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We investigate the predictions of the quark-parton model for hadronic charge ratios in the

current-fragmentation region in inclusive lepton-induced reactions. We use parton distribution functions

given by McElhaney and Tuan from fits to single-arm inelastic electron scattering data, and we obtain

relative parton fragmentation functions from a fit to the m'+/m ratio in electroproduction from a

proton target. The electroproduced n. +/m ratio from a neutron target is predicted to be ~ 1.2 at
moderate co and ( 1 at small co, providing a dramatic test of the model. The model gives a neutrino-

(antineutrino-} produced m+/m (m /m+) ratio of 3.0 + 0.6 from any target. Also the ratio of charged

to neutral K production in e+ e annihilation should be 1.38+ 0.10.

I. INTRODUCTION II ~ THE QUARK —PARTON MODEL

The parton model' ' appears to provide a quali-
tative description of the main features of deep-
inelastic lepton scattering. Since SU(3) is a well-
established approximate hadronic symmetry, it
is tempting to identify partons as quarks. How-

ever, at the present time, the experimental justi-
fication for doing this is weak. The primary evi-
dence that partons have quark charges is the con-
sistency of inelastic electron scattering data on
the proton-neutron difference with the Gottfried
sum rule. The current extrapolated experimental
value is' "0.27+ (? ),

" and this may agree with the
quark-parton- model prediction of 0.33.

Recently there have been several experiments
which detected the hadronic final states produced
in deep-inelastic electron or muon scattering. ' "
Additional experiments of this type are currently
in preparation, as are experiments on the final
hadronic states produced in neutrino interactions
and in electron-positron annihilation. In this pa-
per we will investigate the features that can be
expected in these reactions if they all are to be
consistent with a reasonable quark-parton model,
In particular we vill be interested in aspects of
the data that are sensitive to the relative charges
of the quarks. To this end we will consider pri-
marily the charge ratios of pions produced in the
current fragmentation region. Experimentally,
these ratios are relatively easy to measure and
are to a great extent independent of normalization
problems and radiative effects. Also, in electro-
production experiments, these charge ratios seem
to provide the most striking evidence for a change
in the dynamic mechanism as one goes from real
to virtual photons. '

The formulation of the parton model that we will
use is found in the works of Feynman" and Gronau,
Havndal, and Zarmi. We follow the notation of
the latter reference.

The model for inelastic lepton scattering is de-
scribed in the current-parton Hreit frame. As
illustrated in Fig. 1(a), the nucleon, with (large)
longitudinal momentum P, is regarded as a col-
lection of independent pointlike constituents. The
lepton current, with momentum —2', interacts
incoherently with a parton of momentum xI', re-
versing its momentum. The struck parton then
fragments into hadrons, a typical one of which,
h, will possess a fraction z of the parton's mo-
mentum. The remaining partons, with momentum
(I-x)P, also fragment into hadrons, as shown in
Fig. 1(b). It is assumed that the fragmentation
processes are independent of x, since for finite
x the struck parton is separated by a large mo-
mentum difference from the nucleon fragments.
It is also assumed that none of the fragments have
appreciable momentum in the wrong direction, that
is, the direction opposite that shown in Fig. 1(b).
At the limited energies of present experiments,
these assumptions can only be approximately val-
id. (x= —q'/2q p, where q and p represent the
four-momenta of the lepton current and the initial
nucleon, respectively. )

The model is completely determined when two
sets of functions, the parton distribution functions
and the parton fragmentation functions, are speci-
fied. The former denote the average number of
partons of a given type in an interval of x and are
designated by the type of parton [e.g, , u(x)dx,
s(x)dx, etc.j. Similarly, the fragmentation func-
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III. THE DISTRIBUTION FUNCTIONS

The distribution functions are constrained by
single-arm inelastic electron scattering measure-
ments since

E,'~( )x=x l';[u(x)+u(x)] + [d(x)+d(x)]

+9 S X +S X (2)

F,'"(x) = xlg [u(x) + u(x)] +g [d(x) +d(x)]

+9SX+SX (3)

To reproduce the nucleon quantum numbers, they
must also satisfy the following normalization con-
ditions:

1

[u(x) —u(x) ]dx = 2,
0

(4a)

[d(x) —d(x) ]dx = 1, (4b)

1

[s(x) —s (x)]dx=0.
0

(4c)

Kuti and Weisskopf" constructed a model for
these distribution functions based on reasonable
physical assumptions and fits to the then-existing
data. The nucleon was assumed to consist of three
valence quarks plus a core of quark-antiquark
pairs. The sea of core quarks was assumed to be
composed of equal numbers of each type, all with
the same longitudinal momentum distribution,

u(x) =u„(x)+c(x),

d(x) =d„(x)+c(x),

s(x) =s(x) = u(x) =d(x) = c(x),

(5a)

(5b)

(5c)

where u„(x) and d„(x) represent the distribution
functions for valence quarks.

