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where Q is some momentum transfer in the collision
and A is a parameter that has been evaluated by
Politzer from e-p scattering to. be in the neighborhood
of 0.5 GeV. If that is true, then

2 1
g ::: log2 (2Q) ,

a simple formula. In a collision at 90· in which there
has been a perpendicular momentum transfer Pl, then

2 1
g ::::: 1.5 + log2Pl .

Thus at PI =4. g2 =0.3 and at PI =32, g2 =0.15. We
expect to be able to do perturbation theory in the g2
= 0.15 case, but maybe not at g2 = 0.3.
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We must add to the first-order approximation
the effects of higher collisions. Examples of collisions
adding to the lowest order of Fig. 1(a) are shown in
Figs. 2(a) and 2(b). The first is an analogue of brem­
sstrahlung. The second is a virtual-gluon correction
to the first order. The result of these higher col­
lisions is to yield an effective non-scaling. that is.
that the incoming particles appear to have differing
momenta depending on Q2, a non-scaling effect of the
parton distribution. I believe these non- scaling effects
are caused by trying to combine the effects of higher
collisions with those of the first order. The net result
is that the parton distributions do not scale perfectly
if you use the elementary theory. The fragmentation
functions, the distributions of mesons that come out
when a quark comes out, also depend on Q2.

1. Introduction

II. Quantum Chromodynamics

I will talk about expectations for strong inter­
actions and leave to others the discussion of weak
interactions. I will concentrate on the hadrons pro­
duced in high-energy collisions.

We have a theory called quantum chromodynam­
ics (QCD) that most people think might be right. This
theory has a property called asymptotic freedom which
means that at very high energies particles appear to
be free. That is, the coupling constants in effect go
down as the energy or momentum transfers go l,lp. At
high energy, we ought to be able to analyze the physics
because we think we know how to analyze small­
coupling systems.

But in any real experiment, if, for example,
you observe a pion, it involves both high and low
energies. By the time the quarks and gluons have
cascaded down to become re'al hadrons, the energy of
interaction of the parts in the hadron become impor­
tant, so that the question of how to separate the high
and the low energies is one that has not been com­
pletelyanalyzed. My opinion (to summarize my talk)
is that in a rather short time, perhaps even before the
machines are completed, we will have developed a
theory by which we are able to calculate quite accu­
rately the behavior of the high-energy end and will
have some way of translating that information into real
experimental facts, either by telling what will happen
if you sum the momenta of some particles together or
hold certain angles fixed or something. How we will
separate the low-energy part, which is involved in
every experiment, from the high-energy end is not yet
known.

I would like to discuss first the evidence that
QeD might be the right theory and also some estimates
of what will happen from the QCD asymptotic-freedom
theory. The work I shall discuss was done in collab­
oration with Field and Fox. 1 All this work is very
preliminary. We do not have anything derived cor­
rectly from the LaGrangian, or whatever, of the field
theory. This is a qualitative discussion and rough
estimate of what might happen if QCD is right. A good
deal of my talk will be spent in showing that what we
have observed so far is not inconsistent with the pos­
sibility that QCD is right, but shows no direct evidence
that it is right. only that it isn't necessarily wrong.

The idea is that the partons inside nucleons are
gluons and quarks. The hard collisions between two
quarks, for example, as in Fig. 1(a), can be analyzed
in terms of the exchange of a gluon. Or a gluon in one
proton and a quark in another interact, as in Fig. 1(b),
making a gluon and a quark. Other combinations are
possible. All these are to be analyzed by perturbation
theory. both in first approximation and with correc­
tions. The coupling constant is given by

