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I. Introduction

In the period of two years since the last Summer Institute at Louvain, the
subject of deep inelastic scattering has continued to attract the attention of a
sizeable proportion of both experimental and theoretical high energy physicists.
During that time our experimental knowledge has not only increased in terms of
further measurements with greater accuracy over the previously explored kine-
matical range, but access to two new areas has opened. These are inelastic
muon and neutrino scattering experiments at NAL energies and electron-~positron
annihilation into hadrons at center-of-mass energies above 3 GeV. Furthermore,
the scanty information available two years ago on {inal state hadrons has now
been remedied by many experiments which,taken together, give a fairly complete
picture of the nature of the final state hadrons in electroproduction for moderate
virtual photon energies and momentum transfers.

We shall begin with several lectures reviewing what one expects from the
guark light cone algebra, or more particularly, its concrete realization in terms
of the quark parton model, for the behavior of deep inelastic electron-nmucleon,
neutrino-nucleon, and antineutrino-nucleon scattering and for electron-positron
annihilation into hadrons. The most recent experimental data from SLAC, NAL
and CEA is compared with our theoretical expectations and found to form a very
simple consistent picture, with the possible exception of the results for
o(e’e” — hadrons).

In the lecture following that, we discuss some of the salient pieces of
experimental information that have been collected so far on the final hadrons in
inelastic electron scattering. This sets the stage for the last lecture in which
we discuss some of the theoretical ideas which have been put forth on this
subject and classify them in the framework of a rather general analysis of the
various regions of rapidity possible for the final hadron.
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II. Deep Inelastic Scattering and Annihilation

A. Inelastic Electron-Nucleon Scattering

For inelastic electron scattering, the diagram of interestl’ 2 is indicated
in Fig. 1, where k and k' are the initial and final electron four-momenta, q is
the four-momentum transfer carried by the virtual photon, and p is the target
nucleon's four-momentum. The final hadronic state n then has four-momentum
P, = p+q and invariant mass squared W2 = —(p+q)2. In the laboratory frame
(initial nucleon at rest) with E and E' the energies of the initial and final electrons,
the Lorentz scalar variable

v=-p-¢/My=E-E (1)

is the virtual photon's energy, and the invariant momentum transfer squared is

> = 4EE' sin® 0 /2 (2)

where 0 is the scattering angle and the electron mass has been neglected com-
pared to its energy. Knowing v and q2 from measuring the incident and scattered

electron, the invariant mass W of the final hadrons is fixed by

2 2 2
W =2My + Mg - g . (3)

The S-matrix element for the process in Fig. 1 may be written using the rules

of quantum electrodynamics at the photon-electron vertex as

3
Sy = o+ 2mF 16 (o + k' - p - )\ g (-eu(k) 1y, u()
x (5,,/a") <@, 13,(0) P>, 4

where

R S |
3, = e<Vﬂ+ = V“> (5)



is the (hadronic) electromagnetic current operator and V:l(x) is the vector
current density. Averaging over initial and summing over final electron and
nucleon gpins, we are led to an expression for the double differential cross
section in the laboratory for detection of only the final electron of the form

o _ _1 (E')( 2>2 L W (6)
qudr - T~ 2 \EN 2 p Wy
(2m) q pY #

where the factor LIW arises from the trace of the gamma matrices due to the

electron (neglecting the electron mass),

: 2
-1 a
L;w =3 [kuk'y + k;xkv + ( 2) 6‘”} , (7

and the structure of the nucleon is summarized in

1 1
WNV =5 Z Z (—-2—> <p|Ju(0)In> <nIJV(0)|p>
nucleon n ‘e
spin

x (20° sPp_ -p -9

1

fd X e -iq .X<p I[J (%), JV(O)]lp>
nucleon (27e ) K
spin

DO | =

= fd X e “lg-x <pllV (%), VV(O)] lp>, (8)
nucleon K
spin

where the second term in the commutator is zero by energy conservation for

v > 0.

By Lorentz and gauge invariance the tensor W/.w may be written as

_ 2 2
W= Wylvs @) (5, - quqv/q )

+ Wolv, ) (p, - P qqu/qz)(p,, -p° qu/q?‘)/MzN . (9)
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The quantity Wuv is just (1/4 1r2 «) times the imaginary part of the Feynman

amplitude for forward Compton scattering of virtual photons of mass2 = —qz.

In terms of Wl and W2 the experimentally measured double differential cross

section resulting from combining Eqs. (6), (7) and (9) is
2.2

2
do 4o E' 2. .2 2 2
JoTdE - q4 [Zwl(v,q ) sin 9/2+W2(v,q ) cos 9/2} , (10

so that the structure functions W1 and Wz, as they depend on v and qz, sum-
marize the results of inelastic electron-nucleon scattering.

Now suppose that v and q2 are large, with v/ q2 fixed. In the expression,
Eq. (8), for W’w in terms of the Fourier transform of a commutator of two

currents the exponential is
e -i(q .z ~ q,t) » 2 2
elq X 2o Z 0 :e1(q+vz vt)

omiv(z-t) e—i(qz/zv)z (11)

in this domain of v and q2 with q in the z direction. In order that the argument
of the exponential not become large and produce cancelling oscillations of the

integrand, the region of integration in configuration space must satisfy
z -t g 0(1/v)
z < 0(2V/q2) . (12)
Furthermore, since we want the commutator to be causal, it should vanish unless
x =x +z" -t <0, (13)
which together with Egs. (12) yields
2

X < (t-2) (tr2) 5 0(1/gD) (14)



Therefore, the important region of integration over the current commutator is
xz = XMXM = 0, i.e., along the 1ight—cone.3

To gain theoretical insight into the commutator of two currents on the light-
cone we turn to the quark model and abstract certain properties, particu-
larly algebraic ones, of such commutators from the free field case. In the free

