak current 24) which would change 

the y distributions from these in Eq. (34). Whether this is what is 

going on in the Harvard-Pennsylvania-Wisconsin-FNAL experiment remains 

35) to be shown 36) . The observation of two muon events in the same 

experiment makes it clear that something new is happening at high 

energies with neutrinos--the only question is at what level it can be 

seen in 'rtotal' ' distributions, etc. 

To an even greater extent this applies to the rise with q2 at 

large w in the inelastic muon scattering experiment 27) . A threshold 

in W could exist for producing pairs of new particles, which first 
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shows up at large u) for fixed q*. As q2 +a, it will then propagate 

to smaller cu. It should be possible to explorethispossibility in 

some detail in the next few years, both by doing inclusive deep in- 

-elastic experiments at larger q2 and by looking inthe final state 

for the new particles. 

(iv) Parton Size. The idea here is that scaling will.break down if distances 

are probed which are less than l/n, which characterizes a parton 

37) size . In this manner, one parametrizes the data with a factor 

l/(9' + A2,2 and VW 2 falls uniformly as q2 +w for all w. The 

data does not show such a behavior 27) + - 
,and ee annihilation, which 

originally was a motivation for this idea, shows scaling and no indi- 

cation of such a propagator form. 

(v) Scaling Breakdown in Field Theory. Ideally, one would like to have a 

complete set of moments, 

M,(d, =j' dx x2n 
0 

vw,cx,d, , . 

and examine their behavior as q2 + ~0. Unfortunately, data only 

exists over a finite kinematic range, and at any given value of q* 

the data only extend up to a value of y (and hence of u = =JJv/s") 

bounded by the machine energy. Thus there is always a-region of small 

x = l/w near zero which is unmeasured for a given q2, and consequently 

Mn(qZ) is never fully determined experimentally. 

Nevertheless, the qualitative behavior of vW2(x,q2) expected 

from field theoretic scale breaking is clear. If do = 0 (i.e., 

if the leading term contributing to the zeroth moment comes from the 

energy momentum tensor with canonical dimension), then 
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1 

dx vW,(x,d, > constant . w 
0 qLc0 

-h Furthermore, dn+ll dn, so higher moments, which are more sensitive 

to the structure function near x = 1, fall faster with increasing 

s2. Therefore, ~W,(x,d) must drop for x near 1 as q2 -+a. 

Since Eq. (40) says that the area under VW 2 is preserved in the same 

limit, it must rise near x = 0 to compensate. This behavior is 

indicated schematically in Fig. 7. Of course, in what q2 range 

this behavior sets in is unspecified a priori. In fact, since the 

constant on the right hand side of Eq. (40) should be the same for 

the neutron and proton, it is clear from the data that at present 

energies there are important contributions to at least the zeroth 

moment from other than the leading term arising from the energy -- 

momentum tensor. 

In any case, it turns out to be possible to invert the moments 3y 

so that if one knows the anomalous dimensions, dn (M 

the Ai (Mn c [ l/dd/p2) IAn) 

n = (p2/s2)0 or 

inan asymptotically free theory, then 

,W2(x,q2) may be calculated for all q2 > q$ from vW2(x, $), where 40" 

is a value of q2 for which the behavior of the structure function 

moments are controlled by the leading terms. Thus l,w,(x, 4) from 

experiment, plus the An's from theory, and an assumption of relevance 

of the leading terms at q2 =q$ allows a calculation of vW,(x,q*) 

There have been .a number of calculations along this line 39) . 

Recently Tung W has used the electron data at 40' = 4 GeV2 and made 

extensive calculations of what one expects in either field theories 

with anomalous dimensions or asymptotically free theories. The results 

agree qualitatively with Fig. 7. The structure function decreases for 
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x 2 .25 and increases for x 5 .15 as q2 grows. It is difficult to 

tell the case of anomalous dimensions from that of asymptotically free 

theories with the q2 range likely to be available in the near future. - 

27,31,41) - 
-h At least qualitatively this is also the behavior of thedata . 