I will give an example of the physics by dis­
cussing e-p scattering. This was analyzed by
Politzer. 2 Figure 3(a) is a diagram of the elementary
process. The incoming proton contains a quark and
perhaps another parton or several. The proton is hit
by a virtual y from the electron and knocks the quark
off toward the upper right. It was in these terms that
the scaling behavior was first understood, by sup­
posing the distribution of the partons in the hadron
scaled. But now we realize that there are higher col­
lisions in QCD and that the proton can emit a gluon
ahead of the collision, as in Fig. 3(b), or afterward.
as in Fig. 3(c), or have a correction to the original
diagram from a virtual gluon, as in Fig. 3(d). If the
gluon and the quark come out almost in the same
direction, we cannot distinguish Figs. 3(b) and 3(c)
from Fig. 3(a), because the only thing we can use to
distinguish them is kinematics. When the momentum
difference is wide enough, the kinematic relations
between the momentum of the quark and the energy
and momentum of the transfer do not work out because
effectively this quark does not have zero mass, but
turns into a quark and a gluon which have a relative
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mass. If this effective mass m 2 < b.. 2, a constant of
the order of 1 GeV, one cannot distinguish 3(b) and
3(c) from 3(a). Therefore we integrate the con­
tributions from 3(b) and 3 (c) only over those m 2 > L:l.

2.
Then it turns out, surprisingly (but interesting, that
you understand it) that the relative contributions from
3(b) and 3(c) varyasthe square of the coupling constant
(because there is one extra coupling) and as the square
of the logarithm of (Q2 I L:l. 2). They go in the typical
bremsstrahlung way as dm21m2 , with two logarithms,
one for the angle and one for the momenta. Thus the
relative contributions increase with Q2, even though gZ
varies inversely with log QZ. For corrections at
transverse momenta that are more than some finite
amount, the higher-order corrections rise with R2,
rather a surprise in view of the dependence of gZ on Q2.

reference momentum inside the proton and we have
made a reasonable assumption, given the total momen­
tum of the gluons. We show it in Fig. 6(b). It also
varies with QZ in an analogous way.

Just as the distribution functions of partons vary
with QZ, so do the disintegration functions. Figure 7
(a) is the disintegration function of 'ITo,S produced from
quarks. In the same way as above, we must guess the
gluon disintegration function. Here we have no infor­
mation and have explicitly proposed a definite guess for
this distribution, shown in Fig. 7(b). In order to
agree with experiment. we propose that when gluons
turn into hadrons, they turn into generally softer
hadrons - higher multiplicity, but lower momentum
each - than do quarks.

Comparison with ExperimentIII.

We had done some previous work in which we
supposed that the major thing that was happening was
collisions between quarks. We had to assume that the
cross section varied as 11 E 8 , where E is the energy.
because experimentally the cross sections varied as
1/E8 if momentum ratios and angles were left fixed
and a scaling argument indicated that meant the inter­
'nal cross section for quarks had to vary the same way.
This is not the way that quantum field theory is
expected to go. It should give 1/E4 with some loga­
rithms. But that was so obviously in disagreement
with experiment that we took this ad hoc form, 11 E8 .
We also had to use a Pl of 500 MeV-for the quarks
inside the proton. This model gave good success but
with some difficulties. The first was that we needed
an arbitrary cross section to fit the data. More
important was that the Pout that we chose turned out to
be too small. Here Pout is the transverse momentum
of quarks inside, which is easily measured by the out­
going momentum out of the plane of a collision. In
addition, if you measured with a target on one side and
looked at the particles on the other side, which we
supposed were coming from a quark jet. we obtained
too large a momentum for these "away" particles.
Furthermore, the number of u quarks in the hadron is
greater than the number of d quarks and the ratio of
'IT+ I 'IT- should therefore be greater than unity. We
obtained too large a +1- ratio for the away particles.

I will now discuss fitting of the high Pl hadron
data by QCD. I am trying to show you that it is not
impossible that QCD is right. If it is not wrong, it is
the most reasonable theory. It has many qualitative
features that seem to be right. It is always true in
these kinds of talks when a new machine is being built
that you can say that anything will happen and you
should go ahead and find the marvelous new things that
are bound to happen at high energy. But I would like
instead to make a conservative best guess as to what
is most likely to happen.

