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I. Introduction

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 unavoldably will be 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 detall 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 muéh as possible deep inelastic eN, uN, N, and VN scatter-
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 inelastfc eN, uN, VN, or VN 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 sectionl)

dec
th dE! o L}J.V W|J.V 2 (l)
where L arises from a trace of lepton associated Dirac matrices

VA%
and va arises from the hadronic matrix elements of the weak or

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

2).

or uN + y + anything
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with v = -p-q/Ml\T and q? the four-momentum squared carried by the

virtual photon.

Defining the quantities

colo. 9
@

and (3)
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incident

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

rewritten in terms of scaled variables,

2
= i ”7;2‘2 (2uE) [(L-y)wi, + (5 57) (2Mpow, ] . (4)

For neutrinos (and antineutrinos) we have an additional structure

. 2 . . .
function, Wg(v,q ), involving one vector and one axial-vector current.
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In scaled variable form, with the same approximations as before,
2 v
d G(;) e

1
— = - -+ —_—
dx dy T [(l y)vWé (2 y

%) e, Fy(1 - 5 pwa] L (5)

Récélll) also that instead of the structure functions Wl’ W.,

WB one can define positive semi-definite cross sections; e.g., in
electroproduction
K
W = 2o, op
i . (6)
_ g
W2 = 5 (O:T + O-L);

e S

where K = vy - q2/2MN, and the transverse and longitudinal cross sections
O and oy, again depend on q2 and .
+ -
If we consider the process e e — hadron(p) + anything, then

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

to a contraction of a leptonic and hadronic tensorB), W'V, with
W
- 1 - L -igx Ey
W v = 5 2, d 'xe |7 (x)]p + any)-{p + anlev(O)lO> —
M 2me spin H Mh

(7)

Wl(v,qg)('éw - qpqv/qg) +¥712(v,qg)(pLl --'p-qqu/qg)(pv—‘p'q@tv/qg)/Mfl

Again, v = ~p~q/Mh >0 if Mh is the hadron mass., We will use Q2==—q2:>0

in the time-like region. The scaling variable is

-  2p-q 2Ehadron Ehadron ‘
. L = 2 = = E . (8)
q \/QE beam

Recall that 1 <w<w for o in deep inelastic scattering, while here
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<Tn
v-h

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

+ -
for e e — hadron(p) + anything is5)

2 ' ‘ 2=
_ 2 - - Bw = .2 .2
=t UHUBw MW, + —— VW, sin” 6 sin o) (10)

where B = ‘§£|/Eh = (1 - M?/Ei?l/g, th = -p, "% Oy = b /3Q is the
(point) cross section for e+e--a p+p_, and 6, ¢ are polar and

azimuthal angles with respect to the beam and plane of the e+e_ storage
ring, respectively. ZEquation (10) applies to the case of lOO%'polarized
(perpendicular to the plane of the ring) beamsh). The unpolarized beams

case can be obftained by replacing sin2 ¢ by 1/2. Integrating over angles

and neglecting NVEh terms,

2—5 30 wE’LhW @,&) + v, 6,¢ ] (11)

Note that VWE is not necessarily positive, as was W, in
electroproduction (see Eqg. (6)). To see why this 1s the case, let us go
back and derive d?s/dﬂ 4> 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 afe three amplitudes, g%, for AN =1, 0, -1, labelled by the net
helicity of the final state along SL. By parity lg+ll = lg_ll. If

g 1is the angle between §£ and the polarization vector,'g, of the

virtual photon, then the angular distribution of h is



_5_

2
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(12)

= ‘8ll2 Sin2 B + Igo|2 cos2 B .