The core quark momentum distribution was as-

tions specify the average number of hadrons of a
given type in an interval of z arising from the
fragmentation of a given type of parton. They are
designated in an obvious notation [e.g. , D„" (z)dz,
D» (z)dz, etc.]. The D functions are also func-
tions of the (limited) transverse momentum of the
hadrons, but we will integrate over this variable.

The structure functions for various reactions
can now be constructed. For example, for the
case of inclusive ~ production by electrons from
a proton target, we have

i. , (x, z)=x['-, u(x)D„' (z)+';u(x)D„" (z)

+ 9d(x)D~ (z) +,'d(x)D—~ (z)

+Qs(x)D,' (z)+9s(x)D,-" (z)] . (1)

p=(O, O, P, P, )
= (0,0, xP, xp)

q =(0,0,-2 xP, O)

target

(a)

lepton current

h

(0,0,-xP, xP) --=----:==,

(0, 0, (l-x) P, (l- x) P)h =(0,0, -zxP, zxP)

current fragments

(b)

target fragments

FIG. 1. Schematic diagram of inelastic lepton scatter-
ing in the parton model. See text for description.

u„(x) =1.74x '"(1—x)'(1+2.3x),

d, (x) =1.11x "'(1—x)",
c(x) =0.10x '(1 —x)'" .

These functions are certainly not unique, but
they have the virtue of being an excellent fit to
the data, and they will probably be adequate for
our purposes. With the exception of the region
around x=1, we doubt that it is possible to con-
struct a reasonable theory which both fits the data
and differs numerically from the above in any sig-
nificant way. For example, the difference be-
tween the u, and d„ functions is directly deter-
mined by the data,

F,"(x)—F,'"(x) = —,
' x[ u„(x) —d„(x)] .

sumed to be given by phase space, and the valence
quark distributions by phase space and by Regge-
theory considerations at small x. Because of the
low value of the experimental mean charge squared
per parton, "it was necessary to assume that
some of the nucleon momentum is carried by neu-
tral constituents.

Since u„and d, are proportional in the Kuti-
Weisskopf model, the model cannot accommodate
a neutron-proton ratio, E'"/F'~, of less than 2/3,
in contradiction to recent data. " McElhaney and
Tuan have presented modified versions of the
Kuti-Weisskopf distribution functions which re-
move this difficulty. " We will use one of their
versions which is a four-parameter fit to the data
and is based on the addition of a low-lying daugh-
ter Regge trajectory:
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IV. THE FRAGMENTATION FUNCTIONS

Isospin and charge-conjugation invariance re-
duces the number of independent D functions for
pions to three:

I

Dakin et al.

Bebek et al.

d

D 7T D7T
Q

D7T D7T
Q

DTT = D-'
S S

D 7T

d

D fT

M

D 7T

(8a)

(8b)

(8c)

2

A+

We define the ratio

n(z) =D„' (z)/D; (z),

and we make the assumption that

D (z) =D,"'(z) . (10)

I

iI'

0
0.2 0.4 0.6 0.8 l.0

V. ep CHARGE RATIOS

We are now in a position to determine g from
measurements of pion charge ratios in the reac-
tion

eP - em' + anything. (12)

This assumption is based on the physical idea
that D,' and D„" are both unfavored with respect
to D„' since a m' can be formed by the addition of
one (anti-) quark to the fragmenting u quark, but
not to a fragmenting d or s quark. The validity of
this assumption is not critical for our numerical
results since even at quite small x (-0.01) strange
quarks contribute only about 10%%u& of the electron
scattering cross section.

So that we can compare with data in a statisti-
cally significant way, we will consider the inte-
grals of the D functions over the current frag-
mentation region. We take

j.