I will now present some experimental evidence
on apparent scale breaking at larger x in ep and !J.p
scattering. At larger x. the curves of Fig. 5 fall as
Q2 is increased and at smaller x, they appear to rise.
There are still questions as to whether various effects Our new attempt is based on QCD. It is pre-
have been properly treated and these results should be liminary in that it uses nonscating distributions instead
regarded as preliminary. They do allow us to deter- of correctly calculating the effects of the higher col­
mine the A that appears in gZ and it is in the neighbor- lisions. It is also necessary to guess the gluon dis­
hood of 0.4-0.6 GeV. The net result is that the tribution, as I have discussed above. We must also
distribution functions for vW2 varies with Q2 in a man- guess how the gluon fragments into hadrons and we
ner predicted by theory, as shown in Fig. 6(a). We have supposed that it fragments into softer hadrons
must also guess at the gluon distribution at some given than do quarks.

16

The same idea works for the disintegration
functions, as we can see in production of hadrons by
e+e-. In Fig. 4(a), we have the simple diagram of
two quarks coming out from e+e-. In a higher approxi­
mation, there can be a correction that cuts it down, as
in Fig. 4(b). There can also be the emission of a
gluon in addition to the two quarks. If the gluon angle
is large enough to give it a finite momentum, this
makes the same kind of logarithmic correction as in
the total cross section I discussed above. The net
result is that the momentum in the hadrons has been
split, so that high momenta are cut down and low
momenta are enhanced.

Diagram 3(d) has corrections that affect the total
cross section 0- (more properly 0- multiplied by the
momentum p of the observed hadron) that also
depend on a cutoff in the integration, and the product
o-p is roughly the same whether or not these effects are
included. But the distribution of outgoing momenta, or
the apparent parton distribution, appears to change with
QZ. In the diagram of 3(b), the hard quark leaves only
a fraction of its momentum to be hit by the electron.
The rest coasts out as the gluon and the electron in
effect sees a softer quark. Of course, in diagram 3(c)
it sees it at full steam, but 3(c) is decreasing, so the
hard quarks are decreased in number because the total
momentum of the quarks is conserved, but the low end
is increased. So as we make corrections and relate
them to the elementary theory, we find that we can
represent all the effects by the elementary diagram of
3(a), except that the distribution of momentum of the
quarks in the proton varies with QZ. One can trans­
form this idea into a differential equation and find a
simple equation for the moments of the distribution
and find how the distributions change. So those for any
Q2 can be gotten if they are known for just one "refer­
ence momentum. "



We chose < Pl> = 849 to fit the Il+ and Il- Pout
distributions. This is very poor, because these dis­
tributions are almost certainly affected strongly by the
higher collisions, which we have not treated fairly in
our preliminary nonscaling distribut~ontheory. When
a quark and an antiquark annihilate to make a !J. pair.
a gluon is sometimes omitted and therefore the Il pair
is moving with a transverse momentum larger than
that which comes from the initial transverse momen­
tum of the quarks inside the proton. All this has been
summarized in one number in our theory. At any rate,
a fit to the data is shown in Fig. 9. The hope is that
the effects will be similar in hadron collisions to what
they are in the Il collisions. so we can use the trans­
verse momenta we got from the !J. experiments.

I should also point out that. since the Il+ and Il­
are produced in pp collisions. they can also be pro­
duced by quark-quark collisions or by quark-gluon
collisions. Figure 8(a) is a diagram in which a virtual
photon is knocked out and produces a 1l+1l- pair.
Figure 8(b) is a diagram in a quark-gluon collision.
This second diagram of higher order in g2 but is not
infinitesimal compared with the first [8(a)] in pp col­
lisions because it is more difficult to find an antiquark
than to find a gluon. In proton-antiproton. Fig. 8(a)
would dominate.