-

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

of 'Z,) With 100% polarized electron and ﬁositron beams, the virtual photon

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

plane of the ring. Iet 6 and ¢ be the polar and azimuthal angles of

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

plane). Then cos B = sin 6 sin ¢, and in these new coordinates,

do
—

2 2- . .
ao lg+ll + (lgol - |g+l|2) sin°6 s1n2¢ . (13)

Now let us define
2 2

=,

2
GT(Eh, Q) « ]gl

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

(%%)pol = og - (GT - OL) sin® 0 sin® g . (1)

For unpolarized beams, (sin2 #) = 1/2, and

(%%) =6, - (0, -0 ) Esin® 0. (15)

‘unpol

In general, if the polarization of each beam is P (o <P S.l)f then
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L. 0P & 7 (52)
unpol ol
P D 6
G -0 o -0
1 T T 2
= (o, +to) 1+ 22— cos® o+ PP L Lo cos 2¢f
2 T L O +oop Op * 0p,

where GT and o depend in general on Q? and Eh.

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

with
(e} - .
%7 T 9

-l<a=—F—<+1, (17)

an old result.
Note that in the sense that the 6 distribution determines

Op and GL when P = 0, the cos 2¢ dependence induced by polarized

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

detector acceptance in ¢ and not 6, it is much easier to separate O

. + - + -
and o, using polarized beams. If P2 is known (say from e e —pu’)

the coefficient of cos 2¢ has a unique € dependence and its coefficient

determines .(cT - GL)/(GT + OL)-

The connection to the structure functions Wl and Wé is easily

made. It is

This should be compared with Egs. (6) relating Wl and W2 to Orp and

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

L

quantity or» has changed because the longitudinal "cross section,"
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contains a hidden factor of q2 (it must vanish at

changes sign on gbing from space-like to time-like.

& 4

q? = 0), and hence

If we note that

L (
= . = = 19a.)
- (Q,2 _ VE) 62 E2
, h
and
o eE
wy = T’Ik-l- 2 (lgb)
then we see that for 100% polarized beams,
dg -~ 2By = .2 .2
a = Mwl + B 2? VW2 sin“ ¢ sin® ¢ (20)
2 2
1l 2,2E M . 2 . 2
= Mo, + 3 ( v ) (- 55 )(OT - oL) sin® 6 sin” ¢
BE '
. 2 . 2
= Oy = (GT - oL) sin® 9 sin® ¢ ,

which agrees exactly with Eqg. (14).

front of Wl and Wé

the factors connecting them to O and o

L'

Therefore, all the extra factors in

in the angular distribution just serve to eliminate

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

distribution of any three-vector quantity characteristic of the final

state.

corresponding O

the whole jet.

example,  TT has only o % O, TP has only O % 0, while TA

L

has only o and hence the gamma distribution is

T

polarized beams).

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

The same remark holds for any particular final state.

1+ cos2 6

Of course the

and or, then have no Eh dependence, as they characterize

For

1 has both

- +
o] and OT ¥ O 1in general. Of more current interest, v + 0O or Y + O

(with un-

+
On the other hand, electric dipole transitions to v + 1

. .
and v + 2 states have GL/GT =2 and 6/7, respectively, so that their

)

angular distributions are 1 - % cos

d 1+ L1 cos? 6.
an 3
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III. Currents at Short Distances
For deep inelastic electron or neutrino scattering as V, q? -
or for the total cross section in electron-positron annihilation as Q? — oo,

5) . N_

the region of configuration space x2 ~ 0 dominates in
fatx e (pl1a, (), 5, (0)]]p)
and '

f. d_)‘l‘x e_iq-X <OIJU~(X>’ JV(O?|O> s

respectively. It becomes relevant to consider the Wilson expansion for

6)

a product of currents at short distances.’:

(g (x), .01 =2 8 (x)@ e (0) x -+ x + other terms
LTV g B BV TRy Ty
(20)
Here S (x) are singular C-number functions and @ .o (0) are
no by pl LL2n

operators. Only the leading term contributing to VWé has been made

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

Taking the spin averaged hadronic matrix element of Eg. (20) as q? — o

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

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

(21)

1
=_/ dx =2 W (x,q?) = C 8 (q2)
; 0 2 nn

for n=20, 1, 2, ... , where Sn(q?) is related to the Fourier transform

of Sn(x) and the Cn are constants proportional to the matrix elements

of ﬁuv e 'pgn(O)'
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The behavior of vWé as q2 — oo  then depends on that of the

~ 2).

