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ABSTRACT 

I survey recent experimental results from studies of hadron 
interactions at Fermilab. Elastic, total and charge-exchange cross 
section measurements, diffractive phenomena, and inclusive pro
duction, using nuclear as well as hydrogen targets, are discussed 
in these lectures. 

INTRODUCTION 

The momentous J/ty discoveries of almost two years ago [1] 
have put an unusually depressing damper on the entire field of 
"old-fashioned" hadron physics. Subsequent to the J/ip announce
ments, every able-bodied experimentalist who had equipment in
stalled on the experimental floor of Fermilab abandoned all his 
previous well-planned efforts to join in the mad search for charm, 
color or what have you. (Unless your experiment involves a prompt 
lepton trigger or has such key words as "search for narrow.." on 
the proposal, you are still regarded in some circles of Fermilab 
as a myopic pariah.) Despite all the frenetic J/ip related activity, 
several groups have nevertheless managed to generate some outstand
ing results on "hard-core" hadron physics. In these lectures I 
will summarize some recent experimental and phenomenological in
vestigations which I find particularly stimulating. I will try, 
where possible, to present those results which tend to raise new 
questions rather than answer old ones. 
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I. TOTAL, ELASTIC AND CHARGE-EXCHANGE CROSS SECTIONS 

Total Cross Sections 

Precision measurements of total and of elastic scattering 
cross sections are now available for K~, IT-, n, p and p projectiles. 
The latest data for total cross sections have recently been pub
lished [2]. I reproduce the results of these measurements on 
hydrogen and deuterium in Fig. 1. It is clear that all hadronic 
total cross sections appear to fall from values measured at lower 
energies; after passing broad minima, which occur near 'vlO GeV/c 
for K+p and perhaps as high as ̂ 300 GeV/c for pp (no pp measure
ments are as yet'available above 200 GeV/c!), the cross sections 
start to rise again. The differences between antiparticle-nucleon 
and particle-nucleon cross sections shown in Fig. 2 can be para
meterized as a function of the square of the energy in the center 
of mass (s) in terms of a power-law dependence of the form As a . 
The values of a obtained from a fit to the difference in the pp 
and pp cross-section (Opp=0.39±0.02) and for the K"p and K+p 
difference (a„ = 0.40 5 0.04) are the same within error. From 
Regge phenomenology we expect these differences in the particle-
antiparticle cross sections to isolate the dominant contribution 
of the u) Regge trajectory (although the differences also contain 
p and A2 terms, these mesons do not couple nearly as strongly to 
the proton as the GO does). Recent measurements of K° regeneration 
on carbon [3] yield a value for the to trajectory at t=0 of 
aw(t=0)=0.43±0.01, a result in good agreement with the above given 
otpp and aj(p. Similarly, the value of a7Tp=0.55±0.03, obtained from 
the data in Fig. 2, is reasonably consistent with that expected 
from the contribution of the p trajectory to the difference be
tween the 7T"p and the ir+p cross section. (A value of a (0) =0.48 
±0.04 has recently been extracted from measurements, of ^"p^-rfh at 
Fermilab [4].) 

+ The data in Fig. 2 indicate that Aa-r(p p) is about 2-3 times 
larger than AaT(K~p); also, Aa^p-n) is about 4 times larger than 
Aa-p(K_n). These kind of differences in the hadron-hadron cross 
sections can be used to test various symmetry relations. In par
ticular, the ratio 3[Aa(K±p)+Aa(K±n)]/[Aa(p±p).+Aa(p±n)] measures 
the contribution of to-exchange to kaon-nucleon relative to baryon-
nucleon total cross sections. The constancy observed for this 
ratio from ^15 GeV/c through 200 GeV/c speaks for an energy-indepen
dent universal coupling of the oo meson to kaons and baryons. I 
will not elaborate further on this subject, I will note only in 
passing that, besides to universality, p-to universality and the 
Johnson-Treiman relations are all in agreement with the data, to 
^(10-20)% accuracy, in the 30-250 GeV/c. momentum range. (These 
agreements may be short-lived if the trend observed for the 
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Figure 1: Total cross sections for hadron interact ions with 
hydrogen and deuterium target p a r t i c l e s . 



K pK p difference to decrease ! 
more rapidly for momenta above 
100 GeV/c persists with further 
increase in energy or in data!) 

The last item I will dis
cuss in this section is a com
pilation by Whitmore [5] of the 
total pp mesonannihilation 
cross section as a function of 
laboratory momentum. Figure 3 
displays the energy dependence 
of this cross section in com
parison to the difference of 
the pp and pp total cross sec
tions. It. is interesting that 

avv~1 
the s ̂  form given in Fig.2 
also appears to describe the 
meson annihilation cross sec
tion. An energy variation of 
just this sort was, in fact, 
predicted recently by Eylon 
and Harari [6] on the basis of 
a dualitydiagram model. The 
implication of the constancy 
of Ao"/a(pp •> mesons) according. 
to Eylon and Harari, is that pp 
annihilations contribute through 
the unitarity relation to the 
Pomeranchukon rather than to 
the meson exchange terms in the 
pp total cross section. The 
surprising (and perhaps acci
dental) result of Fig. 3 is that 
the meson annihilation cross 
section agrees in magnitude with 
Aa (Eylon and Harari predict 
that as s increases 
Aa/a(pp -*■ mesons) approaches 
a constant < 1). To put 
these results in some per
spective, I remind you that at 
^5 GeV/c, for example, the 
difference in the pp and pp 
elastic cross section is 
^5 mb, which means that the 
pp inelastic nonannihilation 
cross section is smaller than 

10 20 30 50 100 200 300 
PLAB(GeV/c) 

Figure 2: Differences in hadron
nucleon and antihadronnucleon 
t o t a l cross sections as a 
function of incident momentum 
in the laboratory. 
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Figure 3: Comparison of the difference in pp and pp total cross 
sections with the cross section for pp annihilation into mesons. 

the inelastic pp cross section, and so it is clearly not proper 
to regard the pp interaction as simply the superposition of the 
pp interaction and the additional annihilation channel which is 
not available to the pp system. Absorption effects in the final 
states certainly play an important role in the generation of Aa; 
this is a theme I will periodically return to in the course of 
this lecture. 