D - D(z)dz,
0,4

but we do not include the mN and v4 final states in
the integral. These states arise primarily from
m exchange and do not survive in the Bjorken lim-
it." In practice this means that we terminate the
integral at z =0.8 for low-s (T GeV') data.

In Sec. V we will obtain a numerical estimate
of the average value of q in the sense of Eq. (11}.
This estimate will also be approximately valid
for q(z) for z& 0.4, at least to z=0.8. This is
because experimentally the n'/v ratio in elec-
troproduction from protons appears to be rel-
atively constant in the region z & 0.4, and we will
obtain information on the relative contribution of
the various D functions from these data. The
m'm ratio from two experiments" is shown in
Fig. 2.' For z& 0.4 there is a tendency for the
charge ratio to decrease.

FIG. 2. ~+/~ ratio in electroproduction from a proton
target as a function of z. The data of Dakin et al. (Ref. 5)
are in the kinematic ra.nge —0.5 —q ——2.5 GeV and
3 ~ ~60. The data of Bebek et al. (Ref. 6) are at the
datum point q = —2.0 GeV and w =4.

Figure 3 shows data from four experiments for
the ratio of positive to negative pions in the cur-
rent fragmentation region as a function of ur (-=1/x).
One experiment, ' from SLAC, has data at relative-
ly high center-of-mass energy squared (12 ~s

Dakin et a I.

Bebek et al.
Alder et al.
Darnrnann et al.

10 20
l

g0 l00

FIG. 3. 7r'/7r ratio in electroproduction from a proton
target as a function of cu. The data of Dakin et al.
(Ref. 5) are in the range 12.0 ~ s ~ 30.0 geV~, and the
other data (Refs. 6-8) have s = 7 GeV~, The curve repre-
sents a one-parameter fit to the data, Eq. (13) with
q =3.0.
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~ 30 GeV'), while the other three experiments
from Cornell' and DESY" have data at s =7 GeV'.
The SLAC experiment did not separate types of
particles, so there may be some kaon contami-
nation.

The curve on Fig. 3 is a fit to the quark-parton-
model prediction,

(n. ,&,p 4qu„(x) + d„(x) + (5q+ 7)c(x)
(n„-&,~ 4u„(x)+ qd„(x)+ (5q+7)c(x) '

with q as a free parameter. The fit had a y' of
11.4 for seven degrees of freedom. The fitted
value of g was

g =3.0, (14)

VI. en AND vX CHARGE RATIOS

Having determined g from eP data, we can now

predict the charge ratios for other reactions. For

en- em' + anything,

we expect

( n, +),„u„(x)+ 4qd„(x) + (5q + 7)c(x)
(n ,&„q u(x)+4d„(x)+(5@+7)c(x)

(15)

which is plotted in Fig. 4, with g =3.0. This curve

I I

~ Oakin et al.

and given the many uncertainties of this approach,
we consider this value good to about 20%%uo. Working
from the data of Bebek et al. ,

' Cleymans and
Rodenberg have obtained a somewhat smaller val-
ue of g; this is presumably due to their assump-
tion that c(x) =0.'9

One obvious consequence of this model is that
even as X-1, the charge ratio will not rise above

( 20

FIG. 5. Schematic diagram of e+e annihilation in the
parton model. See text for description.

provides a rather unique test of the model. The
charge ratio should rise to a broad maximum of
between 1.2 and 1.3 around ~ =12, then fall to
unity at ~ = 1.7 and continue to fall below unity as
~-1. The positions of the maximum and of the

(n, +&,„=(n,-&,„point do not depend on q. The
predicted v'/m ratio of between 1.2 and 1.3 at,

moderate u is in sharp contrast to the w'/w ra-
tio of about 0.8 observed in photoproduction in the
photon fragmentation region. '

Data from a SLAC experiment' are also shown
in Fig. 4. While not in disagreement with the pre-
dictions, these data are clearly not of sufficient
precision to test them. More data on this reac-
tion are expected in the next year from Cornell
and SLAC experiments.

The predictions for pionic charge ratios from
neutrino-induced reactions are rather simple. In
the (very good) approximation that the square of
the Cabbibo angle is zero, neutrinos interact only
with d and u quarks, while antineutrinos interact
only with u and d quarks. Therefore

(17)

for the region z & 0.4. Neutrino bubble chamber
experiments at CERN and NAL should be able to
test this prediction in the near future.