Sn(q This is true for all hadron targets since the 3 (q?) just depend

n

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

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

-

structure.
As q2 —», some favorite behaviors of the moments are:
; a - ) ‘
A. Mn(qg) —>Cn(u2/q2) D Shere the d, are called anomalous dimensions.

One can show that dn+l > dn. Conventionally7> do = 0, since a candidate

for the corresponding operator, ouv’ is the energy momentum tensor which

has canonical dimension (zero anomalous dimension).

A

n
B. M (q?) - C [————l——— ] . This behavior is that deduced in asymptotically
n n 2,2
tn(q”/u%)
8)

free gauge theories of the strong interactions in which the coupling

constant vanishes logarithmically as q? -, The An are known once

the gauge group and fermion representation is chosen.

B. Sn(qg)—afinite, non-zero constants. This is the behavior of free field

theory. It implies that vWé(v,qg) —avWé(x), i.e., Bjorken scaling9).

To gain further results, we abstract the leading light cone (x2:=0)

5,10),

singularity from the free quark model :

V),V 0)] o (55 3, e(x,) 5(x))
H x =0

(P (VY (x,0)477 (0, %)8 _+(V (x,0)+V7(0,x)) B
v v T NT! o

A YA

- (V) (x,0047 (0,))8 | + ieHV%G(AE(x,O)—Az(O,x))]

+ (¥ (x,0) -V (0,%))5 _+(V (x,0)-V" (0,%))5
v v M m M

A vA

- (V§<X’°>'V§<O’X>)5uv'ieuvpg(A§(X’O>+A§<O’X>>]} )
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where VS(X) and Aﬁ(x) are vector and axial-vector currents with SU(3)
index O, and VZ(X,O) and Ai(x,o) 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 currentE’lO).
fhe‘p;;ticular case of electron (or muon) scattering is realized with the
identification

J = e[v(5) +(1/ ﬁ)v(8)] . (23)

M M M
If the bilocal operators are expanded in a Taylor series in x , we
recognize the coefficients as essentially the operators O (0) in
HVH1 ™" "Hop

the Wilson expansion, Eqg. (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 freé field theory.

Hence it yields scaling: W VW2 and VW should scale in deep in-

1’ 3
elastic electron and neutrino scattering. Vector and axial-vector

currents contribute equally to Wl and vWé. When applied to

+ -
e e — hadrons, it predicts

+ -
(e'e” — hadrons)

Ytotal 2)

= R(Q

= a constant.
+ - -
olee” »puu)

(2) The (Lorentz) tensor indices, due to the spin 1/2 of the quarks, yield

i

(2Me)W, = (-%—i—’{)wl = Wil (21)

i.e., GL/UT — 0, in deep inelastic electron and neutrino scattering.
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(3) The SU(3) indices on the faﬁY and daBY relate different processes

involving electrons and neutrinos, as well as yield bounds likell)

% (25)

'UI::
IA
=

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

and W,. Again, this is where all

5

the hadronic structure information resides.

W

as a function of w, of W A

l)

IV. The Quark Parton Representation
The quark light cone algebra in the last section has what is, at the very

12,13

least, a very convenient representation in terms of quark partons
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 1/2, quarks (and antiquarks). When the hadron is boosted

to an infinite momentum, the scattering at large vy and q2 is viewed as
taking place incoherently (in impusle approximation) and elastically off each
quark. The variable x = 1/w now also has the interpretation of the frac-
£ional longitudinal momentum carried by the struck parton.