Elastic Scattering 
± ± 

Data on the elastic scattering of tr , K and p on hydrogen 
in the 50200 GeV/c momentum range have become available during 
this past year. Figure 4 provides the character of the data ob
tained at small momentum transfers [7]. The differential cross 
sections for the scattering of particles on hydrogen are observed 
to have shapes similar to those found for the scattering of their 
respective antiparticles on hydrogen. All the differential cross 
sections appear to have curvature in t, and all except the pp 
channel tend to become steeper with increasing momentum (only the 
100 GeV/c data are shown in Fig. 4). The latter result is em
phasized in Fig. 5, where the slopes of the elastic spectra 
B(t) = d(£n da/dt)/dt at t=0.2 GeV2 are plotted as a function of 
s. The difference in the steepness of the K+p and K"p diffraction 
peaks, as well as of the pp and pp data, is slowly disappearing 
with increasing energy. All meson channels appear to be approach
ing a common value for B, a value which is substantially smaller 
than that describing the pp and pp slopes. At the smallest values 
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Figure 4: Elastic scattering differential cross section for 
hadrons incident on protons at 100 GeV/c. 
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function of s (see ref. 7).. 
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of t, negative-particle cross sections tend to be larger than posi
tive-particle cross sections, and vice versa at larger t. This 
effect, referred to as the crossover phenomenon, has been examined 
extensively at low energies [8]. 

In terms of a Regge-exchange picture, the observed difference 
between antiparticle and particle elastic scattering can be under
stood as follows. At small values of t the Pomeranchukon is the 
dominant exchange trajectory. The Pomeranchukon contribution to 
the elastic amplitude is mainly imaginary and non-flip. As in the 
case of total cross sections, the difference between antiparticle 
and particle elastic scattering can be attributed to the exchange 
of meson trajectories with negative charge conjugation. Conse
quently, the difference in elastic scattering must correspond to 
an interference term between the Pomeranchukon and the non-flip 
imaginary part of the relevant vector meson trajectories (Im V.,_ n). 
In the case of K*p and p*p the strongly coupled to trajectory 
dominates the C=-l exchange and the difference in K"p and K+p, as 
well as pp and pp. elastic scattering is therefore expected to be 
large. For the Tr-p channels, wherein to cannot be exchanged be
cause of the constraint of G-parity, only p contributes and con
sequently, because of the weak p-nucleon coupling, the (ir"p)- (TT+P) 
difference in elastic cross sections is expected to be small. The 
t-values at the positions of the cross overs are t =0.19±0.04 GeV2 
for K ^ and tP=0.1110.02 GeV2 for p^p data, in the ̂ omentum range 
50-175 GeV/c [9]. There appears to be a weak energy dependence 
in tP (tP was measured to be 0.162±0.004 GeV2 near 5 GeV/c [8]). 
The latest data [9] pertaining to the cross-over phenomenon for 
K~p and p~p channels are shown in Fig. 6 in terms of the ratios 
[(do7dt)-/(do7dt)t| and [ (da/dt)+/(da/dt)*], where (da/dt)t are 
the fitted (smoothed) data for positively charged projectiles. 

The fact that t is so small means that ImV.,_n goes through 
zero for t £ 0.2, which implies that the exchanged C=-l contribu
tion must be exceedingly peripheral. Davier and Harari [10] have, 
in fact, shown that within the framework of a dual absorption 
model the non-Poraeranchukon part of the elastic scattering ampli
tude is strongly dominated by the largest partial waves. (The 
Pomeranchuk contribution is central while the other Regge terms 
peak near an impact parameter of M. fermi.) Consequently, these 
results suggest that a simple Regge-pole description of the cross
over phenomenon cannot be adequate - strong absorption, cuts, or 
the like, are required to parameterize the effect. 

For s-values above ̂ 25 GeV2 the ratios of elastic to total 
cross sections appear to be constant and same (to within ̂ 5% 
accuracy) for antiparticles and particles [11]: Tfp/l^p/p^ = 
0.15/0.12/0.18. Similarly, the ratios of forward elastic slopes 
to total cross sections are energy independent [12]:0.34/0.39/0.26. 
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Figure 6: Study of the crossover phenomenon in e l a s t i c scat ter ing 
between 50 GeV/c and 175 GeV/c. 

The energy independence of these ra t ios can be realized in a model 
invoking geometrical scaling (GS) of the scat ter ing amplitude in 
impact parameter (A(b,s)) [13]. The s-dependence in th i s model 
i s contained en t i re ly in the effective radius of the interact ion 
(the sca le ) , and the amplitude is energy independent when expressed 
in terms of b/R(s).[12,13] A p i c t o r i a l way of viewing the GS 
assumption i s that the d is t r ibut ion of nuclear matter does not 
change with s when i t is parameterized in terms of the dimensionless 
quantity /TTbVa. ] . . An immediate consequence of GS is that 

1116 J.3-S L 1C 
inelastic, elastic and total cross sections are proportional to 
R2, as is the slope of the elastic differential cross sections at 
small t. Furthermore, because da/dt can also be equated to 
R**|f (R2t)|2, the quantity (l/o2 ) (da/dt) should be s-independent 



9 

when plotted as a function of atot*t. [14] All the above features 
of the GS hypothesis are in remarkable agreement with the data. 
Parameterizing a logarithmic growth of R2 with increasing s also 
provides the observed rise in aex, atot anc* B ^or t*ie FNAL-ISR 
energy regime. Independent of the success of the GS hypothesis, 
it is clear that, phenomenologically, elastic scattering at small 
t is simplifying with increasing s-values. 

A very surprising result in the pp elastic cross section at 
large t has been the rapid onset at 200 GeV/c of the2Chou-Yang 
dip, observed previously at the ISR near t = 1.5 GeV [15]. 
Figure 7 displays 100 GeV/c and 200 GeV/c pp data from Fermilab 
illustrating this unusual effect. The dip at 200 GeV/c occurs at 
trj=1.5 GeV2, which is to be compared with a value of tDVL.3 GeV2 
at 1500 GeV/c (ISR). An energy dependence of this kind for tD is, 
again, consistent with the simple GS hypothesis. 