0 I I

10 20
I

50 IOO

FIG. 4. ~'//n' ratio in electroproduction from a
neutron target as a function of ~. The curve is the
prediction of the model, Eq. (16) with g=3.0. The data
(Ref. 5) are in the range 12.0 ~ s «30.0 GeV .

VII. e'e CHARGE RATIOS

Electron-positron annihilation into hadrons is
conventionally described in this model as the pair
production of a parton-antiparton pair, each of
which subsequently fragments into hadrons. This
is shown schematically in Fig. 5. The fragmenta-
tion process is assumed to be identical to that
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which occurs in lepton scattering. Thus,

—(e'e -A+anything)=, gQ, 'ID," (z.)+D"(z),J,
do' 4m+

i

(18)

and

DE DE
M S d

Thus, for the ratio of charged to neutral kaon
production we obtain

(20c)

(19a)

(19b)

(19c)

and

DIc+
d

DK
Q

=Dr 0
M

ceo=D-

(19d)

(19e)

where the sum is over the type of parton and Q,.

is the parton charge.
Obviously, charge-conjugation invariance pro-

hibits us from gaining any information on-relative
parton charges by observing pions. However, the
kaon system offers hope of a successful test.

Isospin invariance yields
+ 0

8 d

D~ =De+ 0
s

d Q 7

= 1.38 + 0.10,
(nxp), +, 2q + 10 (21)
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We show that the CERN Intersecting Storage Rings measurements of the increasing proton-proton
total cross section and of the structure in elastic scattering at very small momentum transfers can be

quantitatively represented and correlated by a simple phenomenological structure. This structure can

be given a very simple geometric interpretation.

The proton-proton total cross section is in-
creasing significantly at the highest energies at
which measurements are being made at the CERN
Intersecting Storage Rings' e (ISR), that is, at
total center-of-mass energies, v s, from about
53 GeV to about 62 GeV. An indication that the
total inelastic cross section had begun to increase
was obtained from an analysis' of the data from
one of the early ISR experiments, which measured
the inclusive cross section for p+p -p+( ~ ~ ) . A
recent analysis' of cosmic-ray data suggests a
proton-proton total cross section of about 60 mb
at v s =238 GeV. A further interesting observa-
tion" at the ISR, which is also especially marked
at the highest energies, is the increasing effective
slope of (dttn/dt) cc e' n«t" for very small

~
t

~

s 4m,'—=0.076 (GeV/c)'. Since the total cross sec-
tion ar(s) is essentially determined by don(s, t =0)
/dt via the optical theorem, ' it is very natural to
attempt to quantitatively relate the increasing to-
tal cross section and the steepening diffraction
pattern. We show that this can be achieved by a
very simple phenomenological structure, which
represents and correlates do (s, tn)/dt at small

~

t ~, and err(s), over an enormous range of s.
At a given s the phenomenological structure for

the diffractive amplitude is of the following form,
where A, b, and N are constants:

A 1

f (s) [4 m'/g( )-st ]

We have

ttr(s) =4ttF(s, 0),
d ttn(s, t )/dt = tt

i
F'(s, t ) i

' .
(2a)

(2b)

Since relatively strong variations occur around
s, =(53 GeV)'=2810 (GeV)', we choose this as our
energy for normalizations

g(so) =f (sc) =1,
thus

N = vr(s, )/4tt(A+ 1/4m „'),
F(s„t)=N(A+ [ 1/(4m, ' —t)]) e" .

(3a)

(3b)

(3c)

The first term in Etl. (3c) is the usual simple ex-
ponential parametrization which is arbitrary' but
convenient, since the dominant feature of the data
at small

~

t
~

is the near-linear behavior of
In[dttn(t)/dt]. The relatively small deviations
from this behavior are represented by the second
term in the curly brackets. This polelike struc-
ture, which roughly corresponds to a "long-range"
contribution to the diffractive (imaginary) ampli-
tude from the excitation and deexcitation of real
intermediate states via exchange of a pion, has a
general theoretical basis" in the contribution
from the two-pion branch cut in the unitarity equa-
tions. " The parameter A, which controls its rel-
ative weight, and the usual slope parameter b,
are determined by a fit to dtJn(t)/dt at Ms=53 GeV
This is the upper curve in Fig. 1, which repre-