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

tions 1s given by

OMx Wl(x) =y

o) = T antli(x) (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 nucleous,

in terms of wu, w, d, 4, s, and s quark contributions:



€p _ ep - E + i + L + E 1 L
PP = Wy =xlgf v STt ST tgf 45t 451 ]
u d S
en en 1 i 1 1 4 1
=1 = x[= + = + = + = - =
F2 vW2 x[9 fu 9fd 9fs 9fa+9fa+9f']
S
FZP = = 2X[fd + f_] = F\E)n
(27)
vp o . .vn
F2 = = 2x[fu + f_] = F2
d
Vp vp vn
"}{I" = = = - f = -XF
3 XVW5 2x[fd 1_1] 3
_@VD _ VD _ ) _ @
XF5 XVW3 2x[fu fd} XF5

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

fﬁ = fg, fg = f?, etc., which follow from isospin conservation. The extra
u d

factor of 2 in the neutrino structure functions arises because although
quarks have unit "weak vector charge," there is a contrifution from both
vector and axial-vector currents. The anti-quarks contribue to F3 with
opposite sign because, being anti-fermions, they give an opposite sign to
the V-A interference term which is involved in Wg. 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 statés. 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

14)

the local relation



6L - ") = 2x(f, - g5+ £ - 2) = x(EP - FT) (28)

as well as the integral relations

™ ax v v 1
fo T -0 :/o ax 2(f, - £y + £ - f) = b (pl|T,lp) =2, (29)
w

(the Adlerl5> sum rule) andl6)

1
vp v, _ - _
-[)ldx(FB +F5)—f ax 2(f +f - f -f)

0 u d

6. L[
=6 . Blé dx(fu T - fa - fc_1 - fg) (30)
=6 (p|B|p) = 6.

In the last equation we used the constraint that

1

f ax(£, - £_) = (p|s|p) =0 .
0 s

11)

There are also easily derived and important inequalities like

Fen

F
2
and

FUR o4 p'P =ox(fy + £+ f_+T)
d u
8 2 2 2 2
o sExgiyrgt gt gt
18
= (

: FEP + M

= 2 2

For polarized scattering, there are other relations as well, such as the
Bjorken sum rulel7) on the difference of proton and neutron spin dependent

18)

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

side the light-cone framework

1 gh 1 amework, A commonly m i
some x vregions, is to neglect the contribution of antigquarks,

d.e.,.set £ (x) = f (x) = f_(x) =0. Tt then follows that f (x) =0. In
u d S

this case everything simplifies further. 1In addition to all the previous

relations, we have:

2Mx Wi(x) = vWé(x) = =x vWB(x) (33)

for each process., For neutrinos

2 VN 2
do ™~ _ GME, VN :
way - O Fp (®) (3La)
2 YN 2 -
dao ™ _ (GME, _VN 2
and as a result:
N
g 1 (5
—_= =, 5)
O_vl\I 3
Also
vp ya VP vn _ 18 . ep en
PO+ F, =F +F, = (F2 +F), (36a)
and
ep _ neny _ ¥ _ Wb (360)
6(F2 FJ ) = Fg F,

so that measurement of ep and en deep inelastic scattering determines
everything. Furthermore, the Adler sum rule, Eq. (29), can then be rewritten

as
1

. dx rep en, 1 ‘
[)—X—[F2 - 7% = 3 (57)
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Equation (37) actually holds using a somewhat weaker parton model assumption
that the nucleon contains valence (u and d) aquarks plus an isoscalar sea

of qg pairs (f =1f ).

u a

= TFor electron-positron annihilation we have the very simple result in
the parton model that

(e¥e™ - hadrons)- 5 4
o =7 Q; , (38)
W) i

o)
R total

il

+ -
G(ee - M

where the sum goes over each guark (not antiquark) type. If each quark also
comes in three colors, then the sum is implicitly over color also. With

colored wu, d, and s quarks, Eqg. (38) predicts
R=3(E+ 5+ 3 =2, (39)

We are now in a position to state a zeroth order (to ~ 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 O'lfsi <1,
only quark (not antiquark) partons are found in the nucleon and scaling
hHolds for q2 >1 GeV2 and hadronic invariant masses W 2 2GeV, Some
representative samples of the evidence is shown in Figures 1, 2, 3 and L,
In Figure 1 we have the results of inelastic scattering of electrons off

19)

hydrogen and deuterium ”’, showing scaling at SLAC energies. Figure 2, taken

from results of the CalTech-FNAL narrow band neutrino experimentgo), confirms
the scaling prediction that N and VN total cross sections should rise

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

1
[P + B0

0 - 2
fl [P (x) + F(x)] ax =
e X o X
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1.0 1 1 T T T T l
n o | W>2 GeV
A VW3 2 2
P Q > | GeV
0.8 +— O I/WZ ]
o R=0.18 DEUTERIUM _
AN
06 F SRR 4, N
N A
= N _ _
N
04 + HYDROGEN —
O
i BB RPITR g o o
0.2 m
0 L 1 W N N B B l
| 2 3 5 1O 20 30
w’= 1+W2/Q?

