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These lectures do not attempt to review this subject, but only to look at a
rather restricted, but topical, portion. My main reason (or excuse) for such a
limitation is the existence of an excellent, up~-to-date, comprehensive review by
Sivers, Brodsky, and Blankenbecler (SBB)Q1 In addition, very recent results on
high—pl correlation measurements from the ISR at CERN and reported at the
Palermo Conference have, I believe, a large impact on the theoretical inter-
pretations.

Therefore, these lectures will lean heavily on the new ISR data. However,
rather than recite a long set of experimental results, I shall take even more lib-
erties and use the data somewhat selectively to illuminate the status of my own
favorite theoretical interpretation—the hard collision model.

I will not apologize for such outrageous bias, but only acknowledge it, be-
cause I feel that the new evidence, while far from conclusive, tilts strongly in
favor of hard—collisiqn ideas.

In the following, we shall first formulate the hard-collision model in terms
of three general hypotheses about the phase-space populations of produced par-

ticles in high—pl events, illustrating their experimental status with ISR data.

*®
Work supported by the Energy Research and Development Administration.

(Extracted from the Proceedings of Summer Institute on Particle Physics,
SLAC Report No. 191, November 1975)



Then we shall illustrate the hard-collision mechanism by examining the theory
- of pp~collisions which include exchange of a high—pl photon. This has a clear
connection with deep-inelastic electroproduction processes, themselves hard-
collision reactions. Study of such prototype hard collisions provides a way of
estimating the properties of the observed collisions (which, however, are appar-
ently of strong, not electromagnetic, origin). Finally, we discuss more specific
models of the binary hard-collisions, in particular the constituent interchange
model—by far the most successful attempt to organize and interpret the data.
I. EXPERIMENTS, REFERENCES, AND
A CAPSULE SUMMARY OF THE PHENOMENON
The first experiment on the high-p | phenomenon was that of fhe CERN-
Columbia-Rockefeller Group (CCR) at the CERN Intersecting Storage Rings (ISR),
which measured inclusive 7° production out to p, ~ 9 GeV. This and subsequent
inclusive spectrum experiments are reviewed in SBB. Recent ISR experiments
to which we shall refer include the following:
(i) CCRS (CERN-Columbia-Rockefeller-Saclay): A double arm charged particle
spectrometer triggered by a high—pl 7° incident on lead glass at the back of one
spec;crometer arm. P/K/m separation only exists below 1 GeV (using time-of-
flight techniques).
(ii) ACHM (Aachen-CERN-Heidelberg-Munich): A streamer chamber (nearly
47 solid angle acceptance) triggered by a 7° into lead glass. Mul_tiplicity and
rapidity of charged secondaries are observed, but momenta are not measured.

(iii) CERN-SFM: Charged particle momenta measured in the split-field magnet

(SFM) facility (nearly 47 angular acceptance). The trigger is again lead glass

at 90°.

(iv) DLR (Daresbury-Liverpool-Rutherford): Single-arm spectrometer (with



P/K/7 identification) with a "barrel" of scintillation counters (~ 47 solid angle
.acceptance) to count associated charged particles.
(v) CCHK (CERN-College de France—Heidelberg-Karlsruhe):‘ Again the split-
field magnet, but with a forward, positive high-pJ_ particle as the trigger. Their
data appears to be at somewhat lower P and I will not discuss it here.
I list here the primary references I have used:
P. Darriulat, summary report at the Palermo Conference, which will appear in
the Proceedings.
ACHM
K. Eggert, K. L. Giboni, W. Thomé, B. Betev, P. Darriulat, P. Dittman,
M. Holder, K. McDonald, T. Modis, H. Pugh, G. Vesztergémbi,
V. Eckhardt, H. Gebauer, R. Meinke, O. Sander, and P. Seyboth,

"A Study of High Transverse Momentum 7°'s at ISR Energies" (submitted
to Palermo Conference)

""Angular Correlations among Charged Particles Observed in Associa-
tion with a High Transverse Momentum 7° at the CERN-ISR '(submitted
to Palermo Conference)

CERN-SFM
P. Darriulat, P. Dittman, K. Eggert, M. Holder, K. McDonald, T. Modis,
F. Navarria, A. Seiden, J. Strauss, G. Vesztergombi, and E. Williams,

""An Inclusive Measurement of Charged Particles Accompanying a High
Transverse Momentum 7° at the ISR Split-Field Magnet Facility" (sub-
mitted to Palermo Conference)

CCRS

F. Busser, L. Camilleri, L. DiLella, B. Pope, B. Blumenfeld, S. White,

A. Rothenberg, S. Segler, M. Tannenbaum, M. Banner, J. Cheze, J. Hamel,



H. Kasha, J. Pansart, G. Smadja, J. Teiger, H. Zaccone, and
As Zylberstejn,
"High Transverse Momentum Phenomena Involving 7° and n Mesons at
the CERN ISR" (submitted to Palermo Conference). . .
A most important re;fere.nce is
D. Sivers, S. Brodsky, and R. Blankenbecler
""High Transverse Momentum Phenomena," SLAC-PUB-1595 (to be pub-
lished in Physics Reports).
Much of these lectures follow, for better or worse, my own review two years
ago at the Aix-en-Provence Conference:b Journal de Physique, Suppl. 10, 34,
385 (1973). '
We conclude this introduction by briefly reminding the reader of the main
features of high—pl physics at FNAL and ISR energies:
(1) The inclusive 7° spectrum at high p 1 falls more slowly than an exponential
inp . Recent data from ACHM is shown in Fig. 1 and from CCRS in Fig. 2.
(2) At fixed large P, the spectrum rises sharply with /s .
(3) The fraction of heavy particles (K, K, p, p) increases at high P,
typicé.lly being ~ 30% for p, > 2 GeV. At FNAL, K+/7r+ ~ 1/2 and stable,
while p/p and K—/K+ are small but increasing with v/s. At the ISR, p =~ p and

- — -+
K"~ K for P, ~ 2 -3 GeV. Atlarger P p/p and K /K again begin todecrease.