Finally, preliminary 
measurements of the ratio 
of the real to imaginary 
part of the foward 
scattering amplitude (p), 
obtained using nuclear-
coulomb interference 
at small t, for Tr_p, 
K_p and p~p in the 70 
GeV/c to 150 GeV/c range 
of incident momenta [16] 
appear to be in general 
agreement with the 
latest calculations [17] 
using dispersion re
lations and the new 
measurements of total 
cross sections [2]. The 
values of p are within 
^5% of zero near 100 
GeV/c momentum, except 
for PPp, which is 
x -0.1, consistent 
with previous measure
ments [18] at Fermilab. 
The only sizeable dis
crepancy between the 
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Figure 7: Elastic scattering cross sec
tions for pp collisions at 
100 GeV/c and 200 GeV/c. 
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new data and the calculations may be for the K p channel; however, 
the experimenters go out of their way to warn of the preliminary 
nature of their results. 

Two-Body Charge-Exchange Reactions 

Pion charge-exchange scattering has been measured at Fermilab 
in the ir~ momentum range of 20 GeV/c to 200 GeV/c [4] . The dif
ferential cross sections and phenomenological fits to these spectra 
are shown in Fig. 8. The data display the well known helicity-
flip turn-over at t=0 and the dip near t=0.5 GeV2; these features 
have been attributed to the dominance of the p trajectory in the 
production. Although the authors point out that it is likely that 
the charge exchange amplitude has small contributions from sources 
other than just the p-trajectory (an asymmetry has been observed 
in the scattering from polarized targets near 5 GeV/c), they have 
nevertheless attempted to fit their data to the simple Regge-pole 
form da/dt=B(t)v2o'(t) , where v=(s-u)/4M, u is the square of the 
four-momentum transfer between the incident TT" and the neutron, 
and M is the nucleon mass. The authors have performed a 7 param
eter fit to B(t) and a 3 parameter fit to the effective trajectory 
a =a +ait+a2t2. The result of their fit to ap(t) is displayed in 
Fig. 9. A straight line through points corresponding to p and g 
mesons falls remarkably close to the extracted a(t) for |t|<0.3 
GeV2. The value of a (0) is significantly lower than the value 
of 0.58±0.03 obtained at lower energies [19]. The relatively poor 
agreement of the present fit with data at lower energies is dis
played in the comparison with the 5.9 GeV/c data in Fig. 8. 
(There is, in addition, an apparent systematic discrepancy with 
the data from Serpukhov.) 

The authors have also compared their fits to the charge ex
change reaction with the difference in the TT~p and ir+p cross sec
tions. Assuming that the forward charge exchange cross section 
continues to fall with increasing s in the same manner as observed 
up to'200 GeV/c, the authors determined the ratio of the real to 
the imaginary part of the forward amplitude using a dispersion 
relation. This, along with the recognition that the imaginary 
part of the forward charge exchange amplitude is related to the 
difference in the Tr"p and 7r+p total cross section enabled them to 
check the consistency of their data with that of reference (2). 
The successful result of this check (and of dispersion relations, 
isospin invariance, and the optical theorem) is displayed in 
Fig. 9. 

Just as the pion charge exchange reaction is believed to be 
dominated through the exchange of the p trajectory, the reaction 
Tr"p->-ri n is expected to proceed through A exchange. This reaction 
has now also been measured at Fermilab [4]. Near 100 GeV/c the n 
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Figure 8: Differential cross sections for ir~p -> Tr°n between 
20.8 GeV/c and 199.3 GeV/c. The data at 5.9 GeV/c 
are from a previous investigation. 

production reaction has a cross section of ̂ 0.8 yb, compared to 
the charge exchange cross section of ̂ 3 ub. The data and the 
authors' fit to the A trajectory are shown in Fig. 10. The prop
erties of this reaction appear to be quite similar to those noted 
for the charge exchange process. Again, except in just a quali
tative way, the fit to a. at high energies is not very consistent 
with the results at low 2 energy. (In particular, the extracted 
value of a. (0)=0.37±0.01, is low again.) Because the effective 
p and A 2 trajectories do not have the same slopes or inter
cepts this obviously means that they are not degenerate for t<0. 
And since there is no established j"=4+ partner to the A2, it is 
not clear what is the situation for t>0. In any case, the con
cept of exchange degeneracy which has often been taken as an 
article of faith must be considered, at best, a poor approximation 
to reality. 

In contrast to pion charge exchange, neutron-proton charge 
exchange cross sections exhibit characteristic sharp peaks (with 
widths of ̂ 5.02 GeV2) at t=0. Measurements of differential cross 
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Figure 9: Fit to an effective Regge trajectory a(t) for the re
action Tr"p *■ fT°n. The bottom graph provides a com
parison of the measured difference in Tr"p and Tr+p 
total cross sections with the difference expected 
from an analysis of the charge exchange process. 

sections for neutronproton charge exhange for incident momenta 
between 60 GeV/c and 300 GeV/c are shown in Fig. 11. [20] The 
authors remark that, although the absolute cross section falls 
by a factor of M O 5

, the shape of their spectra is essentially 
the same as observed near 1 GeV/c. The total cross section falls 
as p"2 between 2 GeV/c and 12 GeV/c, as p~*5near 50 GeV/c and 
as p"

1
, at FNAL energies. The sharp peak near t=0 is 

reminiscent of reactions which are dominated by pion exchange. 
The data at low energies do, in fact, agree with the presence of 
a large nonflip contribution from pion exchange. The onset of 
a shoulder in the cross section at t*0.1 at high energies may be 
due to the emergence of contributions from higher lying trajectories 



13 

Straight line through / 
points corresponding /_ 
to p, A2 and g 
mesons 

- .2 
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to the A2 meson. 
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pn at 

which were overwhelmed by the pion term at small s. Figure 12 
displays the author's fit to an effective exchange trajectory for 
the process. Unlike the results at lower energies, the effective 
a(t) has more resemblance to a vectormeson than to a TT trajectory. 
This is not entirely surprising because the Trexchange contribution 
falls rapidly with increasing energy. But then arguing this way 
makes the presence of the steep peak at |t|<0.02 somewhat enig
matic. 