We got as much of our information as we could
from non-hadron experiments in trying to compare
this QCD model to hadron experiments. First. it
turns out that it can be made to fit the cross section,
in spite of the Pl-8. Thus QeD may be all right. If it
may be all right. it probably is. In Fig' 10 I show
data of cross sections multiplied by Pl. The solid
line is QCD theory and we see that we have a not­
impossible situation. even though there is some
uncertainty (and some skill) in this graph. I empha­
size that the absolute cross sections are completely
determined by Politzer's coupling constants and that
we have no parameters to make a fit. The gluons
make relatively important contributions to the cross
section and there is some adjustment in that. Second,
the transverse-momentum effect that we put in has a
large effect. The dotted curves are QCD without the
849 MeV, which is called "smearing" in our work. It
is not that with smearing we can predict the result.
but that we cannot prove that it is wrong.

The next curve. with a scale with a wider range
of Pl. Fig. 11. is an experiment at very low xl and
90·, The old Pl-8 extrapolation' and the new QCD
predict completely different curves by a factor 100.
In the next graph. Fig. 12. instead of multiplying by
P18. which we now appreciate is artificial, incidental,
and an artifact of the short range of energies covered.
we plot it multiplied by P14 , which should give the
right behavior at infinity (to within some logarithmic
factor) showing how it extrapolates with and without
smear up to P 1 = 20. Note that both curves are
getting flatter; the rise at the beginning is caused by
other effects. which are not fundamental. we think.

Compared with our earlier attempts. the large
P out that we got from the !J. experiments shows up in
hadron experiments. The solid curve in Fig. 13 is the
new prediction of QCD compared with the data of a
Pout experiment with "away" particles whose momen-

17

tum is about 65% of the trigger momentum. The old
theory is shown as a dashed line. Everyone will
appreciate that none of this evidence is very positive
or direct. but only shows that nothing is in disagree­
ment.

Some charge ratios are decreased because gluons
come out often and gluon jets make as many negatives
as positives. But the gluon jets are softer and in a
one-particle. one-arm experiment. you are more
sensitive to higher momenta and thus to quarks.
Because of this bias. the effect is not as large as
might be expected. but is still substantial. Figure 14
is a graph of experimental points of the TI+ / TI- ratio
from pp collisions. with the dashed curve giving our
former results and the solid curve our QCD results.
The QCD curve is still a little low. so something may
still be a little wrong. but at least it is not impossible.

On the other hand. a more dramatic example is
the away- side particles with a large fraction Zp of the
trigger momentum. There are many fewer of these
particles because the softer gluons are produced most
of the time. When you trigger on one side. there is no
bias against the gluons on the other side. Because the
gluons are assumed to be softer. we get fewer par­
ticles of high momentum. Figure 15 shows several
examples of data with the old and new predictions.

Finally. I will talk about the charge ratios on the
away side. Now. because of the gluons. we should get
much closer to equal numbers of positives and nega­
tives. whereas previously we would have predicted
more positives than negatives. Figure 16 shows the
previous predictions for positives and negatives. both
too high compared with the data. shown as circles.
The QCD predictions are shown as squares. There is
a problem here with the K-' s, which I will not discuss.

Another change that the new theory makes is that
the ratio of jet cross section to single-particle cross
section is closer to 1000. instead of the 100 of the
previous theory. For the single-particle cross
section the new theory is in good agreement with
observed data at 53 GeV. but gives a very different
prediction from the old theory at 500 GeV. where
there are no data as yet (see Fig. 17).

A very serious effect for experiments which are
looking for W mesons is illustrated in Fig. 18. Here
we have plotted the W meson production expected as
analyzed by QUigg3 (we shall have to reanalyze it in
our new model. but it may not be vastly different,
although the transverse momenta will be generally
higher). These are compared to our old predictions
for the number of hadron jets expected as background.
You see. as Quigg remarked. they might be observ­
able. but now our hadron predictions are two orders of
magnitude higher so the problem of seeing WI s in such
a background is very severe. (The pP production rate
for WI s is about a factor of 10 greater than the pp
rate at this energy which is still significantly below
the expected QCD hadronic background.) It is not at
all clear how reliable the se predictions are. but the
orders of magnitude may not be too far off and the new
theory has much more physical content than the old
phenomenological one.