II. GENERAL DEFINITION OF THE HARD COLLISION MODEL
The simplest and most natural way of defining the hard collision model is in
terms of specific models (multiperipheral, bremsstrahlung, parton, etc.) which
in some manner reduce the origin of the high-pl systems to a binary collision of
the projectiles or some sub-units thereof. Such models are epitomized by the

diagram in Fig. 3., where the star indicates the only element containing exchange
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Fig. 2. Charged and neutral particle spectra for 9cm =90°,
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Fig. 3. Typical diagram exhibiting the hard collision mechanism.



of large p . However, tI
tage of-being an operational definition, and which includes all such models as
special cases. This generalization may be phrased in terms of 3 hypotheses
concerning the phase-space populations of particles in high-p, events. The
first is ‘

Hypothesis A: Coplanarity

and by the direction of the highest-p i particle in the event. Then consider the
other produced particles and let Py be the component of momentum normal to
the plane so defined. Then the coplanarity hypothesis is that dN/ de should fall

steeply with increasing Py Perhaps
p
N

N
p ,
Nog N (2.1

N PP

de
where <Pr> is small, much less than 1 GeV.
The evidence concerning this hypothesis comes from CCR and CERN-SFM,
and is somewhat contradictory. For events with two opposite-side high-p i s

2
withApl > 2 GeV, CCR finds

(P>~ 1.3 £0.2 GeV (2.2)

very large indeed. However, CERN-SFM has measured (cf Fig. 4) opposite~side
charged particles produced in association with a x° trigger with <pl~> ~ 2.4 GeV
and find

(Py> ~ 0.5 - 0.6 GeV (2.3)

We shall return to this question later when we consider prototype hard collisions,

in order to estimate what PN ought to be.



| | | I f l l l
(@) posITIVES (b)  NEGATIVES
p>115Gey D -

Py o> ~ 2.4 Gev

o
O
I
|
l

200

ARBITRARY SCALE
O

2.3>1YI> 1.1

160

120

80

40 - - —

I l I l l l | |
O
I00 300 500 700 100 300 500 700

277584

Fig. 4. Distribution in Py of opposite-side charged particles produced in associa-

tion with a 7° trigger with < pl> ~ 2.4 GeV. Data are from CERN-SFM.



- 10 -

Hypothesis B: Jet on the Same Side

Any other high—pl particles emitted in the same hemisphere as the highest-
P particle emerge in the same direction. That is:.

(i) The mass distribution of such pairs is bounded and increases.only slowly
as the transverse momenta Py, and Py, increase.

(ii) The rapidity distribution %}’N— of the second particle peaks at Yy and
the peaking sharpens as Py increases?

(iii) If Yo K ¥q OT Yo > Vg s the same-side 2-particle correlation function
is small.

Empirically, as found by CCR, two-particle same-side correlation functions
are large (~ 102:1:1) when the p, of both particles are large, and 571 ~ Yo Some
recent data from CCRS (Fig. 5) show this effect. They observe an inclusive
spectrum of charged particles which decreases slowly with increasing momentum
provided a high—pl x° (in the same direction as the charged particle) is required
in the event.

Given the existence of such a positive correlation, we should, according to
this hypothesis, see the correlation diminish rapidly as Ay of the two particles
incréases. Such an effect is seen by ACHM (Fig. 6, 7), who observe the rapidity
distribution of charged particles accompanying a high-p 7°. There is an excess
same-side component which peaks at the rapidity of the 7°. CERN-SFM also
measures the distribution of high—pl same-side dipions (one charged, one neutral).
Figure 8 again shows 1;:hat the rapidity distribution of high-p, charged hadrons
peaks at the rapidity of the associated 7ro, and that, as expected, the peaking
sharpens as P, increases. This is corroborated by the measured mass-distribu-

tion of the dipion system, which is peaked below 1 GeV, independent of p .

Thus the evidence for Hypothesis B seems to be quite strong.
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Hypothesis C: Jet on the Opposite Side

This hypothesis comes in two parts. The first part is that there exists at
least one high—pl particle on the side opposite the highest P particle in the event.
The only way to avoid this would be to have an excess opposite-side multiplicity
An large and growing 1inéar1y with iol . However, the data sﬂows a co;lsiderably
smaller amount; ACHM quotes an opposite-side excess multiplicity Anch=3. 7
+0.3 at a 1 for the trigger 7° of 5 GeV. Even after allowance for neutrals,
this amounts to a p, of ~ 1 GeV per excess particle. Figures 9-11 show some of
the evidence for this multiplicity increase. The DLR data show that it is approx-
imately independent of the nature of the trigger particle. There is further evidence
with a similar conclusion from CCRS, to which we shall return later.

The main part of Hypothesis C is that all other high-p L particles emerge in the
same direction as the highest-p opposite-side particle (i.e., Hypothesis B re-
peated again). As yet, there is no data in support of this hypothesis, but there
would seem to be no reason why CERN~SFM should not be able to soon supply it.

A frequent point of confusion lies in the breadth Ay of the opposite side rapid-
ity distribution of the excess '"balancing' particles. Experimentally Ay ~ 4, very
large. This, however, does not measure the width of the rapidity distribution of
the components of the opposite-side jet (which should be small, Ay < 2), but the
distribution in rapidity of the jet axes themselves, averaged over many events.
This is expected to be broad. The breadth of the opposite-side rapidity distribu-~
tion has been measured (Fig. 12) by CERN~SFM as a function of the p, of the op~
posite~side particle. It is roughly independent of p Lo with Ay ~ 4 (FWHM).

We may counclude that there is general consistency of the data with the three
hard-collision hypotheses A, B, and C, although the older CCR data is inconsist-

ent with A, and C is not fully tested experimentally.
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or away from a 90° charged hadron of momentum p_L . The hadron is iden-
tified as a 7 (@), K(v) or p (a) with positive charge (upper figure) or neg-

ative charge (lower figure). Data are from DLR (preliminary).
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Before continuing with a more quantitative discussion of the evidence, we

conclude this section with some further data on correlations:

(i) Data from CCRS show that the distribution of opposite~side charged particles
(at ecms = 900) does not depend upon Vs (Fig, 13). It exhibits again a large
value for the 2—particlé correlation function, comparable to that found at high
energy on the same side.