From an extrapolation of the fitted np charge exchange data 
to t=0, the authors have provided a bound on the absolute dif
ference between the pp and np total cross section as a function 
of beam momentum. These bounds are far more stringent than those 
available from direct measurements of the individual total cross 
sections. At 250 GeV/c, for example, the expected difference can 
be no greater than 0.30±0.03 mb. 

I conclude this section with the note that the simple Regge 
ideas have fared surprisingly well in their confrontation with 
the chargeexchange data. Although exchange degeneracy has been 
dealt a severe blow, the essential features of the Reggepole 
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Fig. 11. 

exchange mechanism have survived the stringent tests of ultrahigh 
energies. The small changes in the effectivetrajectory parameters 
can certainly be attributed to absorption effects or to the presence 
of contributions from other nonleading exchanges which cannot be 
ignored at low energies. For the np charge exchange reaction 
matters are somewhat less clear, but here the lowlying irtrajec
tory is involved and .consequently the test of Regge ideas are more 
muddled by possible contributions from cuts and strong absorption. 

II. INELASTIC DIFFRACTION PRODUCTION 

Selected Exclusive Channels 

An extensive investigation of the dissociation of neutrons in 
the reaction np >■ (piT")p is presently in progress [21]. Pre

liminary results, which have recently been published, [22] indicate 
that the decay properties of the produced pit" system can be de
scribed quite well in terms of a diffractive Deck model involving 
pion as well as proton exchange graphs. Figure 13 provides the 
essential features of the data. The pTr" mass (M) spectrum has a 
characteristic accumulation at low mass and shows, in addition, 
resonance structure near 1500 and 1680 MeV. The t distribution of 
the piT" system is sharply peaked at small angles, as is the case 
in all diffractive processes. Although the t spectrum for all M 
shows substantial curvature near tM).l, it can be approximated 
rather well by an exponential for t<0.2 when the data are not in
tegrated over M (i.e., at fixed M). The decay angles of the 
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Figure 13: General characteristic of the reaction np *■ pTr"p at 
Fermilab energies. 

proton as examined in the GottfriedJackson frame of the pu system 
(for M<1.4 GeV) are also shown in Fig. 13. The scatterplot dis
plays the sort of structure expected from the dominance of Deck 
processes in the production. The pionexchange contribution is 
dominant for cos9~l and the proton exchange near cos8~1. (Because 
there are no known I=% baryon resonances below M=1.4 GeV, I would 
regard with suspicion fits to these data which involve only the 
superposition of the Trexchange diagram and resonance production.) 

Figures 14, 15, 16 and 17 display some other striking and 
rather unexpected features of these same data. Simple exponential 
fits have been performed to the t spectra as a function of M. 
Figure 14 displays the slopes in t obtained in these fits. At the 
threshold in pir" mass the slope is about two times larger than ob
served in elastic pp scattering at comparable tvalues. This 
immediately suggests that the diffraction process takes place at 
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larger impact parameters than 
elastic scattering. The slope 
falls almost linearly to a 
value of 5 GeV"2 at MM.55 GeV, 
above which it is constant. An 
interesting shoulder is observed 
in the slope at MM. 35 GeV. [23] 
There is essentially no energy 
dependence observed for the dis
sociation process. In Figure 
15 I show the slope in t for 
M<1.4 GeV as a function of 
momentum. There is no apparent 
variation in this parameter, 
although a change of the 
order of ^5%, as observed 
in elastic scattering, clearly 
cannot be excluded by the data. 
Another characteristic of 
diffractive processes is the 
lack of any substantial s
dependence in the cross section. This feature of the data is shown 
in Fig. 16, where cross sections for specific mass intervals are 
given as a function of momentum. The absolute values of these 
cross sections are typically about a factor of two smaller than 
observed at ̂ 20 GeV/c. 

Figure 14: Slope of the tdis
tribution as a function of 
the mass of the Tr"p system 
produced in the diffractive 
reaction np -*■ pTr~p. 

Last year at my seminar here [22] I showed the tdistribution' 
of the data for two regions of cos9. E. L. Berger encouraged us to 

examine the tdependence on cos9 
in more detail and the remarkable 
result of this effort is shown 
in Fig. 17 (for M<1.35 GeV). 
At very forward 8 the t spectra 
display a turn over character
istic of the Deck Trexchange 
diagram. At large 9 the t dis
tribution is rather steep (pre
sumably due to proton exchange). 
But for 9 ~ TT/2 there is an 
unusually steep interference dip 
near t~0.2 GeV 2 [24]. It is 
not clear at all what causes 
this highly peripheral feature 
of the data. The results for 
higher mass values are 

„ 20 

3 
rf io

(GeV/c) 

Figure 15: Energy dependence of 
the tslope parameter in the 
reaction np »■ pTr"p. 
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Figure 16: The variation with incident momentum of the cross sec
tion for the production of a pir" system of fixed mass 
M in the reaction np »■ pTr"p. 

qualitatively similar, but the sharp dip moves out in t and be
comes less pronounced with increasing M (akin, to the results in 
Fig. 14). I would conclude by saying that although the qualitative 
aspects of these data can be understood on the basis of a Deck 
model (with absorption), the most striking result, namely the un
usual correlation between cos9 and t is still to be explained. 
In addition, it has been emphasized by several authors [25] that 
when spin is taken into account in the baryonexchange Deck dia
gram (spin was ignored in the work of ref. 22), the predicted <J> 
distribution for cos9l tends to peak at |<J)| ~ TT, which would be 
in disagreement with the data. Obviously, more work is required 
here to establish the nature of the exclusive diffraction pro
duction mechanism. 

The double diffractive dissociation (DD) of the proton in the 
reaction pp >■ (pir Tr")+ (PTT+TT~) has been.studied at 200 GeV/c and 
300 GeV/c [5], This reaction has been compared to the single dis
sociation (SD) of one proton in the reaction pp *■ (pTr+Tr")+p to see 
whether there is evidence for factorization in these Pomeranchukon
dominated processes. At fixed t and M, Pomeranchuk factorization 
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would imply the following relationship between the DD process 
into masses M and M and the SD processes into M and into M. 