4,

guark model one finds

[V;‘ (x), vﬁ (0)] —~ {i fO‘B'}’[(vZ(x,O) + V7 (0,x)> 5x
X" -0

+ (VZ(X,O) +VZ,(o,x)) 5,5,

]

(V“{(x, 0) + VK(O,X)) »

-+

i (AZ(X,O) - AZ(O,X))]

€uvha

+

daﬁy[(vz (x,0) - V7 (o,x)) 5

-+

(VZ(X,O) - VZ(O,X)) 6,

f

(VK(X,O) . v}\(o,x)) O

S L (A;/(x, 0) + AZ(O,x))]}

= 9 [e(xo) 6(X2)] , (15)

where Vj(x) and A:f(X) are the vector and axial vector currents and

It

vﬁ<x,0> ) A% /2) iy, ¥(0):

and (16)

K0 = T AY/2) 1y, v510):



are bilocal operators defined so that

o a
X,X) =V 7
V%) = V) (17a)
and
o a
AT (X,x)= A (X)) . 17b
“( ) u( ) (17b)
All the SU(3) properties are summarized by the SU(3) structure

constants fm‘8 Y and daﬁ 'y. In fact, if we specialize to the time components of
the currents and go to the tip of the light cone (XO = () then we recover the old
equal time algebra of Gell-Mann. 6

An important property of Eq. (15) is that it factorizes into a product of a
c-number singularity which contains no masses or other dimensional parameters
and a bilocal operator which carries the SU(3) indices. When Eq. (15), as the
leading light-cone singularity in the limit v, q2 — o, is inserted back in Eq. (8)
for W;.w , it is seen that Fourier transforms of matrix elements of the bilocal
turn out to be the structure functions and that W1 and sz scale,7 i.e., are

functions of w = 2MN V/q2 =-2p° q/qz. Because of the structure of the tensor

indices in Eq. (15), one also obtains the relation:

2MN
o Wl(w) = sz(w) ’ (18)

which corresponds to the vanishing of the longitudinal relative to transverse
photon-nucleon total cross sections (aL / o= 0) in the indicated limit.

Another, more mundane, way to see that it is VWZ and W 1 which should
scale if there is no dimensionless parameter or scale in the virtual photon-
nucleon interaction is to rewrite the double differential cross section in Eq. (10)

in terms of the dimensionless variables

2 2
x= = = -q /2p+q=q /ZMNV (19)
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and
y=v/E=p-a/p-k . (20)

Then in the high energy regime where v and q2 are both large, we can write

s _ (ina® oM. E) | (1-v) »W. + £ y2 oM. x W 21
dxdy- q4 (N)(Y)VZ zy le’ ()

where terms of order MN /v and MN/ E have been neglected. The factor

(417012/ q4) is just the elastic electron scattering cross section for a point particle.
We see immediately that if the quantity in brackets, which involves the photon-
nucleon interaction, is not to depend on soﬁe internal scale, then VWZ and

ZMNXW1 should only depend on a dimensionless variable involving the photon-

nucleon vertex, i.e., they should depend on x = —qz/Zp cq=1/w.

The absence of any scale in the interaction of a virtual photon with a nucleon
is realized explicitly in the parton mode1,8’ ? which might also be regarded as a
concrete representation of the light cone algebra. In the parton model one re-

gards the nucleon as composed of point constituents. In an infinite momentum

frame, each type (i) of parton, with charge Qi (in units of e), is taken to have a
distribution £.(x) in the fractional longitudinal momentum x = péparton) /p;nucleon).

A straightforward calculation then shows that for spin 1/2 partons
- 2 -
sz = ; Qi X fi(x) ZMNX Wl(x) s (22)

where x is both the fractional longitudinal momentum of the struck parton and
the value of the scaling variable qz/ 2MNV . Taking the partons to be quarks (and
more generally, also antiquarks) one has a concrete representation of the quark
light cone algebra. As with any particular representation of a given algebra,

certain results may hold which do not follow necessarily in the general case.



0,11

The scaling behavior exhibited by the data1 outside the region of

prominent resonances for sz and ZMNW1 is shown in Fig. 2. There the

values of the structure functions are plotted versus w' =1 + W2/q2 =W+ M%\I/qz’
which is the same as w is the limit v, q2 — o, Clearly values of sz and

1 2 and ZMNW1 for the
proton are functions of w' to within the accuracy of the data for q2 > 1 GeV? and

ZMNW at the same w' but different q2 coincide, i.e., VW
1< w' <10.

The validity of the relation sz = 2MN.xW1 as v, q2 — « jg more clearly
examined in terms of the quantity R = GL/ O which should then vanish as
v, q2 — o gt fixed w. A previous global average of R for the proton gave the

value 1

Rp= 0.18 £ 0.10, Newer data, but over essentially the same kinematic
range, has recently been analyzed and yields12 a global average in agreement
N

with this. More interestingly, there is some indicau:ion12 that Rp is vanishing
as 1/v for fixed values of w ¢5. The analysis of the deuteron data taken in the
same experiment s.hows12 that R D =R q° Rn to within the statistical errors of
the measurement (+0.04).

The ratio of neutron to proton inelastic cross sections, as extracted from
deuterium data, shows consistency with the neutron structure functions scaling

13,14 The ratio of n/p decreases from values near unity at small x (and

also.
large w = 1/x) to valuest? definitely below 1/2 for x > 0.65.
For values of x near one, where it appears that the n/p ratio is the smallest,

one could hope to challenge the bounds from the quark light-cone algebra:15

%sn/ps‘l.

Although present data extends to x =~ 0.8 and doesn't indicate any violation of the
lower bound, experiments are under way to investigate the region near x =1 in

considerable detail.