(ii) The low-p i compounent of the associated particles seems not to be strongly
correlated with the existence of a high—pl particle. Such data comes mainly

from ACHM, and their papers should be consulted for the detailed evidence. An

example is given in Fig, 14.

III. EXAMPLES OF THE HARD COLLISION MECHANISM

A simple prototype of a hard collision is deep inelastic electron-proton scat-
tering. In the laboratory frame, one naturally considers it as a collision of a
virtual photon and the proton. The populations of produced particles will peak at
low p, and be distributed over all rapidities, with photon-fragmentation region3
(length ~ log Q2 in rapidity space) and proton fragmentation region (length ~ 2)
at the extremes. This is illustrated in Fig. 15b. In the e-p center-of-mass frame,
this ksame population maps into that of Fig. 15c. Half the photon fragmentation
region maps into a high-p L "jet," and the electron (plus soft bremsstrahlung) is
found on the opposite side, balancing the p K The remainder of the produced
hadrons (as well as bremsstrahlung photons) goes down the beam direction. Thus
the structure of the ex;e.nt is that of three "jets'" (with a fourth consisting of soft
bremsstrahlung radiated by the incident electron). The process satisfies all the
hard-collision hypotheses, provided the mean ¢ of virtual photon fragments
(as seen in the laboratory frame) remains small, even for large Qz° The evi-

dence regarding this will be reviewed in the next section.
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Fig. 15. (a) Diagram for hadron electroproduction; (b) Expected rapidity distribution
of electroproduced hadrons in the laboratory frame, with z-axis along the

virtual photon direction; (c) the same distribution mapped into the e-p CMS

frame.
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We can now consider the main prototype for a hard collision in pp interac-
tions. This is via exchange of a highly virtual photon (Fig. 16a). The resulting
Arapid;’zy distribution of produced hadrons (Fig. 16b) is evidently obtainable from
Fig. 15. We see that the positions in y of the jet axes depend upon Qz, Wys and
Wg s and can, at very large s/Qz, vary over a W'ide interval.A )

In addition, suppose the inclusive distribution of electroproduced hadrons

obeys Feynman scaling (or "limiting fragmentation'); that is (in the ordinary

laboratory frame), the inclusive distribution of energetic hadrons obeys

[oN

5 AN
dz

o,

I, =&® (3.1)

QlN

with z = P, /pmax' This maps into the statement that for the e-p cms kinematics,

the high—pl hadrons obey a similar scaling law

dN P,
p* dp = g ( ]et> (3°2)
- N pl

There is not much evidence regarding the validity of such scaling in high-p L
collisions.

Finally, there is a scaling property of the inclusive distribution of higb:—pl
hadrons which follows from the absence of any intrinsic energy scale in the sup-

posed dynamics of the virtual photon exchange process:

“4:(_ P _ ,
E ~3__ B f<pmax , 9cm> (3.3)

While it might be natural to anticipate a similar behavior for the strong pp
collisions, this does not occur, and if there is a scaling law, the exponent is

approximately 8, not 4. In any event, the y-exchange process has nothing to do
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with the observed high—pl phenomena: it is too small by a factor of ~ 104°

But itﬁmay still be of use as a prototype of the collisions we do observe—in terms
of understanding the populations in phase-space of produced hadrons.

Up to now we have not needed to introduce the concept of constituents or
partons to motivate the ﬁard—collision hypothesis. However, if one accepts the
notions of the parton model, then the leading hadrons (''photon fragments') in
electroproduction become ""parton fragments.'" When they are mapped into the
phase-space appropriate for the pp collision, the parton fragments become the
high—pl hadron jets. And the kinematics of the collision becomes much more
transparent. Of course, in going over to the strong high-pl collisions, the
whole question of the relevance of constituents has to be reexamined. And the
constituents need not be point quarks: there are also gluons, diquarks, or other
parton clusters (''mesons," "baryons'). We return to the question of what col-

lides with what in Section VI.

IV. STATUS OF JETS IN LEPTON PHYSICS

This section is only a cursory review of the properties expected for hadrons
produced in lepton-initiated processes. A more detailed discussion can be found
in Gilman's lectures. What we need here are the broad features of the hadron
distributions, to be used as input to the prototype hard-collisions discussed in
the previous section. The lepton-induced processes for which we have some in-
formation are

e p — e  hadrons

u p — ¢ hadrons

vp — p hadrons

+ -
e e — hadrons

98
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In the parton model, the leading hadrons are '"fragments" of a parton, and
in parficular the "up" quark should predominate in all reactions. Therefore, to
a rough approximation, the distributions should obey Feynman scaling and all be
the same. There is some evidence that this is not terribly far from the truth:

(a) Multiplicity. The multiplicity of produced hadrons seems to depend

primarily on W, the total center-of-mass energy of the hadrons, independent of
Q2 and of process. In Fig. 17, we have plotted data from SLAC and Cornell for
electroproductionfL SLAC data for colliding beams,4 a quoted fittov - p data5 from
15' hydrogen bubble chamber exposures at FNAL, and a rough fit to multiplicities
observed in pp and 7p collisions.

(b) Inclusive Spectra. TFor electroproduction, we have reconstructed the in-

clusive spectrum of leading charged hadrons chh/dZ from SLAC data,6 and com-~
pared it (Fig. 18) With data from e+e— an,‘nihilation at Ecms = 4,8 GeV, as reported
in the 1974 London Conference. The e+e_ spectrum has been divided by two, in-
asmuch as two partons are produced, not one as in electroproduction. One sees
general agreement at the factor-of-two level. Weshould probably not expect bet-
ter, ~be§ause of the "new physics," which provides half the e+e_ events, but cer-
tainly not half the electroproduction events. In any case, there should be consid-
erably more data presented at the Lepton-Photon Conference, along with careful

comparisons of the spectra.