F|g- ‘Ix The structure function vW2 for 6 = &° and lOo inelastic

electron scattering on hydrogen and deuteriuml9).
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Fig. 2 . The neutrino and antineutrino total cross sections on

nucleonsgo) as a function of incident energy.
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Mean Square Charge of interacting Constituents {(S=0)

YN
<2s - [f*"z dx] . 0.30310.04
<@ge> = — = -
B dr  gV+oV c¥t+o? -
4G°M  E, Ey
0.6 &= CG (ref. 4)
® = This experimenf
"Integral
________________________ <— Unit .
Charges
0.4
<q®>
A T G ____'Quark
Charges
0.2
0 ' ;
O 50 100

E, (GeV)

2542A22

Flg.,3 f Comparisongl) of the ratio of integrated electron-nucleon to
. npeutrino-nucleon structure functions to the value 5/18

1 expected from "quark charges."



- 19 -

) CALTECH-NAL
0.6 -
1 2L =0.33£0.08
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R I I
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Fig- 4 (a) Ratio of antineutrino to neutrino total cross sections;

21) .

and (b) rise with energy of their sum
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1) in Figure 3, and the prediction O%N/U;N=:l/3

is compared with experiment2
following from the absence of antiquark partons can be compared with the
data?) in Figure L.

“ 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 Vé?.s 3.5 GeVs data from sPEARS) for .k < \/6?‘5 3.4 GeV are con-
sistent with a constant value of R 1lying between 2‘and 3. Within.errors,
and given the possible approach of R(Qg) to its scaling 1limit from above,

23,2L4)

as in asymptotically free gauge theories , such valueé 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 ~ 20%, we shall now look at the
evidence for corrections to this picture. As we will soon see, a varietly
of physical origins can be ascribed to these effects, and at the 10% 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 1is e+e- —>had}ons. After the spectacular narrow resonances V (3.1)
and V' (3.7) R(Qg) rises rapidly neargg) yé;g = L GeV, and beyond

25)

~ 5 GeV appears again to have settled on a constant value between 5 and 6.

Presumably this signals passing the threshold for new physics and Zi Qi
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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 inelasgtic scattering, to which we now turn.

~ 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 FNAL26’27).

Using 56 and 150 GeV muon beams at FNAL, this experiment t;;ts 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 q2 at small o (5 5), but a
rise at large o (6 < w < LO).

2. Harvard-Pennsylvania-Wisconsin-FNAL; Experiment 1A at FNAL28’29). Using
the broad band neutrino and antineutrino beam at FNAL, tests of scaling
of Gtotal(E)’ (qg), x and y distributions etc. are possible. While
the claimed discrepancy has been presented in severai 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

28)

is usually presented as showing that there are too many events at
large y (y = 1) when x < 0.l. Alternatively, there are too many
event529) in vN scattering at large hadronic masses, W. However, it

has been stressed by the Caltech groupBo)

that the discrepancy is really
at low y. They claim that at large y the ratio of v to N events
is about what ohe expects with a reasonable ambunt of éntiquark protons
for x <0.1. It is at low y, where the distribution for N and N

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

Wisconsin experiment has a depletion of events in wN compared to N,
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Thus the "anomaly' is a low y effect. Further, the Caltech dataBO)
does not show such an effect, although the statistical errors are large
enough so that an outright experimental disagreement can not be claimed
af the resent time.
3. SLAC Group A; Experiment E8951). Using large angle (50° and 60°) electron
scattering at SLAC, measurements have been made out to q? ~ 30 GeV2 on

the structure function Wl' For fixed values of w or ! (5 2.5),

wl tends to drop with increasing q?.