Also of interest is the region of small x or large w where the n/p ratio is
expected to eventually approach unity on the basis of the dominance of the
Pomeranchuk singularity in the photon—nubleon amplitude at large values of w,
Some recent datal6 on this ratio is shown in Fig. 3 where it is seen that even
for values of w between 10 and 20 the value of n/p is still only ~ 0.85 and only
slowly approaching unity. This bears directly on the convergence of the sum

mle17

dw

f: = [Vsz(w) - vWZn(w)] =5 . (23)

[uy

This can be derived in parton models where the nucleon is composed of three
""'valence' quarks plus an isoscalar "sea" of q@ pairs (plus neutrals), or it can
be derived using exchange degeneracy arguments, 18 but it does not follow
generally from the quark light cone algebra. Earlier evaluations of the sum
rule using then existing data and Regge extrapolations for szp(w) - szn( w)
as w — « gave the estimate 0.19 + 0. 06 for the left hand side.13 The data shown

in Fig. 3, however, givesl6

20
~/1 & [”sz(w) i ”Wzn(“”]: 0-18 = 0.04, .

and a rough estimate of the contribution from w = 20 to » is 0.09. There is no

longer an experimental basis for worrying about the sum rule's validity.

B. Inelastic Neutrino- and Antineutrino-Nucleon Scattering
The extension of our discussion to inelastic neutrino and antineutrino scatter-

ing is easily made. Again neglecting lepton masses and averaging over nucleon
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spins, the double differential cross section is19

dQ'dE' 2

dza(v/“ﬁ) - G*E? [z Y W{”/V)(v,qz)
27

- ' -
+ 00329/2 Wz(v/ V) (v,qz) T ———-—EI\ZE sin29/2 W(V/ V)(V,q2)] ,
N 3
_ (25)
with G ~ 1.0 % 10‘5/MN the weak coupling constant. In the high energy limit,
using the same variables x and y in Eqs. (19) and (20) as before, this becomes
— 2
2,00/ 7) i <G M. E

2
N Y 1
p > [(1—y) vW2,+ 5 (ZMNX) qu:y I—Ey X vW3:| .

(26)

dxdy

The structure functions W1 and W2 now involve Fourier transforms of both
vector-vector and axial vector-axial vector current commutators, while the new
structure function W3 involves only vector-axial vector commutators. Neglecting
strangeness changing currents, the restriction of the weak, strangeness non-

changing current to have isospin one implies that

w'P = won
1 1
(27)
w/t = wP
1 1

The quark light cone algebra in Eq. (15) is also simply extended4’ 2 to
include commutators of two axial-vector currents or a vector and axial-vector
current. As an immediate consequence it follows that ZMNXW1, VWZ, and
VW3 should scale, as can also be seen directly from Eq. (26) using the argument
that if the weak current-nucleon interaction doesn’t depend on parameters with
dimensions, then the quantity in brackets on the right-hand side should involve
structure functions in combinations which only depend on the dimensionless

quantity x. Scaling of W1 = Fl(x), sz = Fz(x), and vW3 = F3(x) implies
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on integrating Eq. (26) first over y and then over x that

2
- G™ME 1 F (%) 2MxF _(x) xF (%)
(v/v)_ 7 N 2 1 3
ror T "7 jo dx[2'+ 6 F g ] (28)

i.e., that the total neutrino or antineutrino cross section rises linearly with the
incident beam energy, E.

From the quark light cone algebra we have furthermore that4’ 5,19

2MXF (1) = Fol®) , (29)
and the local relation between inelastic electron and neutrino scattering:
ep,., _en _ VP, _ w¥D
6 [Fz (x) - F, (x)] x [Fs (x) - Fy (x)] . (30)
Various sum rules follow as well, including

f(l) & rom - PP - 2 (31)

the Adler sum rule?o which actually is supposed to hold for all qz, and the sum
21
rule

f; dx [F;p(x)+F;n(x)] = -6 . (32)

In a parton model with only fermion constituents which interact with the current

(no antifermions) one has as well that
Fo(x) = 2MxF (x) = -xFq(x) , (33)

i.e., maximal V;A interference.

The simplest quantity with which to compare theory and experiment is the
total cross section summed over neutrino and antineutrino beams. From Eq.
(25) we find that the F, term cancels in the sum and using F2(x) =2M XFl(x)

3 N

-12-



yields

2 -
— G M_E 1 —
vN VN - N~ 4|1 f v VN
or o) + (B = ——R— [2 . dx (F zN(x) + F) (x))J. (34)
We write vN (_ﬂN) to denote an average over neutrino (antineutrino) cross sections

on protons and neutrons. Of course,
vN 1 (v vn 1 [V vn vn
Fo (¥ = E(sz(x)+Fz ) -2 (sz(x)+F2 ) = Fy (). (35)

The data from the Gargamelle experiment22 are quite consistent with a linear

rise with E of o for both neutrinos and antineutrinos. The coefficients

tor{®)
of GPME/n yield™?
7/
2

To relate this to electron scattering we must make some additional assump-

1 —
. dx (F;N(x) + F;N(x)) = 0.47 £ 0.07 . (36)

tion beyond just the light cone algebra. We assume that in the x region which
1
gives the most important contribution to [ 0 dx Fz(x), one has only quark

partons (no antiquarks). As we will see in a moment there is independent sup-

. . VN v N . .
port for this from the ratio rOT / T rOT" With no antiquarks, one has the
.23
relation
1 v N VN 18 /1 e en
2 (Fz (x) + F,y (x)) =5 (—2-) (sz(x) +F, (x)) , (37)
which together with the result from SLAC data (with a minor extrapolation)lo’ 11
1 1 e en
5 f dx (sz(x) + Fy (x)) = 0.15+0.01 , (38)
0
predicts that
1 1 vN VN
Ef dx (Fz (x) + Fy (x)) = 0.54 % 0.04 . (39)

0
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The agreement with the direct measurement, Eq. (36), is obviously very
good. 24

Now let us return to o T(E) for neutrinos and antineutrinos separately.