() ¢p) Relative to Jet Axis. Very recent dau:a7 (¥ig. 19) from a Univer-
sity of California (Sar;ta Barbara) experiment at SLAC indicate a sharp increase
in the <pl> of leading (z > 0.4) electroproduced ° as Qz increases. The trend
is consistent with the earlier charged-particle data at SLAC and implies a (pl>
in excess of 1 GeV for Q2 <5 GeV2, Can this be connected with the large P

observed by CCR? This measurement deserves close analysis and confirmation,
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not only in electroproduction, but also in neutrino reactions. In addition, the
-relatisxe pJ_ between two opposite-side high~-momentum (z > 0.4 again) hadrons
produced in e+e— annihilation should be measured as well. Again, this question
should be much clearer by the end of the summer. R
However, despite this state of confusion, it would appear that something
like the jets expected in the parton model do exist in lepton physics, with the
outstanding issue (at the rough, factor-of-two level of accuracy) remaining being
the (pl> of leading hadrons relative to the jet axis. However, even if it turns
out that for leading hadrons <pL> ~ \/Q~2 in lepton physics, this will not nec-

essarily make impossible the identification of jets in hadron-hadron collisions.

It could only mean that, independent of the jet P> the high—pL hadrons in the jet

would be found in a fixed solid angle interval surrounding the jet axis. Provided

only that multiplicities stay low and Feynman scaling remains approximately

true, one should still be able to identify the high-p | jets in hadron-hadron col-
lisions (assuming, of course, the production of such jets has a dynamics similar
to that of the prototype collisions we are discussing).

It hardly needs to be mentioned that the jet structure directly observed in
e+e; annihilation, as reported by Gail Hanson at the Topical Conference, lends

general support to the picture as well.

V. COMPARISON WITH HIGH—p‘L HADRON-HADRON PROCESSES
We now return to the three hard-collision hypotheses in Section IT and try to
compare in a more quantitative way:

A. Coplanarity. We saw that 7° —wi correlations yielded a value of \:pN>

~ 0.5 - 0.6 GeV, while CCR measured <P > 1.3 GeV for m° -7° correlations.
To estimate what is reasonable, we take opposite-side high-p i hadrouns (from

v-exchange) with pl 1> p_L 9 and write
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(5.1)

- 2
|ﬂ1Xp2|>
<p2 > < < 1
. <ﬁ1>

which is essentially the experimentally measured quantity. We may put the
z-axis in the beam direction and the x-axis in the direction of the exchanged

photon. Then

(5.2)

2
<pN>~< xlpy2 _2py1px2> >

\pxl/

~ <pxl> < > \py1> <px2> = (p <px2>
<pxl> < y> <pxl>

2\ ’ 2 ‘ _ /.2
T2 Py, =2 Py BN
yas electroproduction electroprod
where <p2 is evidently the quantity discussed in the previous sec~
electroprod
tion. We see that
b ~ (P . (5.3)
P < l>electroprod

with electroproduction data parameterized as

(5. 4)

one finds (Fig. 17)

b ~4-6 Q2 < 4 Gev?

[(pL> ~ 0.4-0.5 GeV] charged secondaries (5.5)
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and
- b > 1 Q2>4

[(PL> > 1 GGV] m° secondaries (5.6)

Given the two ISR measurements of {Py > 2 0.5 GeV and Py 2 1.3 GeV,
one may draw a variety of conclusions. The safest is that, at least for the near
future, the matter rests in the hands of the experimentalists.

C. Opposite-Side Jet and its Inclusive Spectrum. We skip to the third

hypothesis in an attempt to first ascertain the nature of jets produced in hadron-
hadron collisions. There are three sources of information:

(i) There are CCR opposite-side 7°-7° correlation measuremen’c‘s,2 which have
rather large uncertainties, and which I here ignore.

(ii) CERN-SFM present normalized spectra of all high—pJ_ opposite-side particles.
(iii) CCRS present spectra, not normalized, for particles emitted into a small
solid angle (at 6* = 90°) opposite the triggering particle.

CERN-SF M present chh/ dx integrated over a broad swath of rapidity of
the charged opposite-side particle. x is defined as the ratio of the charged par-
ticle P, to the P, of the triggering 7°. When presented in this way, the data
agree quite nicely (including normalization) with SLAC electroproduction data.
Their presentation of the data is in Fig. 20.

It may be that a better variable than x is X; =P As will be esti-

12/P jet
~ 1.3p) . Then dN/dx gets re-

jet
dN dN

mated in the next subsection, probably pi
scaled a factor 1.3 horizontally as well as vertically (— ~ 1.3 ———) . This

de dx

tends to move the experimental points below the electroproduction distribution,

but the effect is not large.
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Fig. 20. Normalized inclusive distribution of charged particles produced opposite
to a trigger 7° with 2.5 GeV < pl < 3.4 GeV. Data are from CERN-SFM.

The solid points are electroproduction spectra for comparison.
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In comparing the CCRS data with CERN-SFM, we note that what is measured

by CCRS is a conditional inclusive spectrum.

- _do _y do
F(pg,.--) = E B,y I =Eg B
El cil’)o T trigger
d°p, gg
do

~ dy, dpy dpy
7° trigger (6.7)
where pl = trigger 7° momentum

Py = opposite-side charged particle momentum

Then

B, F(p,) Ay, <Py, = (const)F (p,) ‘ (5.8)

if we use the evidence from CERN-SFM that {(Ay) and (Py) 2are approx-
imately constant. Assuming this is so, we have placed, in Fig. 21, the CCRS
data against the CERN-SFM, normalizing the former to the latter in the overlap
region. It would appear that the structure of the opposite-side jet (provided it
exists!!) is at the least quite similar to what is seen in lepton-induced processes.
In Fig. 22 is plotted a crude estimate of the opposite-side excess multiplicity
in comparison with thg multiplicity found in lepton-induced processes. It may be
a little larger, but the uncertainties are large and in any case, the magnitude of

the discrepancy is nothing to be alarmed about.

B. Same-Side Jet. The consistency of the opposite-side high—pl hadron
spectrum with that of a "jet" with properties similar to that of lepton-induced

jets suggests the hypothesis that the same-side high—pL system is a similar jet.
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particles) ve W = 2.6 p L1 (the estimated total CMS energy of the high-pl

system), in comparison with lepton-induced processes.



_38_

However, before testing such a hypothesis, the bias induced by the existence
of 1:hedmhigh—pl trigger particle must be understood.
To do this, assume the triggering 7° is the product of a jet, which has a pro-

duction spectrum : ‘ ‘ ' -

do  _ . Ceff (e, )

TP, 3t P) (Jet) (3-9)

which is roughly similar in shape to the inclusive spectrum. Experimentally,
(Fig. 23), 0 ¢p < 8=+1 at ISR energies ( Vs ~ 45 GeV) and varies slowly with

pl (once p, 2 3 GeV).