To what can these observations of apparent scaling violations be due?
Let us examine in turn the various possibilities.

(i) Radiative corrections, GL/bT variation, A dependence on heavy nuclei,

None of these should affect the claims based on neut?ino experiments,
at their present level of accuracy. Baring a major error, the radi-
ative corrections should present no problem to anyone. Variation of
GL/UT within reasonable limits makes insignificant changes in the

31)

values of W from SLAC

1 . It is possible that Ci/bT or A depen-

dence at large  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 w 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

the variables w and o' =w + M§/q2. Scaling is significantly better

i

in o', but as q? -, ' - w, so any differences involve the approach
to scaling, i.e., non-leading terms in the light cone formalism.

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

52)

present energies At large w, where the structure functions vary
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slowly, it makes less of a difference, Unfortunately, it is at large w
where the q2 range is most limited and a definitive test of scaling
over a large range of substantial q2 values is not yet possible. For
Lxample,if one only tested for scaling beyond q2 =2 GeVg, it would meke
a considerable change in the magnitude of scaling violation deduced

from Fig 5 at large w.

New Particle Production, As was noted earlier, the rise in R(Qg) 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 eipect it to be a threshold in the hadron mass, W,
exhibiting itself first as an excess at large vy (and small x)
for a given incident energy E, and slowly propagating tosmall y as
E increases., In the case of charm or other new quantum numbers this
could be accompanied by apparent charge symmetry violationsBj). It
could also involve V + A hadronic weak current§5h) 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) 36)

to be shown . 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 o

total’ 7 distributions, ete.

. N . 2
To an even greater extent this applies to the rise with g~ at

7)

. 2
large « in the inelastic muon scattering experiment . A threshold

in W could exist for producing pairs of new particles, which first
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Flg 5 Ratio;27) of observed to simulated event rate vs. qg

for eight ranges of . See text.
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shows up at large « for fixed qg. As q2 -, it will then propagste

to smaller w. It should be possible to explore thispossibility in

some detalil in the next few years, both by doing inclusive deep in-
elastic experiments at larger q2 and by looking in the final state

for the new particles.

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

are probed which are less than l/A, which characterizes a parton
size57). In this manner, one parametrizes the data with a factor
1/(q2 + A?)g and yW, falls uniformly as q2 —»o  for all ®. The
data does not show such a behavior27>, and e+e- annihilation, which
originally was a motivation for this idea, shows scaling and no indi-

cation of such a propagator form.

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

complete set of moments,

and examine their behavior as q? — o, 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 v (and hence of w = EMNV/qE)
bounded by the machine energy. Thus there is always a.region of small
x = 1/w near zero which is unmeasured for a given q2, and consequently
Mn(q?) is never fully determined experimentally.

Nevertheless, the qualitative behavior of VWé(x,qg) expected

i

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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Fig. 6 | Experimental and calculated (solid lines) y distributions
i 8)

in neutrino and antineutrino scattering2 The calculations

assume scale invariance and only gquark partons.
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1
jﬂ dx vWé(X,qg) ~———> constant . (Lo)
0

1
g~ =

Furthermore, dn+l > dn’ s0 higher moments, which are more sensitive
to the structure function near =x = 1, fall faster with increasing
q?. Therefore, vWé(x,q?) must drop for x near 1 as q2 — o,
Since Eq., (L0) says that the area under Wi, 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 qe range
this behavior sets in is unspecified a priori, In fact, since the
constant on the right hand side of Egq. (L40) 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 &nvert the moment358),
so that if one knows the aiomalous dimensions, dn (Mn o« (ug/qg)dn) or
the A" (M« [1/20(c®/u®)] ®) inan asymptotically free theory, then
vWé(x,qg) may be calculated for all q2 > qg from vWé(x,qg), where qg
is a value of q2 for which the behavior of the structure function
moments are controlled by the leading terms. Thus vWé(x,qg) from
experiment, plus the An‘s from theory, and an assumption of relevance
of the leading terms at q?:=qg, allows a calculation of vWé(X,qE)
fq; q2 > qgj .