However, at large w (x fl 0) both the neutrino and muon experiments at 

FNAL may be encountering a threshold-for new physics. Therefore, at 

the present moment the only significant evidence of a violation of 

scaling which must be ascribed either to non-leading terms (approach to 

scaling) or to true field theoretic scale breaking, is the SLAC experi- 

ment measuring Wl at large q2. A really quantitative examination of 

this data in a field theory framework has yet to be made. 

In spite of the altered character of the light cone singularity 

leading to scaling breakdown in field theory, the other features of the 

42) light cone algebra discussed in Section III remain unaltered., For 

example, the SU(3) relations among structure functions remain,, as does 

the connection between electron and neutrino structure functions. Sum 

rules, such as the Adler sum rule or the Bjorken sum rule for polarized 

lepton-nucleon scattering are still correct, although the approach in 

the latter case 43) should in asymptotically free theories only be loga- 

rithmic, rather than by a power of qZ. Similarly, as noted before, the 

approach of R(Q2) in e'e- annihilation to a constant should be loga- 

rithmic and from above, and u /cr L T in deep inelastic scattering should 

behave as l/Jn(q2/p2) in asymptotically free theories. The latter 

behavior is to be contrasted with scaling (in w) of icL/cTaq20'L/uT 

expected from the quark light cone algebra 44) with a leading singu- 

larity characteristic of free field theory. It is important to use 

both the information 45) on the q2 dependence of rL/aT and that of 

the individual structure functions when checking quantitatively to 

see if field theoretic scale breaking is what is being observed. 
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VI. Partons and Final State Hadrons 

In order to treat the distribution of final state hadrons in either 

deep inelastic scattering or in e+e- annihilation, additional assumptions ~ 

beyond-those already employed, must be made. Within a parton model 46), a -. 

commonly used set is: 

(i) The virtual photon (or weak current) interacts in impulse approximation 

with point, spin l/2 constituents, the quark partons. 

(ii) Partons fragment into hadrons independently of how they were produced. 

(iii) The distribution of hadrons fragmented from a given parton moving with 

a large momentum is only a function of (hadron) ip barton) z = PII and 

of the transverse momentum of the hadron relative to the parton's 

momentum. The transverse momentum distribution of the hadrons is 

assumed to be limited, and as a result one should see jets along the 

parton direction. We shall use the set of functions D:(z) to be 

the probability of finding a hadron, h, with fractional momentum z, 

arising from a ,parton of type i (integrating over PJ. 

The first of these assumptions is just the one used previously to 

obtain scaling of the structure functions in deep inelastic scattering or 

of R(Q2) in efe- annihilation. It describes the "hard" process of a 

current interacting with an existing quark or pair producing them out of 

the vacuum. The second and third assumptions are new. They describe the 

"soft" process of hadrons being produced by partons. Of course this process 

can not be too soft or the quark itself would appear in the final state. 

An intuitive description of how the quarks are kept from escaping in a 

universal way, but delicately enough so that assumption (ii) still holds, 

was discussed two years ago in the SLAC Summer Institute by Bjorken 49) . 

A really quantitative model in four-dimensional space-time has yet to be 

presented. 
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In electron-positron annihilation 

p (parton) 3 d$j2 and p(hadron) j E 
h' 

2 as Q -+ TV, one has that 

so that 

Eh 2Ph*q 
Z-3 =-z&J 

J 

q2 
(42) 

the scaling variable defined previously. Therefore' integrating over angles 
2 

and over pL relative to the parton direction' we find that as Q -+t~) 

and Eh -+m (but ;; finite and non-zero)' we have for e'e- -+h + anything: 

(43) 

where the sum extends over quarks (u, d, s, . ..). and the two terms in 

brackets arise because both a quark and an antiquark are produced out of 

the vacuum in each event and each fragment into hadrons. Equation (43) 

predicts scaling of the inclusive hadron spectrum in e+e- annihilation' 

i.e., iil(vJQ2) = p(z)J and vg2(vJQ2) = vq2(o). Further, with spin l/2 

partons, 

(444 

or 

(44b) LO 
"T 

J 

2 as Q + -m. 
h- At small values of ;, one expects Di(~) c l/z, leading to a 

logarithmic rise in multiplicity. This follows, since the integral of Eq. 