£ C V y - & C « 1 . P ) & < K 2 . P ) / g (elastic) 
Because of poor statistics the comparison has been performed inte
grated over M and t. In this case, assuming an exponential t de
pendence (e ) for all the diffractive processes, the relationship 
for the integrated cross sections becomes: 

,2 SD B SD 
DD aelastic BDDBel 

where also Bnn=2Bgn-B , must hold to have factorization m t. 
+ -Figure 18 shows the actual comparison. The pir TT mass for 

the SD data, again, displays the low-mass enhancement character
izing exclusive dissociation phenomena. The pTr+Tr" mass in the DD 
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events appears to be consider
ably broader; however, upon 
subtraction of background 
expected from choosing wrong 
pTT+Tr" triplets (estimated 
from the non-diffractive pTr+TT+ 
combinations), the shape of 
the DD mass spectrum be
comes reasonably consistent 
with that observed for the SD 
data. The value of arjD is 
37+10 yb whereas 23±7 yb is 
expected on the basis of 
factorization. Also, the 
value of Brjn (integrated 
over M), is 2.0+0.5 GeV-2, 
whereas 2.5±0.6 GeV~ is 
expected (see the distribu
tions in Fig. 18). Although 
these results are reasonably 
consistent with Pomeranchukon 
factorization and with the 
presence of double dissocia
tion, an excellent additional 
test would involve a compar
ison of the expected slopes 
only for M<1.5 GeV. Here 
the value of B n n should be 
larger than B ,1 (It is, of 
course, not clear to what 
accuracy one should expect 
factorization to hold be
cause of the presence of non-
factorizable absorption 
effects in the final states. 
In addition, the strong M-t 
correlation noted in Fig. 14 
raises questions concerning 
the relevance of results on 
factorization when data are 
examined integrated over M.) 

p p — • w " 
2 0 0 . 3 0 0 GeV/c 

2 2 27 3 2 

M ( p i r - i r * ) GeV 

pp —• pp Zw* Zir~ 
2 0 0 , 300 GeV/c 

0 M l p i r V l a n d 
Mlt>ir~jr~) ol 

' 3 3 charge etch 
with weight 2 

Shape Ol Mlpir'rr*I 
/ l-> lor I 3 Or 3 I 

conhgurotions ol pp -

2 3 1 5 

M ( p i r - i r » ) GeV 

\ 

PP-* ppjr-w 
200 300 GeV/c 

-I lb l I 

*T+t H; J 

PP"* Pp2ff* Z>r~ 
200 300 CeV/c 

0 0 2 0 4 0 6 
Ml 

0 0 2 0 0 0 6 OE 
(GeV/c)2 

Figure 18: Comparison of single 
and double dissociation of 
protons into piT+Tr~ systems. 

Inclusive Diffraction Production 

As discussed earlier in this lecture, elastic-scattering cross 
sections are characterized by their very weak energy dependence 
and their steep angular distributions which peak sharply at t=0. 
These properties are similar to those expected for the diffractive 
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scattering of light from an absorbing disk. Certain exclusive 
channels, such as the above described neutron dissociation into 
lowmass pTT systems, also exhibit characteristic diffractive 
properties. In addition to the elastic and to the lowmass dis
sociation processes which occur at low energies, there exists at 
higher energies a substantial cross section for the diffractive 
excitation of a particle into what appears to be a large mass 
(M>2 GeV) continuum. The inclusive channels which are relevant 
here are those which contain leading particles in the final state, 
namely, reactions of the kind A+B+A+Anything [26]. When M 2

»l GeV2 
and M2

/s«l, a regime which exists only at or above Fermilab en
ergies, the tripleRegge formalism becomes appropriate to this in
clusive reaction. 

Figure 19 displays the M2 distribution of the Anything system 
for the inelastic reactions: 

TT p » p + Anything CD 
pp -*■ p + Anything (2) 

The data are from bubble chamber measurements at 200 GeV/c. [27] 
The dramatic enhancements at M2<25 GeV2 in Fig. 19 have two con
tributions : one is from the 
dissociation of the projec
tile particle into lowmass 
resonances or peaks (such as 
the 3TT AJ enhancement for 
reaction (1), and the 
M
N*(1400)" piT peak for re
action (2)); the other con
tribution is from the exci
tation of the projectile 
into the multiparticle 
largeM continuum men
tioned above. The total 
cross section for the peak 
in reaction (1) is ̂ 2 mb, 
and in reaction (2) it is 
^3 mb (the latter is for 
the excitation of only one 
proton). An analogous 
peak is observed in the 
reaction irp-+T\+Anything, 
also at the 2 mb level. 
Hence, the sum of the 
cross sections for the 
excitation of either a 
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target or a beam particle are comparable to elastic scattering cross 
sections for the same incident channels (3 mb and 7 mb respectively). 

Other properties of the peaks at M2<25 GeV2 can be summarized 
as follows [26]: (1) The average multiplicity of the events in the 
enhancement is considerably lower than for events outside of the 
peak; the multiplicity of the Anything system grows approximately 
as Hn M2. (2) The cross section for the entire low mass peak is 
almost energy independent. (3) The t distribution of the M2 system 
is sharply peaked at small angles, particularly for the very lowest 
M
z (recall the ndissociation data). (4) These peaks occur only 
for systems which have the same charge, strangeness, and baryon 
number as the incident particle. From these characteristics it is 
reasonable to presume that the low mass enhancement is mainly a 
diffractive phenomenon involving Pomeranchukon exchange. 