TO
Rewriting Eq. (28) we have

_ 2 1

a(,_[f’o/,lf’)(E) = —G—;TM—E— fo dx T ,(x) B— + -é-i %] , (40)
and therefore

a,’}gT /"VTIEI)T = (2-B)/(2+B) (41)
where

1 1
B = - dx xF (x)/ dx F (%) . (42)
[} ey [ o,

Purely from kinematic inequalities IxF3! < Fz(x) or IBl < 1. The extreme
values of B correspond to maximal V-A interference and are met for purely
fermion partons (B = +1) or purely antifermion partoﬁs (B =-1). The experi-
mental value of22

'17N/vN

Snor/ O mop = 0-38 % 0.02 (43)
.25
gives

B=0.90+0.04 , (44)

and indicates almost purely fermion constituents in the region accessible to the
Gargamelle experiment. Everything is quite consistent with the quark light cone
algebra or the even more restrictive quark parton model with only a small
component of antiquarks.

In the past few months the first data on inelastic neutrino scattering at NAL
have been reported. The Caltech experiment26 uses a ''narrow band'' beam with

neutrinos of average energies of 50 and 145 GeV arising from decays of 160 GeV
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pions and kaons, respectively. While there are only 112 neutrino events from
a steel target reported, they already allow some tentative conclusions.26

If one assumes ZMNxFl(x) = F2(x) = ~xF3(x), then Eq. (26) becomes

2
ZO_VN G MNE N

L = Fw (45)

which is independent of y. Within large errors, the data are consistent with y
independence. Although the flux is not known accurately, one can integrate over
y and compare the shape of dchN /dx with what is seen at Gargamelle, or the
better determined ng + F;n o F;d.

seen between the x distribution measured with high energy neutrinos and that

This is shown in Fig. 4, with consistency

measured with electrons at SLAC.

A more stringent test of scaling is provided by the quantity

<q2> = <xy2MNE> = 2MNE<xy> s (46)

where
1 1 dzg
dx dy f(x,y) 94—
/; j; y ( Y)dXdy

dx,y)> = —3 5 . (47)

[ [1 dx dy do
070 dxdy

<q2> should therefore rise linearly with E if there is scaling. The comparison

with the results from the Caltech experiment for <q2 > are shown in Fig. 5, where

the curves are computed using the acceptance of the apparatus and assuming

2
2y  GME F (%) )
dxdy 5, 3.0

v 4 (L+q°/A%)

Again the data are consistent with A = =, i.e., scaling. Note the large values

of <q2 > seen at NAL energies — in itself an indication of a "point-like" interaction.
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A second experiment with a '""broad band" beam of mean energy ~50 GeV

217,
has been carried out by a Harvard-Pennsylvania-Wisconsin collaboration. 28

With about 300 neutrino and antineutrino events they are able to state that28

v N YN
“rot ¥ ToT

it is at 5 GeV in the Gargamelle experiment, just as expected from scaling (Eq.

is very roughly ten times larger at a mean energy of 50 GeV than
(28)). The ratio O'VN/O'VN lies between 1/3 and 1/2 and is therefore consistent

with the Gargamelle result of 0.38+ 0,02, Note that if

v = xy = 2E' sin29/2/MN, (49)

then29 % %? is independent of flux and is a function of v alone if the structure

functions scale. Analysis of their data shows that28 both their neutrino and anti-
neutrino data are consistent with scaling, and more particularly, with the —lltI %‘I—j-
curves calculated on the basis of the SLAC electron scattering data and the quark
parton model.

Thus both high energy neutrino experiments seem toc show that while we have
increased the beam energies by an order of magnitude or better, nothing striking
has changed from what was learned with Gargamelle. Everything seems remark-

ably consistent with the rather simple picture of scaling embodied in the quark

light cone algebra and the quark parton model.

C. Electron-Positron Annihilation into Hadrons

There is one major indication of trouble with this simple picture: electron-
positron annihilation into hadrons via one photon., The cross section for
e'e” — hadrons is directly proportional to /d4x e i Xc0] [Ju(x), JV(O)] (0> .
As a result, in the e+e~ center-of-mass where E= 0 and dg = qu [, the limit
qy — <« or lqzl —~ o jmplies that X, ~0 and X =0, i.e., the tip of the light cone,

is the important region of integration in that limit. As a result, assuming the
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quark model also gives the disconnected part of the commutator on the light

cone, one finds

2
o(e'e” — hadrons) = ;4_1[052_ E Q?
3lq71/ i

3 (50)
where the sum is over the charged quark pairs creatible by the electromagnetic
current. The quantity (4'1roz2/ 3 lq2 [) is just the cross section for efe” — uiua.

Three quark constituents with charges 2/3, -1/3, and -1/3 yield E Qiz =2/3,

while colored quarks30 give 21: Qi2 = 2, and the Han-Nambu integr;ﬂy charged

quark scheme31 has 21: Qiz =4, The present experimental situation is seen32

in Fig. 6 including the most recent CEA results3 for 0'(e+e_—+hadrons)/cr(e+e_—>l~t+ﬂ_)
of 4,8+ 1.1 and 6.3 + 1.5 at lqzl =16 and 25 GeVz, respectively.

The seeming disagreement with our expectations leads one to ask whether
there is a breakdown in the scaling behav.vior,34 i.e., whether O'(e+e_ — hadrons)
does not behave as 1/q2 as qul — o, A careful reexamination of the electron
and neutrino data is also called for, particularly to look for the behavior35 of
the moments f ; dx x* Fz(x) as powers of (1/In qz), as suggested in asymptoti-
cally free gauge theories. 36 Most important exgerimentally, one awaits the

results from SPEAR and DORIS on the magnitude of o(e e — hadrons) at the

same as well as still higher values of qu l.