(43) over (1 gives 
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4 
[D;(G) + D;(o)] a;; 

i 

(45) - 

The corresponding formula for deep inelastic prqduction of hadrons - 

in the current fragmentation region reads 46) 

1 - uT z= 
CiQ;fi(l/u$ D;(z) 

CiQ;fi(l/u$ ' (46) 

Here z -+Eiab/v as v',, q2 -+co, In the same limit z is the ratio of 

where 'p 
II 

is defined along the incident current direction 

( i.e., z is asymptotically also equal to Feynman x). Note that Eq. (46) 

gives a "hybrid" scaling law, which involves scaling both with respect to 

the Bjorken variable w and with respect to z. Furthermore' because of 

assumption (ii), the same functions D:(z) occur here and in e'e- 

annihilation. In fact, if only one quark contributes to the deep inelastic 

scattering, its contribution cancels out on the right hand side of Eq. (46). 

Such is the case for deep inelastic VP scattering if there are only quarks 

in the nucelon: for then only fd(l/io) enters the cross section and 

therefore 

lda (VP +h + -0.) = D;(z) J /p dz (47) 

can be used to isolate individual DE(z)Is. 

Again, note the analogy and the similar assumptions needed to get 

scaling of R = CQ: and Bjorken scaling, F2(l/u) = CiQ:fi(l/ti); and the 

additional assumptions needed to obtain Eq. (43) for e+e- annihilation 
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and its analog for deep inelastic scattering, Eq. (46). This is true in 

the light cone framework as well. While the first two scaling laws only 

I need an assumption about the operator product of two currents, the latter 

48) two depnd knowing a four-fold product of operators which include two 

hadronic sources. No matter how one does it, these latter rather power- 

-. 

ful results demand additional strong assumptions. 

The data on inclusive hadron distributions in e+e- annihilations 

which is presently available is shown 49) in Fig. 8. The distributions of 

Q2 dcr/dc K (d~/d%)/u~~ vs. z at and 4.8 GeV do show 

possible scaling when &,> 0.5. Of course, since R (i.e., Ci Qf) is 

changing over this range of center of mass energies one does not expect 

scaling of the inclusive distribution either. Presumably, only the data 

at -2 
J Q = 3.0 GeV is the result of u, d and s quarks fragmenting into 

hadrons, while the data at 3.8 and 4.8 GeV contains contributions from 

whatever is responsible for the rise in R near 4 GeV. 

. - Therefore any test of scaling of inclusive distributions must compare 

data only below J 2 z 3.5 GeV or only above J 2 z 4.5 GeV, where R 

seems to have settled on a constant value again. This will only be possible 

with data soon to be forthcoming from SPEAR. However, if we assume that 

scaling of the inclusives does hold above J- Q2 z 4.8 GeV, then the scaling 

observed for (; ,> 0.5 in Fig. 8 has added significance. For then the u, d, 

s quarks may well be the principal contributors for G ,> 0.5 at all - 

and the new contribution to R only affects the z < 0.5 region. 

In electroproduction there is considerable data both.from bubble 

chamber or streamer chamber experiments at DESY and SLAC and from counter 

experiments at DESY, CEA, Cornell and SLAC5'). These indicate the possi- 

bility that the inclusive pion distributions may possibly scale in both (o 
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and z, but the limited kinematic range presently available prevents the 

32) from making any strong conclusion . The most striking result pointing 

toward partons is the ratio of positive to negative hadrons produced in the - 

-. photon fragmentation region. Some of the data 51) is shown in Fig. 9. The -h 
large value of the ratio has a natural explanation in the quark parton model 

where it is the .u quark in the proton which is predominantly struck by the 

virtual photon, and it should fragment into nf, K+ and p much more often 

than into ?r-, K- and 5. 

This is also supported by the data from Gargamelle on neutrino-nucleon 

collisions52) where the ratio of hf to h- agrees with what is predicted 

from the Dt(z)'s extracted from electroproduction. It will be very interest- 

ing to see the forthcoming results from the neutrino-exposure of the 15' 

bubble chamber at FNAL in this regard. 