L
We now suppose the conditional inclusive w° spectrum is similar in shape

to the charged spectra. For that, we take a reasonable average to be

dN

ch ~-5.6x%x
T ~20e (5.10)
so that
dN7° -5.6x
5 = l0e = f (x) (5.11)
where
X=P /P jet
Thus
o0
do _, dpL Jet do .
dp, P get \9P| Jet
p_L
1
n
eff
= d—’ic(-i‘—) f (x) (5.12)
X pi
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Given neff ~ constant, we find the ratio of wo/ Jet at the same transverse momen-

tum to be

|=1

o - ]
_(do. do \ _ eff : .
— _(d——p )O/(——-dp > dx x £ (x) (5.13)
L L/ get

ey

The integrand is plotted in Fig. 24, We see that it is not too sensitive to n gf?
but that it is quite sensitive to the behavior of f(x) for x > 0.8, where measure-
ments are sparse and in any case difficult to interpret. Thus the area is certain

to no better than a factor 2, but the nominal ratio is

T = 2-2% (5.14)

In any case, the mean value of x is ~ .75 - ,85. Thus, with the trigger—'lro
carrying 3/4 of the total pl » the composition of the same-side jet is very
atypical. (A "typical" jet could, in principle, be obtained by triggering on large
total p i deposited into a given solid angle, e.g., by use of a hadron calorimeter.)

We may now generalize the previous calculation to estimate the joint distri-
bution of two 7's, say one 7° and one 7, both of high pl and emerging together
on the same side. We shall assume small correlation of the two pions within

the jet, as is the case in ordinary hadron-hadron processes. We write

dN . dN dN
= R(x,, X.) (5.15)
dx:L dx2 dxl dx2 1?72
where X, = pJ_ i/pJ_ Jet and R =1 + C, with C the correlation function. For the

relevant x-interval (x1 + X ~ 0.7), we take 0 € C < 1, an assumption which

appears not to be in conflict with what is observed in ordinary processes. We
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Fig. 24. Integrand for Eq. (5.13) vs x.
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may now fold this distribution over the production spectrum of the jets as before:

- (e}
dp /
do
dp. dp.. S0 nC \f(xl)f(xz)R (5.16)
721 p eff
o Ldet AP get '
Py, *P -
11" Poy

Some changes of variables expedite the integration. We let

p

2]

€ = : = P, =p
ISTREY P L1l

+p o) (5.17)

12

be the fraction of dipion momentum p i given to pion no 2. Then with the defin-
ition x = pl /pL Jet? and the observation that, for the exponential form chosen to

approximate f(x),
f(xl) f(x2) = £ (0) f(x1 + x2) = f(0)f(x) - (5.18)

we obtain the inclusive spectrum of dipions of total transverse momentum p

dplde B k o, £(0) R f(X) (5. 19)
Y
i3

de  _/ ¢ i-
o

This int egral has one power more of 0 ep than the previous one; inspection of

Fig. 24 indicates it is ~ 0.8 as large. Then the ratio of pairs to single s is

0.8f(0)R ~ 8 -186 (5.20)

The ¢ -dependence has, to some extent, been measured by ACHM; there is no
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dependence discerned for % f2eg 2 (cf Fig. 25).

3

We may also extract this same quantity from the measurements, in partic-

ular the ACHM same-side m m° measurements. We check by using two different

strategies:
(i) Define
_ do
Fy= E; 5 d3 PE
p; @ by
00
T
_ do
Fi = E'1 d3
by
single n° (5.21)
Let
P, =Py +Py e dipion 4-momentum

m = dipion mass

¢ = fraction of momentum given to particle 2 (as before)

¢ = azimuthal angle of dipion relative to pl vector of dipion .

Then a straightforward change of variables gives

Fo=2E—3 doz
dpdm dedo

(5.22)

In presenting their data, ACHM averages over mz, €, and ¢:

do 2°
<E d3pd€> m(Fy> {am | (5.23)

and the dipion/pion ratio previously defined becomes

do
0 0 (E 3 )
(m ) _\ d pde/704°

7° (E g—q—)
d3 0
B/

~ T <—§-i—>—- <Am2> (5.24)
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(Fa> . . T -2
7. 1s quoted by ACHM; from their paper, one obtains O~ 4.5 GeV
1 1
for 5% pi < 8 GeVand /s = 52,6 GeV., The first conclusion is, of course,

that the prediction of approximate constancy of the (mm)/m ratio with p i is con~-

sistent with the data. Using € Amz >~ 1,1 GreV2 from the CERN-SEM data,

we get
0_0
TT) .15 (5. 25)
7°
(ii) We may also write
F = do
2 dyl dy2 dpl dpL 9 de1 de2
1 do
~ (5.26)
2 <ApN2> (Ay2> dy1 dpL pL de del
(The factor 2 comes from integration over Pne2 from -c0 to +0 .)
Likewise
do
F, = (5.27)
1 dy1 de1 dp_L
and thus
0_0 F
T do ) 2 _
= =2p, APy AV, & (5.28)
( 7° ) (dy1 de1 dpl de L N 2 F1

do
(dy 1 9Px1 dpj_)

\

For pl ~ 6 2 GeV, ACHM observes (Fig. 8) Ayz ~ 1, (Notice also that

for "standard" jets (Ay) p L~ constant independent of pL .) Then putting in

{(Ppq) ~ 0.5 GeV 35 GeV and the observed F,/F. ~ 4.5, we recover
N1~ NG 2771
7 7°
5——0—1 ~ 18 (5.29)

T



- 46 -

There is at least good compatibility between the two estimates. Also the
general compatibility of the dipion/pion ratio with the theoretical estimate (and
éspecially its constancy with pl) lends support (but not proof) that the same-side
high-pl system is_a jet with properties not dissimilar to those of the opposite-
side jet. Furthermore, there appeér to be enough dipions (wi 71'0"-!- 1r+ PR gives
~ 4°*15~ 60 1r0'.!) to account for the majority of the "jets" required by Eq. (5. 14).