39)

There have been a number of calculations along this line .

ko)

Recently Tung has used the electron data at qg =L GeV2 and made
extensive calculations of what one expects in either field theorieg
with anomalous dimensions or asymptotically free theories., The results

agree dqualitatively with Fig. 7. The structure function decreases for
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Flg- 7 Expected form of the change in Fg(x,qg) in theories with

anomalbus dimensions, or in asymptotically frée gauge

theories, for increasing quqg > qi.
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X2 .25 and increases for x < .15 as q2 grows., It is difficult to
tell the case of anomalous dimengions from that of asymptotically free
theories with the q2 range likely to be available in the near future.

At least qualitatively this is also the behavior of thedata?7’51’ul).‘
However, at large (x ~ 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 viélation 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 qe. 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
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 struéture functions. Sum
rules, such as the Adler sum rule or the Bjorken sum rule for polarized
lepton-micleon scattering are still correct, although the approach in

43)

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

rithmic, rather than by a power of q2. Similarly, as noted before, the
approach of R(QE) in e'e” annihilation to a constant should be loga-
rithmic and from above, and aL/GT in deep inelastic scattering should
behave as 1/£n(q2/p2) in asymptotically free theories. The latter
behavior is to be contrasted with scaling (in w) of QUL/GI“:QQGL/UT

4ly)

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

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

L5)

both the information on the q2 dependence of GL/UT and that of

the individual structure functions when checking guantitatively 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
L6)

beyon@mthose already employed, must be made. Within a parton model , a

commonly used set is:
(1) The virtual photon (or weak current) interacts ip impulse approximation
with point, spiﬁ 1/2 constituents, the quark partons. )
(1i) 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 2z = and

pﬁhadron)/p(parton)
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) tc be

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

arising from a parton of type i (integrating over PL)'

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(Qg) in e+e— 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 gquarks are kept from eséaping in a
universal way, but delicately enough so that assumption (ii) still holds,
was discussed two years ago in the SLAC Summer Institute by Bjorkenu9).

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

presented.
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In electron-positron annihilation as Q2 — o, one has that

p(parton) —aijg/E and _p(hadron) ~>Eh, so that

B 2py 4

the scaling variable defined previously. Therefore, integrating over angles
and over p, relative to the parton direction, we find that as Q2 -> 00,
- s + -
and Eh o (but ® finite and non-zero), we have for e e —h + anything:
2 - n, -
—_— = 2. QS[D; (@) + D_(w)] (L43)
pp dw 1 i
where the sum extends over quarks (u, d, s, ...), and the two terms in
brackets arise because both a guark and an antiquark are produced out of

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

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

i.e., Wl(v,Qg) = Wl(&), and VWE(V,QE) = VWE(&). Further, with spin 1/2
partons,
M
- W]_ = ng ()—Lha)
v
or
-
Lo , (L4hp)
Op

as Q,2 — o,
At small values of @, one expects D?(&) « 1/, leading to a

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

(43) over o gives
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The corresponding formula for deep inelastic production of hadrons

46) )

in the current fragmentation region reads

no

1 dory ) ZiQ.fi(l/m) D?(z)
op 92 2,057, (1/w) ' (L6)

RV I

Here =z —>Eiab/v as v, q2 — o, In the same limit 2z is the ratio of
pﬁ'M'/pgéﬁ' where 'pH is defined along the incident current direction
(i.e., z 1is asymptotically also equal to Feynman x). Note that Eq. (L46)
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. (L6).

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

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

therefore
' 1 do _.h
—5 (vp »h + -o0) = Du(Z) ) (L7)

can be used to isolate individual Dﬁ(z)‘s.
Again, note the analogy and the similar assumptions needed to get
2
scaling of R = ZQ? and Bjorken scaling, Fg(l/m) = ZiQifi(l/w); and the

+ - cs .
additional assumptions needed to obtain Eq. (43) for e e annihilation
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and its analog for deep inelastic scattering, Eq. (4k6). This is true in
the light cone framework as well, While the first two scaling laws only
need an assumption about the operator product of two currents, the latter

48)

two demand 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.