In all processes, the data shows a slow rise of the multiplicity with 

available energy--a rise which is consistent with being logarithmic and which 
2. is consistent with having the same coefficient of In Q as that of In s 

in hadron-hadron collisions. Also, as indicated in Bjorken's lectures 53) , 

the shape and magnitude (to within factors of two) of the hadron spectra in 
-I- - 

e e annihilation and in the current fragmentation region of electroproduc- 

tion are consistent with one another. Much more detailed comparisons includ- 

ing separation of hadron species, should be made with the data that will soon 

be available. 

Some further restrictions follow from the use of symmetry principles 

to relate the D(z)'s. Most importantly' isospin and charge conjugation 

invariance yield 

D;+(z) = D;-(z) = DT-(z) = D;+(z) J 
ii 

(48) 

and 

D$& D?-(z) = 2D;'(z) (49) 
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for i = u, d, s, . . . . A consequence of Eq. (49) is that in e+e- 

annihilation 54) 
+ 0 

dcrT d$ dc? 
-=-=dz' dz dz (50) - . 

h 

In electroproduction, there are sum rules 46) for current fragments like: 

/ 
1 

0 
[ (nr+jen - bTJenl WY(x) ti 

2l =- 
7 o '(n7;t)ep / - (nTJepl WY’(x) dx . (51) 

An evenmore speculative possibility is that of relating the prob- 

ability of finding a quark with longitudinal momentum fraction x in a 

hadron, < (x=1/4, to the probability of finding a hadron with 

longitudinal momentum fraction z in a quark, D:(z). While such a relation- 

ship sounds like "crossing" in field theory, it is &. Nevertheless, some 

model calculations do yield such a "reciprocity relation 1155): 

D;(z) = f;(x = $ = z) . (52) 

Given Eq. (52), we immediately find that, 

(53) 

relating e+e- +h f *** to deep inelastic eh scattering. This is 

equivalent to the Gribov-Lipatov relations 56) 
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ii p&i;) = F&W = 1) 
G 

(54) 

If one tries to test the reciprocity relation, or rather its consequence, 

Eq. (53), using the data available on e+e- -+E; + *-a and ep -+ e + . l l , 

then one finds a least rough agreement 32) . However, if one then uses 

-I- - 
e e -+T -I- ..a data to get FE7 (w = l/l), much too large a structure 

Some caution is required here since for 
2 

function results. J Q ,>3.5GeV, 

one is presumably including those pions which are weak decay products of 

hadrons formed from the new quark or quarks which cause the rise in R. 

Even for J- Q2 = 3.0 GeV, pions from the decay of KA's, A's, etc. are 

contaminating the sample. This also affects the comparison-of the D(z)ls 
-l-- 

extracted from e e annihilation with those from eN and YN deep 

inelastic processes. Whether the situation for efe- +p f . . . and 

ep +e + l ** is a fortuitous accident thus remains open. Further progress 

in comparison with experiment demands the separation of particle types in 

all reactions and pushing nearer G = 1 (and z = 1 in eN and YN) 

where contaimination by weak or other decays should be minimized. 

VII. Conclusion 

Leptons have emerged, both because of deep inelastic scattering and 

electron-positron annihilation, as the probe of hadronic structure. In 

electron-positron colliding beams, measurement of R(Q') gives the sum of 

the squares of the charges of the fundamental fermions and this tells which 

quarks are present to make up all hadrons. Deep inelastic scattering on a 

particular hadron then tells us the distribution of these quarks within 
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that hadron. The experiments so far done on nucleons with incident electrons, 

muons, neutrinos, and antineutrinos have yielded a very simple zeroth order 

picture of nucleon structure, as indicated in Section IV. 

-The exact nature and cause of scaling breakdown, as discussed in 

Section V, is difficult to ascertain. More detailed explorations of this 

question will go-on for years. However, more important for our understand- 
- 

ing of hadron structures is the fact of at least approximate scaling, which 

allows us to use deep inelastic processes as a stepping stone and tool for 

creating and exploring new kinds of quarks and corresponding hadrons. As 

such, electron-positron annihilation and deep inelastic neutrino scattering 

will very likely continue to be the prime way of gaining new information 

on hadronic structure for years to come. 
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