However, one cannot rule out other interpretations. For example, in the
constituent interchange model (discussed mainly in Michel Davier's lectures),
the basic subprocess believed relevant to the 90° CMS ISR spectra is quark-meson
scattering. This imblies that the opposite-side system is a quark jet,
while the same-side system is a '""meson,'" presumably of low mass. Whether
the large, low mass dipion continuum can be regarded as decay products of un-
stable "mesons' remains an open question.

We may finally study the same-side conditional inclusive spectrum measured

by CCRS (Fig.5). K indeed (rm/m= constant, it follows from Eq. (5.21) that

E B, 3d03
d'p,d’p F,@,+p,) F.(p, +p,)
2~ F1 oW1 F9 117 o
do = T (p) —(const)——W—)— (5.30)
E1 3 1¥1 1%l
dp1

While the CCRS data is not normalized, the s-dependence should be visible. The
trigger 7 momentum Py is restricted to be larger than 3 GeV. We take Py~ 4 GeV
and plot in Fig. 26 theE expected behavior of FZ/F L with v/s. It is certainly con-
sistent with experiment.

Hence the same-side correlation data all seems to be internally consistent
and quite consistent with hard-collision hypotheses, including the supposition that
the same-side jet also shares the general properties of the opposite~-side jet and

of lepton-induced jets.
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Fig. 26. Expected behavior of same-side inclusive spectrum with /s under the

hypothesis that (r7) /7 = constant.
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VI. SOME COMMENTS ON MORE SPECIFIC MODELS

In ihe previous section, we saw that the hard-collision hypotheses seem to
be in general agreement with most correlation data, although one cannot claim
that they are confirmed. However, for the present, let us suppose they are con-
firmed and address the ﬁain questién: -

WHAT'S GOING ON?

First of all, there is the question of whether the general hypotheses for
phase-space populations that have been discussed really imply binary collisions
of constituents residing in the incident projectiles. While the implication is
strong, it is only an implication. Maybe the best test of the concept will be the
test of time: either it remains of value or it doesn't. In any case, we do not
consider here any alternatives.

Then all that is left are the answers to the following simple questions:

(i) What are the incident constituents a and b of projectiles. A and B which
undergo the hard collision?

(ii) How do constituents a and b collide, and what is the differential cross
section do/dt ?2?

(iii) What are the outgoing constituents ¢ and d after the binary collision ?

(iv) How do constituents ¢ and d fragment (if at all) into the observed high-
pJ. hadron systems C and D??

There are a variety of candidates for initial and final constituents, which in-
clude quarks, antiquarks, gluons (including strings or bags), diquérks, triquarks
(i.e., baryons), quark-antiquarks ("'mesons"), the new partons (e.g., charmed
quarks), or the new particles (e.g., charmed hadrons). We shall consider in

turn the possible role of each such constituent:
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A. Quarks and Antiquarks as Beam Constituents.

There is a constraint on how much antiquark is present in the incident pro-

-

jectiles from the ratio ¢ FN/GV N~ -:1; measured in neutrino processes. For

the scaling variable x > 0.1, a reasonable bound is

dN

( dX)' 1

—a_-g—q'- << 3 (6.1)
(&%)

Inasmuch as most high—pl data requires the longitudinal fraction of the constit-

uents to be 2 0.1, this implies that any collision mechanism that relies upon

q-‘l-gf-%g— >1 ‘ 6. 2)

and which contributes significantly to the yields in pp collisions will contribute

overwhelmingly for N collisions under the same conditions. That is

7N — cd+ ...
NN— cd + ...

> 1 (6.3)

simply because the 7 contains a valence antiquark, not possessed by the N.

Measurements of such production ratios at FNAL should be a good constraint
on prbducﬁon mechanisms involving antiquarks as initial constituents.

Another possible problem with mechanisms specific fo qa processes may be that the
opposite-side rapidity correlations may be wrong. For a qq annihilation mech~
anism, there is a strong tendency for the opposite-side jet to have the same
rapidity as the same-side trigger. This configuration both minimizes the sub-
energy s' for the hard annihilations, and minimizes the longitudinal fraction x
of the antiquark in the initial beam (cf Fig. 27). However, data from ACHM, as
well as unpublished data from DLR, indicate that if the pion trigger has positive

rapidity, the opposite-side particles tend to be emitted at negative rapidities.
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Fig. 27. Configuration of produced jets in CMS frame for q - q s-channel annihila~

tion processes. Both jets tend to have comparable rapidities.
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However, if the trigger particle is a heavy particle, the opposite-side rapidity
distribution peaks at zero rapidity. This is a perplexing situation, which cer-

tainly does not favor a dominant qq mechanism, and in fact poses problems for

any hard collision mechanism. 9

B. Can Quarks and Antiquarks be the only Relevant Constituents and Fragments ?

The answer here is probably no. To study the question, we assume
(i) The factorization hypothesis for quark fragmentation is applicable, i.e.,

if the process is

Pp—q+...

(7r+..,. 6.4
K+... :

\pt...

the pJ_ distribution of hadron "fragments" depends only on z = pJ~ hadron/pL quark
and not on the rest of the environment in the collision (see Eq. (3.2)).
(ii) We also assume that for the relevant z(~0.7 - 0.9, Fig. 24) and for a

non-strange parent quark

qg—K+ ... q—P+ ...
—_— 1 —_—» 1 (6.5)

qg=K+ ... q—-P+...

Then for a given pJ. of the jet (or quark)

EE—’._Q-F"’ E pE_’E-‘-’.. - pE—’E'*- IR (6,6)
pp—q+... pp=—K+ .., pp—P+ ...