Thus, in the QCD theory (still to be regarded as
preliminary), we find the following new things:

(i) Much larger cross sections at high Pl.

(ii) Larger values of Pout.

(iii) There should occasionally be three-prong
jets from two quarks and a gluon, or some other
combination. They should be rare, but there is ample
phase space available. If you integrate over the
momentum of the other jet, then you can get more
three-jet than two-jet cases.

(iv) One should be able to see some charm and
anticharm particles coming out from gluon-gluon
making a quark-antiquark pair. for example. There
could also be other kinds of quark-antiquark pairs (t
or b). A very crude estimate might show the proba­
bility of a charm quark initiated jet to be of the gen­
eral order of 1. 5 to 20/0 in pp and 4 to 50/0 in pp. This
does not mean that one will see a few per cent as many
charmed as normal hadrons, because in the lower part
of the cascade we expect only normal hadrons.

(v) All the effects we expect are nearly the
same for pp and pp, except for the W production and
Ii+Ii- pairs from a quark-antiquark annihilation,
because there are somewhat more qq in pp than in pp.
There is a background effect, a possibility of pro­
ducing W's from quark-gluon collisions. These con­
tributions, which have not been evaluated, will be the
same for pp and pp. The W will have higher trans­
verse momenta than previously expected. Because of
(i) they will have to be observed behind a very large
background of hadrons.

IV. A Look into the Future

I would like to illustrate in a qualitative way
what will be seen in the future. Instead of the com­
plicated case of two protons making a quark-antiquark
pair at high transverse momentum, I'll take the sim­
pler but similar case of e+e- making hadrons as a
function of energy. I draw in Fig. 19 momentum­
space diagrams of where you will find the hadrons.
The absolute scale is the beam energy. At a reason­
able known energy, say E = 8, the particles will lie
in 9Pposite jets as shown in the first sketch. A finite
transverse momentum is possible for the hadrons, of
order 0.5 GeV or less.

When we go to higher energy (second sketch), we
will expect roughly the same thing, stretched out along
the jet by our scaling. The transverse momentum will
therefore look smaller. But there is the possibility of
a small knob sticking out. We have to go to still
higher energy to see what it is (third sketch). It is
another jet, perhaps another gluon. coming out. As
you increase the energy. you get a more structured
picture. At "ultra-high" energy (fourth sketch),
there are many prongs. It is like looking at a tree in
more and more detail and seeing more and more
prongs. Such a "tree" is called a "fractal, " known
from the mathematical problem of subdividing the
sides of a triangle into smaller triangles. 4 We may
have to deal with fractals at ultra-high energy.
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There is a problem of perturbation theory. We
should be able to calculate by small-coupling theory,
but it isn't low order, because it has so many prongs.
If one wants to calculate down to a cutoff of smaller
transverse momentum, then the higher-order diagrams
become more important. But they ought to be summ­
able or analyzable. If one looks at moments, one gets
simple differential equations. But if one wants to dis­
cuss more detail, it is necessary to discuss such a
"fractal. "

I believe that it is quite possible that by the time
the machine is built. the theory will be worked out and
under control. The difficulty is to formulate in more
technical detail what part you can calculate and what
part you cannot. We know generally that we can calcu­
late the high-momentum part and cannot calculate the
low-momentum part. Calculation of moments will not
give enough detail of the fractal and we need to be able
to calculate more detail of each prong. When we can
do these calculations, we will be able to prove all the
relationships and theorems and have that end of hadron
physics worked out.
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e e - HADRONS VS. ENERGY

(Drawings Scaled to Beam Energy - Momentum Space, Final Hadrons)
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