III. Some Experimental Results on Final State Hadrons in Inelastic
Electron Scattering

A. Kinematical Considerations

Consider inelastic electron-nucleon scattering where a final hadron (four-
momentum p;L) is detected. In such a process there are two planes: one deter-
mined by K and X' (the lepton plane), the other by q and p' (the hadron plane),

with an angle ¢ between their normals.
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Rather than work with structure functions, it is more convenient at this
point to consider the physics in terms of cross sections for a virtual photon
incident on a nucleon. Recall from Section II that to calculate a cross section
for inelastic electron-nucleon scattering we must evaluate a lepton trace, LHV’
which is essentially the virtual photon density matrix. I we take the direction
of Ef as a z-axis, with x-axis in the lepton plane (so that the positive x direction

. - ' ' 2 .
is toward the leptons) then LMV (1/2)(kukv + k“kv +(q°/2) 61“’) can be written

as

. .
[2(1ve) 0

2 0 — | oo | ——
2 V(L) L 2_, 72 2 i "
(1—6)(4) \/T‘é 5(1+e) 0 - Vg~ e/v™ 0 + 0\2—2:2:)’0/
- Vg €/V —— 0
(v 0 0 )
(51)
where
€= ! (52)

2 b ]
1+2 <1+<"—2> tan29/2>
q

We have subtracted multiples of q“ from the virtual photon polarization vector
580 as to make L;w =0 when p or v =4, As is seen from Eq. (52), the virtual
photon is the incoherent sum of a piece with linear polarization in the x-z plane
and a piece with linear polarization in the y-direction.

If e Ly)f“ is the amplitude for

"y(q)'" + N(p) — hadron'(p') + ... ,
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with the property
q f = 0 3 (53)

then from Eq. (51) we have that

do I\/i—’ 2, 2 ‘2 l 1 l
—_ = (1+e)} f -1\ e/v- f + =(1-¢) f
25 5 (Ite) £ - \/q" &/ v Vz ot

« (15 1%+ lfylz)

2 2)
(lfxl -1,

+ € (qzllez/ V2)

- /-;— €(1+€) 2 Re (fx\/qz/vz f;) . (54)

The four terms in Eq. (54) are in the form of the standard equation for, e.g.,

po|m

"M+ p — T+ n, where they are often labelled37 dcrU /dt, dch /dt, dG’L/dt, and
dcrI /dt respectively, after their ¢ dependence is explicitly exhibited. This ¢
dependence is easily read off if fx’ fy and fz are rewritten in terms of helicity
amplitudes (of the virtual photon). The four terms behave respectively as
constant, cos 2¢, constant, and cos ¢.

With the use of a polarized lepton beam it becomes possible to measure one
more quantity, Im(fyf;). The set of four quantities in Eq. (54), plus this last

one, gives all the possible physical information on f“.

B. An Exclusive Channel: Rho Electroproduction

Rather than attempt to cover all the information gathered in the past few
years on final state hadrons, we will instead concentrate on a few selected
topics to show some of the important features. We begin with the electro-

production of rho mesons which has received attention in a number of
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experiments and is therefore a well-studied example of a diffractive process
out to values of q2 of ~1.5 GeVz.

While yp — pop has the largest cross section ( ~11% of ch(y p)) of any
single channel in photoproduction, as qz increases from zero (becomes more
space-like), the integrated cross section for this process decreases as a pro-
portion of the total cross section. The results of a particular experiment38 are
shown in Fig. 7, where <v > ~ 10 GeV. Similar results have been obtained at

40 41

Cornell, 39 DESY, = and SLAC. It also appears that the processes "y''p— wp

and "yp''— ¢p have a similar behavior,
falls off a little slower with q2 at low energies, where pion exchange is an impor-
tant contributor to the amplitude.

At the same time that the integrated cross section is falling, the angular
distribution seems to be getting broader. While the subject of some controversy
for a time, a consistent "antishrinkage' of the diffraction peak as q2 increases
is seen in several different experiments. What remains to be settled is the
exact magnitude of the change and whether it depends on any other variable than
q2 in a significant way.

The spin density matrix element of the rho can be determined from its two
pion decay, while that of the virtual photon is completely known from the incident
and final leptons momenta (see Eq. (51)). While all the possible joint density
matrix elements have not been determined in any experiment so far, all measured
elements are consistent with the hypothesis that s-channel helicity is conserved
in the scattering of the photon into a rho, as in photoproduction.4“2 The presence
of both longitudinal and transverse virtual photons in electroproduction allows one
to show experimentally that the longitudinal and transverse (helicity 0 and =1,

réspectively) rho production amplitudes have exactly the same phase within
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errors. 38,40,41 This of course implies there is non-negligible production of

rhos in both longitudinal and transverse states. In fact, it appears that38’ 40,41
longitudinal rhos are ~40% of transverse rhos in the cross section at q2 =0.5
to 1.0 GeVz.

Therefore, rho electroproduction behaves differently than the total cross
section. Up to this time, it does not appear that any particular channel imitates

the q2 behavior of the total cross section. If we are searching for consequences

of a possible hadron substructure, we must look instead at inclusive reactions.

C. An Inclusive Reaction: Production of Pions
As in hadronic processes, it is conventional to classify produced hadrons
according to either their rapidity,
1 f
E'+p I
[
E )

1
y =3 (55)

or according to their value of the Feynman variable x = p'" /p'" max’ where p'"
is the longitudinal momentum along the beam direction in the ycenter of mass.
Particles with finite values of x > 0 (x <0) are said to be in the beam (target)
fragmentation region, while those with x~ 0 are in the central region.

Naturally, one expects at sufficiently high energy that hadrons found in the
target fragmentation region or in the central region should not depend on the
characteristics of the beam. This has been amply confirmed in various hadronic
experiments, but is also seen with real or virtual photon beams.

For example, with a polarized photon beam, one finds no ¢ dependence of
the direction of produced pions in either the nucleon fragmentation or central
regions. But, particularly in a DESY experiment,qt3 significant cos¢ and cos2¢

terms are seen in the virtual photon fragmentation region.
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Another example is to be found in the transverse momentum (pl) distribu-
tions. While no change with q2 is visible in the nucleon fragmentation or central
regions, there is a fairly definite broaden'ing44 of the p | distribution with in-
creasing q2 in the photon fragmentation region, which is seen consistently in
several experiments.