U
The data on inclusive hadron distributions in e e annihilations

49) in Fig. 8. The distributions of

which is presently available is shown
Q° dg/am « (do/d?a)/cruu vs. @ at \/c;;§ = 3.0, 3.8, and 4.8 GeV do show
possible scaling when <E;? 0.5. Of course, since R (i.e., Zi Qi) 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 \%55 = 3.0 GeV is the result of wu, 4 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 L4 GeV.

Therefore any test of scaling of inclusive distributions must compare
data only below \%3511 5.5 GeV or only above ‘V@é':'h.S 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
gscaling of the inclusives does hold above ‘VEEA: 4.8 GeV, then the scaling
observed for o > 0.5 in Fig. 8 hag added significance. For then the wu, 4,
s quarks may well be the principal contributors for ) > 0.5 at all Q2
and the new contribution to R only affects the o < 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 SLACSO). These indicate the possi-

bility that the inclusive pion distributions may possibly scale in both w
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and 2z, 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

51)

photog:fragmentation region. Some of the data is shown in Fig. 9. The
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 ffagment into W%, K& and p mﬁch more often
than into W—, K~ and p.

This 1is also supported by the data from Gargamelle on neutrino-nucleon

52)

collisions where the ratio of h+ to h agrees with what is predicted
from the Dﬁ(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

is consistent with having the same coefficient of 1n Qe. as that of 1n s

53)

in hadron-hadron collisions. Also, asg indicated in Bjorken's lectures s

the shape and magnitude (to within factors of two) of the hadron spectra in
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
DT (z) = D] (2) =01 7(2) =D '(2) , (18)

and
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for i=wu,d, s, ... . A consequence of Eg. (49) is that in e+e-

annihilation5h)
i : 0
do _ g _ do”" (50)
dz =~ dz ~— dz

s

In electroproduction, there are sum rulesu6) for current fragments like:

1 ' ) . - .
'é [<n7r+>en - <n7r")en] Win(x) dx .

~Jjno

g [(na)gp = $n ) ] WEo(x) ax (51)

An even more speculative possibility is that of relating the prob-
ability of finding a gquark with longitudinal momentum fraction x in a
hadron, f? (x = 1/w), 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 not. Nevertheless, some

1155):

model calculations do yield such a "reciprocity relation

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

- + _ _
& 4o (e'e” »h+ =+¢) = Q? @ D@(w)
a - . i i
ppo dw i
2,1, h/l
i 1 /w=w
; _ .fh
- VWé (w) lﬁbqb ’
+ -
relating ee —h + *++ to deep inelastic eh scattering. This is
56)

equivalent to the Gribov-Lipatov relations



® Fl(w) = Fl(as = =)
w

(54)
FF, (@) = Fylo = 2)
. 3

-

If one tries to test the reciprocity relation, or rather its consequence,
Eq. (53), using the data available on ete” 5P+ - and ep —»e + ...,
then one finds a least rough agreementBe). However, if one theh uses

e+e- T+ ..« data to get FSW (w = 1/©), much too large a structure
function results. Some caution is required here since for 'véé-g 3.5 GevV,
one is presumably including those pions which are weak decay products of
hadrons formed from the new quark or guarks which cause the rise in R.
Even for vgé = 3.0 GeV, pions from the decay of Ké's, A's, ete. are
contaminating the sample. This also affects the comparison-of the D(z)'s
extracted from e+e— annihilation with those from eN and VN deep
inelastic processes. Whether the situation for e+e- —»p + +++ and

ep »e + ++- 1is a fortuitous accident thus remaling open; Further progress
in comparison with experiment demands the separation of particle types in

all reactions and pushing nearer w=1 (and z=1 in eN and VN)

where contaimination by weak or other decays should be minimized.

VII. Conclusion

Leptons have emerged, both because of deep inelastic scattering and
electron-positron amnihilation, as the probe of hadronic structure. In
electron-positron colliding beams, measurement of R(QE) 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
guestion 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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