Figure 20 illustrates the tripleRegge pole graph which is 
used to describe the break up of a particle B into a massive sys
tem (M). R. are any Regge poles which can be exchanged. The sum 
over M is to be interpreted as a sum over all states contributing 
to the reaction at fixed M2. The largeM2 requirement of the model 
has to do with the substitution of the R.' Regge pole for the elas
tic scattering of R on B at t=0; this is only valid at large M2

, 
above the resonance region. 
written as 

The tripleRegge formula can be 

da 
d p 

s do 
TT 
dtdM ij

 J M _ 

2[a.(t)%a.(o)] [a ^ ^ 

where $ is an unknown function of the vertex couplings. When i=j=P 
(Pomeranchukon), then the invariant cross section at fixed M2/s= 
1x becomes essentially proportional to s/M2 and sindependent. 
Also, the cross section d2a/dtdM2 has a M" form, independent of 
energy. When j=V (vector meson) and i=P we obtain another dif
fractive term which has the approximate form (s/M2)3'2 s~^ for the 

At fixed M2/s this term falls with invariant cross section, 
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Figure 20: Relationship between an inclusive cross section 
and the relevant tripleRegge graph. 
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energy as s 2. Another interesting situation occurs when i=V and 
j=P. This non-diffractive R-P-R term scales with energy (i.e., is 
independent of s) and consequently d2a/dtdM2 at fixed M2 falls 
approximately as s" . (The above statements are only roughly 
correct because we have ignored Regge interference [28] terms as 
well as the t-dependence of the a^, and have set ay(0)=0.5 and 
ap(0)=1.0.) The P-P-P term is expected to dominate for small 
M /s. The P-R-P term should also be important at low M2 and be
come negligible at very high energy. The R-P-R term should dom
inate for M2/s beyond the diffractive peak. Data appear to ex
hibit the gross features of the triple-Regge parameterization. 

Figure 21 displays the M~2 fall off (beyond the resonance 
peak which is observed near M2~3) expected from the P-P-P term 
for the large-mass diffractive excitation of target protons in 
Tr+p and pp reactions between 140 GeV/c and 170 GeV/c [29] . The 
authors have extracted the P-p total cross section and the P-P-P 
coupling constant from their 7r~p, F̂ p and p-̂ p proton-fragmentation 
data. The results from all channels agree; i.e., cross sections 
factorize to M 0 % accuracy and the P-p cross section can be 
written in the factorized form [29]: 

dtdM ' elastic r r 

the expression in the bracket refers to the ratio of inclusive 
and elastic scattering for the same incident channel. The value 
of Opp(t) is independent of M2 (Fig. 21) and equals 
2.9 exp(-1.04t+0.35t2)mb; at t=0 the P-P-P coupling constant rQ 
is 0.80±0.03 GeV-1. (It is interesting that at larger values of 
M2, where the PPP term is no longer expected to dominate, factor
ization is grossly violated in pp data relative to Tip and Kp 
channels [30]. This can be attributed, for example, to the 
presence of different RPR terms, such as TTPTT, in the pp as 
opposed to the meson-proton reactions.) 

The energy dependence of the irp and Kp data at low M2/s has 
been checked and appears to exhibit an s~^ component, particularly 
at small t, similar to that observed for older pp results [26]. 

In summary, there exist at high energy large cross sections 
for the diffractive excitation of hadrons into multiparticle sys
tems. The cross section for the inelastic excitation of a proton 
in a pp collision is %3 mb, and that of a pion in a TTp collision 
is ̂ 2 mb. Consequently, the total diffractive, essentially energy 
independent cross section (elastic, inelastic, and estimated 
double diffractive) is M).4 C T OT > f°r both Tip and pp data. The 
inclusive leading-particle distributions in TT~p, Î p and p~p 
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reactions at large x values are 'consistent to M 0 % accuracy with 
factorization of the Pomeranchukon contribution to the cross 
section. The triple Regge formalism appears to yield a surpris
ingly good description of the data [28]. 
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Figure 21: Test for the presence of the triplePomeranchukon 
contribution to leadingparticle reactions. 

III. INCLUSIVE PARTICLE PRODUCTION 

Nuclear Targets 

Multiparticle production off nuclear targets can, in principle, 
be used as a tool for examining the spacetime development of 
hadronic processes. For example, if the asymptotic hadron final 
state in a hadronnucleon collision evolves in a distance far 
shorter than the nuclear dimension, then in a hadronnucleus 
collision we might expect that the finalstate particles emitted 



in the initial interaction of the hadron with a particular nuclcon 
will collide again with the downstream nucleons in that same 
nucleus, initiating a high-multiplicity cascade. On the other 
hand, if the initial collision involves the production of a reso
nant system which decays outside of the nucleus, there would then 
be very little cascading expected. Consequently, if the hadron-
nucleon interaction time is short we expect, naively, that the 
charged-particle multiplicity in a hadron-nucleus collision will 
be a strong function of atomic number A and energy. On the con
trary, the A dependence and s-dependence should be weak if the 
time scale for the development of the hadron final state is long. 

Figure 22 presents the ratio (R^p) of the inelastic charged-
particle multiplicity in nuclear emulsion (average A-73) to that 
in pp collisions as a function of laboratory momentum [31]. After 
an initial increase of R̂ p at energies below 100 GeV/c, the multi
plicity in nuclear emulsion is observed to saturate at a value 
well below RN„=2. This well-known result from cosmic ray studies, 
supplemented by new data from FNAL, speaks against a cascade model 
for production in nuclei and for a rather long time-constant for 
the development of the final state. 

Busza et al [31] have performed a series of measurements of 
multiparticle production in IT*, K* and p* interactions with nuclear 
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Figure 22: Ratio of inelastic multiplicities for particle pro
duction in nuclear emulsion relative to production 
in hydrogen. 



targets ranging from hydrogen to uranium. The data consist of 
angular distributions of secondaries for 50 GeV/c, 100 GeV/c and 
200 GeV/c beam particles. Figure 23 provides a global view of the 
overall richness of the data. The multiplicity in pA collisions 
is plotted for different intervals of the pseudo rapidity r\, as a 
function of nuclear target material.(n=&ncot(8/2), 8 is the production 
angle in the laboratory, n is a good approximation to the labora
tory rapidity variable y=h £n[(E+pp)/(E-pp)], where E and p. are, 
respectively, the energy and longitudinal momentum of any particle. 
n and y become indistinguishable when the transverse momentum is 
larger than the particle mass, p2>>m2.) Because of the difference 
in the inelastic irp, Kp and pp cross sections, and because even 
large nuclei are partly transparent, the average nuclear thickness 
of a target material depends on the type of incident particle. A 
parameter (v) can be defined to take account of this difference 
in inelastic cross sections for different.channels. The value of 
v for'any nucleus A is given by Aafne-''astlc/aA^elas'tic, where h 
represents any incident hadron. " Thus defined, the v parameter 
describes the average thickness of the nucleus in units of absorp
tion mean free paths for hadron h. Also, v gives a measure of the 
average number of inelastic collisions h would make with the nu-
cleons if subsequent to each collision it could interact anew. 