Probably the most dramatic effect seen in the data up to this time occurs in
the forward charge ratio. Figure 8 shows some data on forward positive and
negative hadron production for 0.5 < q2 < 3.0 compared with 7 production for
q2 = ( at the same incident photon energy. Some, but probably not all, of the
decrease of forward going 7 's (and 1r+'s) can be attributed to the rapid fall off
with q2 of the pop final state as a percentage of the total cross section.

The actual ratio of positive to negative forward-going (0.4 <x <Q.85) hadrons
is shownl‘i”l;"46 in Fig. 9 as a function of q2 from various experiments. The agree-
ment of the various results for '"y" + p colligsions makes it clear that as the photon
becomes more virtual, the positive charge on or within the proton is being thrown
forward by the interaction. That it is not the charge on the proton that is simply
"leaking" over into the photon fragmentation region (remember, we are still
working at relatively low energies) comes from recent data46 with the neutron
as a target. Again, while the excess is smaller and the results are less statisti-
cally significant, it appears that excess positive charge is being thrown forward.47
This of course cannot come from the (zero) charge on the neutron leaking over into
the photon fragmentation region. It calls for an explanation in terms of the charge
distribution within the neutron, and in fact is expected in some extensions of the
quark parton model to include descriptions of final state hadrons. We now turn
to_the general theoretical discussion of final state hadron distributions to see

how both the data we have been discussing in this section and various theoretical

models fit in a general context.
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IV. Some Theoretical Viewpoints on Final State Hadrons
in Deep Inelastic Scattering

A great deal of effort has been expended in the past couple of years exploring
the consequences of various models for deep inelastic scattering as they relate
to the distribution of final state hadrons. Instead of immediately delving into
these models in detail, we will first describe a rather general, essentially
kinematic, classificationj of the various regions of rapidity available to a produced
hadron. Then we will see how some specific models populate these regions and
how the final state hadron distributions in different deep inelastic processes
might be related.

To begin with let us recall what we might expect as the inclusive distribu-
tion of hadrons in a purely hadronic process at very high energies. 48 Consider,
for example, pp — 7 + anything. The form of the invariant differential cross
section E' do/d3p' expected on the basis of a model with short range correla-
tions is indicated in Fig. 10a. At a given value of pl (which is limited) there
are fragmentation regions of fixed finite length in rapidity associated with the
beam and target, separated by a central plateau of constant height. Inasmuch as
the total rapidity interval available is approximately of length In s and the frag-
mentation regions are of fixed finite length, we see that the central plateau is
In s in length. The multiplicity, which for a constant total cross section is
proportional to the area under the curve, then grows as the length of the central
plateau grows, i.e., as In s.

An analogous result is to be expected for the photoproduction process
vp — 7 + anything, as shown in Fig. 10b. In fact, normalizing to the total
cross section, the proton fragmentation and central plateaus should be just the
same as in the previous case. Only, the beam fragmentation region in Fig. 10b

(of fixed, finite length in rapidity) has changed from that in Fig. 10a to one
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characteristic of the photon. The question we now wish to examine in detail
is: what happens when q2 varies? In particular, what happens to the length
of the photon fragmentation and central regions?

To answer these questions in a rather general way we go to the standard
Mueller analysis.49 While this analysis, or parts of it, have previously been

treated by a number of authors, 50,51,52,53

we will follow rather closely here
the recent paper of Cahn and Colglazier. 54
First consider the high energy (v) behavior of the imaginary part of the

forward virtual Compton amplitude. As indicated in Fig. 11, if a sum of Regge

poles dominates the high energy behavior, then we can write for large v

@.(0)
vo v, = 2,870 v g, (56)
1

since v g, is proportional to the imaginary part of the forward Compton amplitude

T
for transverse virtual photons.55 It Wl(v,qz) scales, then so does v o, and if

T
the Regge and scaling limits are interchangable, we must demand the behavior

; a.(0)
2M i
YY, .2 N ~VY
B; (g )——“—‘—'<*—~—2 > B (57)
2 q
q — OO
Then at large w = ZMN v/ q2 we have
a . (0)
_ ~YY i NN )

VYo = 21: ‘Bi w Bi . (58)

For w— «, the Pomeranchuk singularity with a(0) = 1 should dominate so that

~ NN
Vo, 3?;)/ wpp - (59)
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Now consider the six point functions shown in Figs. 12, 13 and 14, with p'

as the four-momentum of the final hadron of mass m. We define the additional

variables
MNK = -p'p' (60a)
my, = -p'*q, (60b)
and
w, = 2m v /q2 (60c)
1 1 '

Defining the nucleon fragmentation region as where M .« is bounded (i.e.,

N
finite final hadron energies in the nucleon rest frame) as v — = , we have in the
Regge regime illustrated in Fig. 12,

E'do Ca(0)
v < 3 T> = E ﬁﬁiw(qz) v Fi(K’pl) ) (61)
dp' i

as the invariant cross section v(E' dO'/dsp') is proportional to the imaginary
part of the six point function. 56 The quantity Fi(K ,p'L) describes the lower

vertex in Fig. 12. In the scaling and large w limits Eq. (61) becomes

E'dg, - a.(0)
v<d3 T> > BTw ' Fix, b)) (62)
p' i

As w — =, we have using Eq. (59) for the behavior of v O

El 1]
1 < dqﬁ) g . (63)
Ty d3p' Bl;N

O'T d3p'

separately but on w and on ¥ and pl . At large w,

E'dg;
We therefore have a prediction of ""mixed'" scaling: L < T> depends not

2 '
onvorg orv, Kk, a.ndpl

 -25-



this quantity is even independent of w. An examination of the derivation of
Eq. (63) shows that the same result would be obtained with any beam on a
nucleon target. Thus 071~ (E'doy d3p') should be the same in deep inelastic
scattering at very largerl;i as in YN, KN, NN, etc., collisions at high energies.
This result is of course just what one expects without any deep theory: at suf-
ficiently high energy the fragments coming from the nucleon target should be
independent of the incident beam. 57
A similar analysis applies to the central plateau. Considering Fig. 13 in

the limit of large v, and large k, one has the Regge expansion

1
E'dg a,(0) a.(0)
T\ _ vy, 2 i ' j NN
v <d3pi> 1233 CA(CR I AT A ()

Again proceeding to the scaling as well as large w and wy = 2m v 1/q2 limits,

Eq. (64) becomes

.(0)
. (65)