Therefore, the ratio of K/K to P /13 should be universaland equal to unity

everywhere. Empirically, it is not (Fig. 2§).
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Fig. 28. Ratio of (p/F) to (K' /K") under various conditions.
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C. Conventional Gluons as Partons

According to the parton-model interpretation of deep~inelastic electropro-
duction data, about 50% of the momentum of an extreme-relativistic proton is
not carried by charged constituents. The remainder of the momentum must be
carried by neutral consti;cuents, by -definition the gluons. Whé.t is a glﬁon? ? The
simplest notion is that, at least as far as short-distance behavior is concerned,
the gluon is a quantum that behaves in a manner similar to the photon. (It can
have an internal quantum number such as color, but that will not concern us
here.) Then we would be tempted to treat the gluon as another parton like the
quark. One then needs to determine its momentum distribution (the analogue to
sz for quarks). But there are some constraints on such use of gluons as
partons:

(i) Gluons g are valence-partons. However, at large x (such as FNAL
energies), the process

g+g —~c+d 6.7

must be negligible because this would give a P/P and K-/K+ ratio of unity, which
is very far from the truth. Gluon-quark hard collisions

g+t q-—g+q (6.8)
are not very satisfactory either. The fragments of the gluon cannot provide a
high—pL trigger (because such fragments are symmetric in K+/K_, etc.). But
then the opposite-side jet consists of gluon fragments (which jets empirically
look like quark fragm&;nts) . We arrive at a somewhat contradictory situation,
inasmuch as gluon fragments must then provide a trigger as often as the quark

fragments.
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D. Strings and Bags

Wf must not forget that the strong interaction which confines quark quan-
tum numbers may turn out to be more exotic than a conventional field-theory
description modeled after quantum electrodynamics. If quarks are bound to-
gether by strings (ﬂux—tﬁbes of noﬂ-abelian gauge field ?), we might éntertain
the idea of the hard collision as a string-string interaction (Fig. 29). Or if the
confinement mechanism involves bags or bubbles (see Sidney Drell's lecture),
the hard collision might involve bag fusion followed by fission. However, it is
clearly very hard to elevate such thoughts to a level above wild speculations.

E. Diquarks and Triquarks as a Single Constituent

Practitioners of the constituent interchange model have found it of use to
consider the diquark, d = (qq), as a single constituent, for example in subproc-
esses such as

q+d—B+M ' (6.9)

Likewise, in baryon spectroscopy the diquark is also a useful concept: in non-
relativistic SU(6) language, it constitutes the symmetric representation 21 con-
tained in 6 x 6. Then the baryon B is a bound state of q and d; if the interaction
potential is taken to be quark-exchange (interchange? ?), the spectrum is
6 x 21 =56 (L even) + 70 (L odd), in good agreement with observation.

Probably the best way of thinking of the diquark is as a positive, short-
range correlation in the qq wave-function.

Also of use in the constituent interchange model is the notionrof baryons
(qqq) or mesons (qa) as either initial or final constituents which undergo a hard
scattering. As a final outgoing constituent, one would naturally identify such an

object as a low-mass N* or meson resonance. However, for any process, say

a+b—DB*+d (6. 10)
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Fig. 29. Possible hard collisions of strings: (a) Before; (b) During. High pJ~ is im-
parted to string segments at the point of collision. {c) Later; (d) Still

later. We have four jets of high pl , Superimposed in pairs.
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it is hard to see why

a+b—~(q+q+q)+d ' (6.11)

-

shouldn't also exist, with the g + q + q system a high-mass final state containing
a baryon. . If the trigger is on the B*, trigger-bias does enhance the
importance of the low-mass systems. However, this does not apply to the case
where d is the trigger.

As for the role of d, B, M as initial constituents, they may be simply quarks
which at the instant of collision have the same impact-parameter and therefore
act as a single unit.lo If ’phis is the case, one might expect a lot of acoplanarity
in the final products. For example, the reaction q + d—-q + (g + q) could lead
to a final state with three high-p‘L jets. There could also be similar mechanisms
which are coplanar, e.g., gluodisintegration of the diquark

g+d—q+q (6.12)

\

~ which has its nuclear analogue in photodisintegration of dinucleons in the nucleus.1 1

Another possible mechanism (discussed recently by Landshoff, Polkinghorne,
and Scott)12 is simultaneous scattering of the constituents of a diquark or a baryon
(now with arbitrary relative transverse coordinates) from two or three constituents
in thé other beam. The most characteristic feature of such a mechanism is the
existence of not one, but two or three opposite-side high-p i jets, which, however,
remain coplanar with the high-pl trigger. If this or the preceding process is in
fact relevant, one might well see the effects most prominently at FNAL energies
where the interactions%of the valence constituents (x 2 0.5) predominate at high p x

F. New Partons or New Hadrons (e.g., Charm)

Let us suppose that the rise inR = 0(e+e_—-hadrons)/o(e+e— —»,u+u—) at Q2
~ 4 GeV is at least in part due to pair production of new hadronic partons:

e+e_—» cc. Let us also accept the notion discussed by Harari that the inclusive
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hadron distribution has two components, as sketched in Fig. 30. This implies
that thire is very little new component for x 2 0.5 in the inclusive spectrum
which, in turn, measures ¢—hadron + ... Therefore, if one makes the very
reasonable assumption

pp—c +all <

bp g Fall Sl (6.13)

everywhere in phase space, it follows that hadron fragments from pp —c¢ + all

do not contribute significantly to inclusive spectra at high P -

We must follow such a sweeping assertion with many cautionary words. The
first is that the largely untested parton-model assumptions have been used here.
The second is that a rare component of ''new physics" in the inclusive spectrum
in e+e— annihilation may be larger at high x than its "old physics" counterpart. The
most obvious such candidate is the direct-lepton component.

Also, although the inclusive spectra at high pJ_ is unlikely to be dominated
by the products of the new partons, there may be groups of particles produced
by ''new physics'' which do dominate the spectrum of such groups. Thus clever
multiparticle triggers utilizing high pJ_ may, in fact, be a very effective way of
searching for the new physics in hadron collisions.

We may also discuss the production of new hadrons (let's call them generi-
cally D) without reference to any underlying hard collision or parton structure.