The data presented in Fig. 23 indicate that the produced 
multiplicity is strongly dependent on n and on v, except at large 
H (small angles, or forward production), where the multiplicity 
is independent of nuclear size. The authors indicate that although 
pion and proton-induced reactions exhibit different behavior for 
the same nucleus, the behavior is similar for target nuclei with 
identical values of v. (The correction for v is important because, 
typically, pions have absorption lengths of ̂ 3 f in nuclear matter 
while protons have absorption length of only ̂ 2f.) 

Figure 24 presents a plot of R. (average multiplicity rela
tive to hydrogen, integrated over rj as a function of v for n~ 
and p data. There is no clear systematic variation of RA(V) with 
energy or_with the type of incident beam_particle. The dependence 
of R. on v requires a quadratic term in v for an acceptable fit to 
the data. (For proton data R. is approximately proportional to 
A0-25.) A 

In Fig. 25 I show the r\ spectra for the proton data at 200 
GeV/c. As v (or the nuclear-target size) increases, the multi
plicity is observed to grow rapidly everywhere except in the very 
forward direction. 

Although a variety of theoretical models have been suggested 
in order to explain all these remarkable features of the data [32], 
the Energy Flux Cascade model [33] appears to be in best overall 



Figure 23: Inelastic multiplicities for particie production in 
proton-nuclear collisions at 200 GeV/c. The data are 
displayed for various angular regions (n) as a function 
of the parameter v (see text). 

agreement with the measurements. In this model it is assumed that 
the initial collision of a hadron with one of the nucleons in a 
nucleus generates a distribution of energy which has the same 
rapidity content as that observed in hadron-nucleon collisions. 
This energy flux travels through the nucleus, expanding spatially 
with time, and behaves, as far as its interaction with nucleons 
in its path, as several systems of hadrons (one large-rapidity 
pack and perhaps several small-rapidity packs, any group being 
approximately 1 fermi wide, as measured in the rest frame of that 
pack). Although all the packs or slices of the original flux can 
collide with another nucleon, only the large rapidity component 
has enough energy to produce a new flux (of somewhat lower rapid
ity content). This process repeats v times yielding a weak muli-
plication of particles. Although the Energy Flux Model provides 
excellent qualitative agreement with the data, quantitative pre
dictions, such as the asymptotic prediction R,~l+ (\j-l)/3, are 
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clearly inconsistent with presently available measurements. 

The Energy Flux idea certainly appears to come to grips with 
the problem of multiparticle production in nuclei, nevertheless, 
there is, perhaps, a more familiar way to understand the above 
physics. Figure 26 displays the 27T_TT+ and 2TT+3Tr" mass distribu
tions observed in inclusive pp collisions at 400 GeV/c. The data 
indicate that the mean value of the mass spectra are 2-3 Gev, de
pending somewhat on multiplicity. The widths of these distribu
tions are 1.5-2.5 GeV, comparable to the mean values. Now, if 
as it is commonly believed, hadron clusters are produced in par
ticle collisions, and the average number of particles in a hadron 
cluster is V3-4 (on the average we have about 4 clusters per pp 
collision at 400 GeV), we expect that the typical cluster of 
hadrons produced in high energy collisions will have a mass of 
^2.5 GeV and a width of ̂ 2 GeV. If the clusters are distributed 
uniformly in rapidity, then the forward-most cluster will have 

essentially all the beam 

pp Collisions 
400 GeV/c 

5 Pions,Q=-l,400GeV/c 

3 Pions,Q=-l,400Gev/c 

4 6 8 
MASS (GeV) 

Figure 26: Mass distributions of 
2IT 3TT and TT+2TT systems produced 
in inclusive pp collisions at 
400 GeV/c. 

momentum and the backward-
most cluster will be essen
tially produced at rest in 
the laboratory. Because of 
the localization of the 
cluster mass, using an un
certainty-principle argument, 
the fast forward cluster 
would have an effective 
lifetime of yK/r and a mean 
free path for decay of 
X ~ YKC/I^(400/2) (2xlO-1V 
2-20 fermi! Consequently, 
if the interaction occurs 
on a nucleon inside a nucleus, 
it is clear that the leading 
cluster will behave as a 
single massive object as it 
travels through nuclear 
matter. Thus time dilation 
will clearly diminish cas
cading effects within nuclear 
matter. If the leading clus
ter interacts again within 
the nucleus,the secondary 
interaction will produce new 
clusters distributed in 
rapidity in a manner similar 
to that in the first colli
sion. Thus the cross section 
in nuclei at small y will 
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be increased as a result of the secondary collisions but the for
ward y component will not be grossly affected. (The slower sec
ondary clusters will again tend not to have sufficient energy to 
multiply in the nucleus and therefore the cascading will not be 
severe.) Although the above remarks are rather qualitative, they 
may contain the essence of the physics of multiparticle production 
in nuclear matter [34]. 

Hydrogen Targets 

Multiplicities. One of the general qualities to emerge from 
investigations of hadron collisions at Fermilab is the essential 
similarity of all hadronic matter. It appears that the total 
s-value of a system, and possibly the charge, determine all the 
major features of multiparticle production in hadronic collisions. 
Figure 27, taken from reference 5, displays the veracity of these 
remarks. The figure shows cross sections as a function of charged-
particle multiplicities (n) observed in p~p, TT~p and K+p collisions 
at 100 GeV/c. Except for the absolute scales, the distributions 
are all quite similar. In detail, however, differences are appar
ent between the various channels. In particular, there is an un
usually large excess of cross section in pp channels relative to 
pp reactions for n > 12. The opposite may be true for n=2. It 
will be very interesting to compare pp and pp values of a at 
> 300 GeV/c, by which time the cross sections for the n=4 multi
plicity may also reverse (i.e., o"pp>a«p). I expect this to happen 
because stronger final-state absorption in pp reactions should 
always tend to reduce pp cross sections relative to their analogous 
pp reactions (such as, for example, the low-multiplicity diffrac
tion channels). In other words, as the pp and pp total cross sec
tions become more equal, their small difference will appear, par
tially at the expense of low-multiplicity reactions, at ever in
creasing n-values. (I am assuming that the mean multiplicity in 
the annihilation channel, as in all processes, increases with s.) 