E'dg, N .(0) o.
v (—58) = Ve T e 1N
d3p‘ i i i3 L ]

BI=

Keeping only the Pomeranchuk singularity in the double limit @, and K — «, and

using the kinematic relation which holds in this regime

wKk =~ wVm?s p'lz/ZMN ) (66)
one finds
E'do
1 T o~
O'T d3p' Pﬁ 1

The independence of all variables except pl is equivalent to the statement that

the rapidity distribution is flat. Furthermore an analysis of the derivafion of
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Eq. (67) shows that the same result holds for any beam or target, as is indicated
by the function Afijp(p'l) on the right hand side, which depends on neither the beam
nor the target. Therefore we expect the same central plateau as in any purely
hadronic reaction, normalized to the total cross section.

However, there is an important difference. The total rapidity interval where
w, and « are large is of length Inw, i.e., the central plateau is of length In w

1

and not Ins. Inasmuch as the total rapidity length available is ~Ilns, we see

that the overall current fragmentation region must be of length

Ins-lnw ~ Ins —-Ins-Ins-1In s/q2 = _g__qf This important kinematic fact,
although known for some time, does not seem to be widely appreciated.

Another way to see this, outside the Mueller framework, has been given by
Bjorken.58 Fix q2 at some large value (where scaling holds), and let w also be
large. Now decrease s (and therefore w). As qz is fixed the current fragmenta-
tion region should also be fixed. Only the central plateau should change, i.e.,
decrease in length. Now for sufficiently small w the central plateau will have

disappeared, and at that point one has total rapidity interval of length:

il

Ins lns/q2 +lnq2

1

Inw+ 1nq2 = lnq2

Since the current fragmentation region hasn't changed in this process of decreas~
ing s, it must occupy this length, ~In qz, at small w, and at large w as well.
At large w, the rapidity interval Ins - In q2 ~ Inw is available for the central
plateau.

We now have arrived at the most interesting and crucial question: what is
the shape of v (E'dO'T / dsp') in the current fragmentation region. Very little can

be proven. Near Y max® the end of the current fragmentation region, if
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multiplicities don't grow59 as powers of qz, the simplest way of satisfying the
inclusive energy sum rule would be to have v(E'dch/dBp') scale in w. Such

scaling would also allow a smooth joining of the current fragmentation region

into the central pla’ceau.s4

If we assume that in the current fragmentation region v(E'dch/ d3p’) scales

in w, then we may note that the kinematics demands54 that v 1o asv and

2
q~ — = in this region. As a result in Fig. 14, the function Fi(qz, v ) de-

!
1) p..L
scribing the upper vertex must actually be only a function of Wy and p’l if it has
a non-trivial limit. Therefore, as w — « and only the Pomeranchuk singularity

dominates, we have

E'do
1 T ~
= — Fo(w.,, p') , (68)
I <d3p'> Pt

so that both scaling in w and in w, = -2q . p’/q2 occur together, i.e., we have

1
"mixed'" scaling of a special kind.
Since the analysis we have carried out is quite general, any particular model
must fit into it. An interesting case is the multiperipheral modelfi1 While the
sum of ladder graphs does not scale in ordinary renormalizable theories, a
suitable cut-off (say in the transverse momentum) produces a scaling result,
as in the work of Drell, Levy and Ya.n.62 Taking the imaginary part of the
ladder graph and evaluating the rapidity distribution of the intermediate particles,
one finds that while the central plateau is uniformly filled in the standard manner,
the current fragmentation region is empty except for the single particle connected
directly to the incident virtual photon,which is sepa.ra.ted63 from the other particles
by a rapidity gap of length In q2. The complete lack of particles in the current
fragmentation region is clearly very unphysical, and any use of the multiperi-

pheral model as a basis for extrapolating to the behavior to be actually seen

experimentally in the current fragmentation region is highly suspect.
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The most thoroughly investigated models for deep inelastic processes have
been those involving partons. The classification of the regions of rapidity65’ 66, 67
in such models is shown in Fig. 15. The struck parton is found immediately
after its interaction with the virtual photon near Y max® and a corresponding
region of finite length is labelled as the "partoﬁ fragmentation region." The
position in rapidity where the struck parton was before the interaction lies at
the boundary of the central plateau and current fragmentation regions and is
defined as the '"hole fragmentation region.'’ Between these two regions lies a
possible plateau, the "current plateau" of length ~In qz.

Let us examine the quark parton moael description in some more detail
starting with tﬁe parton fragmentation region. In that region the model may
be implemented using the assumptions:65’ 68

1. The virtual photon interacts with point, spin 1/2 constituents (the quark
partons).

2. The parton fragments into, hadrons independently of how it is produced.

3. The hadron distribution from a given parton is only a function of

had : t
z = p( adron) /p(par on) and of p L (of the hadron relative to the parton direction).

The p N distribution is assumed to the limited.
Describing the parton (type i) fragmentation into a given hadron (h') by the

t
function D}i1 (z,p J_) , the final hadron distribution is given by

do, '
v E —grl:' « Z Q2 £.(1/w) D (z,p,) (69)
a0 = i’i i 1
p i
for € N —e+h'+ .... The variable z plays the role of the usual Feynman

variable x. The same assumptions can be easily applied in inelastic neutrino

reactions. Also, picturing e'e” annihilation into hadrons as proceeding through
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production of a quark-antiquark parton pair, one has

E' do 2 _h'
- 2.8 D} () (79)
dp i
inee —h'+.... Herez = Ip' |/(V lq2I/2). Note that the assumption of

limited p 1 implies jets being seen at sufficiently high energies (along the parton
direction of motion) on an event by event basis.