We begin by guessing the shape of the inclusive spectrum. A decent first try

-am —a,/2+m2
E.(.i_.g. ? L P

= e (6.14)

for small pl is

This crudely gives a universal behavior for production of 7, K, p, and even J
(Fig. 31) with a choice of a ~ 6 GeV_l. For high p » We might guess D/ 7 ~

constant. (This works for K+/ 7r+°)
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Fig. 30. Conjectured two-component inclusive spectrum for e ¢ — h + anything.
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Fig. 31. Transverse-momentum distribution of J as measured by MIT-BNL (cf

report of U. Becker to the Topical Conference).
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To estimate the size of the inclusive spectrum, we choose production at
rest in the cms system at very high energies. Zweig's rule would suggest that

D production should exceed 1 production, for which CCRS has measured13

31

do/dy ~ 10~ cmzo On the other hand, if D+/7r+ =1 at high P s and Eq. (6.14)

is used to cut off the low pL yield, -one obtains (Fig. 32) a yield da/dj of D's ~

3 % 10722 om?, Hence, at ISR energies the guess is

3x1072% cm? %iy > 10731 om? (6. 15)

pp——D++

Taking do/dy ~ 10730 cm2 gives D+/ T~ 3% at high P - The hadrons from D
decay do not contribute to inclusive spectra, as already asserted. Suppose
dN/dx ~ 2(1 - x) for a fast hadron emerging from a high—pL decéying D with

X=pl/plf . Then, as in Eq. (5.13),

—_— = dxx' 5— ~ 4% (6.186)

giving h/1" ~ 107,

Leptons from decaying D's may similarly be estimated. For the 2-body

+ + s . . .
decay, D - — £ v, a similar exercise gives

+
2 1
L i (6.17)
D 8 Tptoahy
or
ﬂ+/7r+~4><10-3B N N
D — 1y (6.18)

(with an uncertainty of a factor 10). With a 3-body decay, taking very crudely,
dNﬂ/dx ~ 2(1 - x) as above, we again get

+, +
£/~ .04B (6.19)
D —1 My
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Fig. 32. Conjectured inclusive production of D at very high energy and 6 = 90°.

The curve is drawn for a production cross section %—;—; ~ 30 pb.
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or

F/a~ 1078 (6. 20)

- YA

again with an uncertainty of a factor 10.

Thus the indications are that, provided the conventional charm-like ideology

underlying the new physics is correct, the new physics is probably not a domi-

nant element of high—pl phenomena. However, it is probable that D/ 7 is largest
at high pJ_ , so that the search for such objects might be easier in that region of
phase space. Also, if the "mundane" high—pl phenomena are copclusively shown
to be predominantly coplanar, there may be an advantage in studying mgg:pl

non-coplanar events in the search for new particles in hadron-hadron collisions.
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VII. CONCLUSIONS and FUTURISM

It mshould be evident from the previous section that I see no clear picture of
the dynamics underlying the hard collision structure. This conservative and
gloomy viewpoint is, I expect, not fully shared by the practitioners of the con-
stituent-interchange model, which ﬁodel by far gives the most compr;ehensive
description of the phenomena.,1 4 To me, the strongest features of the CIM are
its nice accounting of elastic processes, and the smooth connections it makes,
via the dimensional-counting rules, to the inclusive processes. In addition, the
model has further smooth connections to low-p i physics, i.e., the Regge and
resonance physics, as Wéil as incorporating a generalization of duality concepts
to high-p i phenomena. And the parton-interchange mechanism is, after all, at
the heart of the Feynman picture of low-p_L hadron dynamics.

On the negative side, the CIM is not yet a fully quantitative theory. While
s and p L dependences are specified, the absolute magnitudes of the individual
subprocesses are free parameters. Indeed, with the variety of candidate sub-
processes, there are many implicit and explicit free parameters and, to some
extent, even functions available. This means there exist many positions of re-
treat for the model and thereby difficulty in putting the model to a crucial test.
While this is not anyone's fault, it still remains a real difficulty in practice.
Other possible difficulties rest in understanding correlation data, 9 in particular
the large same-side ( wm /7 ratio and the opposite-side rapidity correlations
found by ACHM and DLR, to which we alluded in Section VIA.

However, the most immediate problem is that hard-collision
hypotheses have to be fully established (or disproven). This means in particular

(i) Clarification of the question of coplanarity: are the CERN-SFM and

CCR results on (PN compatible ?
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(ii) The distribution of the rapidity difference Ay of two opposite-side high-
pl particles is needed; it tests whether there is a single opposite-side jet or a
;nore :omplex distribution, such as fan-shaped.

(iiiy The composition of the opposite-side jet components (K/m, p/, ete.)
will be of great value in sorting out various candidates for hard-collision proc-
esses. Such data should emerge from two-arm spectrometer measurements at
FNAL in the not-too-distant future.

(iv) Scaling behavior of the opposite-side high-p L inclusive distribution
(does it depend only on the ratio p i / p L trigger ??) would be of value in testing
whether fragmentation—pi'ocesses for emerging constituents ¢ and d have a .
universal character.

(v) Measurement of how the inclusive distributions in the beam directions,
including identification of particle type, change in the presence of a high-pl

trigger would help to reveal the origin of the quantum numbers- of the high-pl
component.

(vi) Clarification of the properties of lepton-induced jets will be of great
use, in particular the check of Feynman scaling for the inclusive spectrum at
various Q2, and the comparison of e+e—, e ,u, and v -induced jets. Also im-
portant is determination of the < pl> of leading hadrons (x > 0.4) vs Q2 for
e+e_ jets, as well as eN, puN, and v N deep inelastic processes. The composition
of such hadron spectra is also important for comparing with jets in the hadron-
hadron collisions.

(vii) Other jet studies in hadron-hadron collisions, using, e.g., calorimeter
triggers to study the jet/ ° ratio, should help remove trigger-bias effects and
study more directly the hard collision itself.

(viii) Vital is resolution of the problem of the direct lepton production. The



- 65 -

next step, now underway, is looking for dilepton pairs in a large solid-angle
experiment, as well as checking the Drell-Yan formula for large-mass dilepton
ﬁroductionu

Is all this wor_'th it? I think there is no question; the feasibility and compre-
hensibility of weak and electromagﬁetic physics ;';11: superhigthnergy pp colliding-
beam facilities is almost guaranteed to be good if the lepton jets exist and the
Drell-Yan parton-antiparton annihilation mechanism works. And whatever the
nature of high-p | hadron reactions, it is background for such physics and must
be understood. But beyond such mundane considerations lies the promise that
the hig‘h—pL hadron dynamics gets at fundamentals of strong interactions. If so,

while it will be a long and difficult task to understand the phenomenon, it will be

well worth the effort.
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