Relations among the Dlil's allow one to relate the hadron distributions in
different deep inelastic processes. 68 For example, conservation of isotopic

spin and charge conjugation invariance imply

+ - - +
T T T T
’ = ’ = D ’ = D_ ’ ’
D" (2,p,) = D (z.p) = DF (5,p) = D (2., (1)

This leads directly to sum rules of the form68

1
f() [<n * en” Pa en] Win (w) d(1/w)

1
= % fo [<n7r+>ep— <n7r">ep] Wip(w)d(l/w) (72)

for inelastic electron-nucleon scattering, and
<N L> = <n -> = <1 o> 73
a+ T © (73)

for e'e” annihilation.

Some of the data discussed in the last section on the forward charge ratio
observed in electroproduction lend support for such a parton picture. Using the
theory outlined above, a number of successful fits to the existing data have been
made. 69 However, the energies as well as q2 values appropriate to the available

t
data are not large, and no definitive test of the scaling (in w) of -];l %9'_ s
1

d'p

has
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even been made. Nevertheless, sum rules such as Eq. (71) are certainly con-
sistent with the clataé'6 and the model provides a simple, intuitive guide to what
is seen experimentally. ™

Up to this point, from the model discussed above it would appear that all the
quark quantum numbers, and even quarks themselves, must appear in the parton
fragmentation region. In models, such as the multiperipheral model61 and early
versions of the covariant parton model, 63 exactly this happens: there is no
current plateau and the parton and its decay products are produced in isolation
in rapidity as well as real space time.

Clearly at least some population of the current plateau region is necessary
to escape this dilemma, i.e., a variant of the recurring question asked about
the quark parton model: why don't the quarks get out? At one time it was
hoped that cascade decay sequences would allow the struck parton to slow down
until the fractional charge and other quark quantim numbers could be neutralized.
But space-time arguments indicate that this does not work. 70 Instead a picture
has been constructed in which qq pairs are produced by polarization of the vacuum
as the struck parton moves out of the nucleon, producing a plateau in rapidity

67,71 An identical

starting at the hole fragmentation region and moving outward.
mechanism produces a plateau in e+e— annihilation. As the parton (and anti-
parton) move apart, quasi-free, successive pairs are created until at a time
~ lqzl the polarization charge catches up to the parton and neutralizes it.

65,67,72 .
in

The result is a universal current plateau eN, vN, and e+e“

annihilation of length 1n q2 and with a constant height. Consequently the multi-

plicity in e e” annihilation should be

B 2
<> 4 - = Ce+e_£nlq | + const. (74)

-31-



and in eN collisions, &

_ 2
<a> 0= Ch Inw+ Ce+e--1nq + const. , (75)

where Cy is the height of the hadronic central plateau.

It Ch = Ce"‘e‘ , the central and current plateaus in eN or v N collisions join

h

into one of length In w + Inq” ~ Ins, as has been suggested theoretically. ' ' '"
As a result we would have
<n__> = C, Ins + const. (76)
ep ,

as seems suggested by a recent experiment, 76 although the energies involved
are really too low to have seen any plateau.
With a plateau we can avoid the possibility of seeing real quarks, but are

still left with the question of retention of quark quantum numbers on the average

in the parton fragmentation region. 65 While at one time it was argued that quark
quantum numbers would be "visible" in this way on general grounds, more

7,78 these quantum numbers can "'leak"

recent work indicates that generally,7
across the current plateau. This is particularly transparent in a model of e+e_
annihilation where quarks and antiquarks are paired so that only mesons populate
the final state77 — there is no chance of observing fractional baryon number in
such a case. Still, the measurement of average quantum numbers in the parton
fragmentation region is of some interest, 7 it being one of the few places where
traces of quarks might be seen even in the absence of the real thing.

Critical tests of at least parts of this picture may come quite soon. The
parton fragmentation region and even the current plateau should be accessible

+ -
with the generation of e e rings now built or being built. However, to see the

full glory of the "limosine" in Fig. 15 will take some time. To see both the
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central and current plateaus clearly, our experience with hadrons indicates
one would like In w > 6 and lnq2 > 6, or Ins > 12! TFor the moment we will

have to content ourselves with viewing pieces80 of the Volkswagen in Fig. 16.
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FIGURE CAPTIONS

Kinematics of inelastic electron-nucleon scattering.

The structure functions VW2 and 2M W versus

N1

. 2
w' for various q ranges.

11

The ratio of neutron to proton inelastic electron scattering cross sections16

for large values of w'.

The x distribution of inelastic neutrino scattering from the Caltech experi-

mentz6 at NAL compared to ng(x) measured at SLAC.

Values of <q2 > plotted versus the incident neutrino energy, E, from the

Caltech exl;xelt'iment26 at NAL.

Experimental results>2 for 0'(e+e— — hadrons)/ 0'(e+e— - p,+u—).

The rat1038 of the rho production cross section to the total cross section as

a function of q2.

negative hadrons on protons near the forward direction for 0.5 GreV2 <q

2

GreV2 and 7 production for q2 = 0 versus the Feynman variable x.

The ratio of positive to negative hadrons in the range 0.4 <x <0.85 on

proton and neutron targets as a function of qz.

Schematic rapidity distributions of pions produced in the reactions: (a)

(a) pp — 7+ anything and (b) yp — = + anything.

Regge pole exchanges in high energy forward Compton scattering.

- The invariant cross section for the inclusive produci:ion45 of positive and

<3.0

Mueller Regge six-point function relevant to the nucleon fragmentation region.

Mueller Regge six-point function relevant to the central plateau.

Mueller Regge six-point function relevant to the current fragmentation region.

The five regions of rapidity for inclusive hadron production in the parton

model at large w and q2.

A possible rapidity distribution in the parton model at energies available in

the forseeable future.
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