Conclusions pertaining to the pp - pp difference similar to 
those reached above have been advanced previously by Eylon and 
Harari [6]. These authors suggest that on the basis of their 
model (mentioned earlier in the lecture) the quantity Rn=[an(pp)-
o"n(pp)]/o~n(pp), at fixed s, will approach the form (3/2)n for 
large n; also, for fixed n, -^ will approach the form (l/2)n at 
large s. Figure 28 displays a check of the dependence of R on n 
for several s-values [35]. The data have been fitted successfully 
to the form Rn=(3ns"a, where the s-dependent parameters 6 and a 
appear to approach "asymptotic" values of 6=1.24 and a=0.73 at 
100 GeV/c. In the specific model of Eylon and Harari B should 
approach 1.5 while a/2 should become equal to the difference be
tween the intercepts of the exchanged meson and baryon trajectories. 
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Both asymptotic predictions are in rough, albeit surprisingly good, 
agreement with the data. It is not possible as yet to test 
whether -^ approaches (l/2)n. (This is related to the fact that 
Aa/a(pp->mesons) essentially saturates the Eylon-Harari bound of 1, 
which naively also implies that difference ratio f^ is due entirely 
to the annihilation contribution to the total cross section.) None
theless, as mentioned in the previous paragraph, higher energies 
may provide a confirmation of the essential prediction that , for 
fixed n and large s,a (pp) > a (pp). 

The dependence of multiplicity distributions on target material 
is displayed in Figs. 29 and 30. Figure 29(a) compares pp with pn 
data at M5 GeV/c, and Fig. 29(b) compares pp with pn data at 300 
GeV/c [36]. (The neutron data were obtained using deuterium tar
gets. The distributions shown in Fig. 29 have been corrected for 
secondary rescattering and are somewhat model dependent.) Although 
in detail it appears that the inelastic mean charged-particle 
multiplicity <nc> tends to be smaller in neutron-target data than 
in proton-target data, to an excellent approximation, the distri
butions in Fig. 29 simply interleave as a function of nc: 

f (PP) = h [an _:(np) + c?n +1(np) ] , 
c c c 

again suggesting the presence of similar, target-independent, pro
duction processes. 

Figure 30 displays multiplicity data for TT~ on Ne at 200 GeV/c 
(solid circles), IT" Ne data at 10.5 GeV/c (open squares) and TT~p 
data at 205 GeV/c (solid triangles)[37]. The multiplicities are 
presented in terms of the Koba-Nielsen-Olesen (KNO) scaling param
eters, [38] where n^ for the Ne data refers to pion shower tracks 
(i.e., nuclear break-up prongs have been excluded from considera
tion) . Except for the fluctuations in the Ne data, due to enhanced 
coherent diffraction production at low multiplicities, the three 
distributions are again very similar, indicating the universality 
and target independence of multiparticle production processes. 

It is well known that the dependence of <nc> on s is not just 
simply logarithmic [5,26]. Several years ago I showed [39] that 
the dependence of <nc> on s in pp collisions can be represented 
using the phenomenological expression <nc>=A+B£ns + C In s/s"3 . 
The fit was excellent for data from < 10 GeV/c up to ISR energies. 
This form is more appealing than an often used quadratic [5] de
pendence on J£n2s because it provides a way to check whether, 
asymptotically, multiplicities grow as Zn s and become independent 
of the incident channel. If all channels yield the same value for 
the parameter B, the result would suggest (although without a 
theoretical justification for the above form of <n >) that the 



" I 1 I I I I I i I I T" 

M 
0 I 

(a ) 
• pp 14 75 GeV/c 

X pn 14 60 GeV/c 

t (b) 

0 01 

• pp 300 GeV/c 

X pn 300GeV/c 

* * * * * t* 

i ' ' 

*+ 
* + 

- j i i i i i i 
0 4 8 12 4 8 12 16 20 

Figure 29: Comparison of p hydrogen and 
+ 

p neutron inelastic multiplicities. 

1.0 
p 

c 
b 

t= 
c 

2 

b" 

0.1 

0.011 

i i 1 1 r 

4 ♦ a, 

0.5 1.5 2 2.5 
n
n/<nT,> 

Figure 30: Comparison of IT Ne data with 
Tr"p multiplicities in terms of the 
KNO scaling parameters (see text). 



34 

small differences which exist in <n > are only lowenergy effects 
and that at larges multiplicities grow logarithmically and 
Pomeranchuk factorization holds. Figure 31 displays the highest 
energy <n > data available for YP, P~P> T~P and K~p [40]. I have 
tried to restrict the fits to data for >10 GeV/c incident momenta. 
Unfortunately, the only available yp measurements are from a low
energy SLAC experiment [41]. 

+ + 
The K p and TT p data each consist of only three points  just 

enough to determine the three parameters. The pp data have but 
four points and extend only up to 100 GeV/c. The best measurements 
are for pp and Tr"p collisions; these extend from ̂ 20 GeV/c to MOO 
GeV/c. The results of all the fits are given in Table I, and 
several of the curves are graphed in Fig. 31. Except for the 
relatively poor x2 for the fit to the sparse pp data, the fits 
and the agreement in the value of B for all the channels is quite 
impressive! We see that all data are consistent with Pomeranchuk 
factorization at large svalues to perhaps ^5% accuracy. It would 
be invaluable to have Kp and pp data points for momenta in excess 
of 200 GeV/c (and, of course, any highenergy yp data) to provide 
a better check of the form for <n > and of the universality of 
the B parameter. 
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Figure 31: Ine las t i c average chargedparticle mul t ip l i c i t i e s as a 
function of s for various hadronic channels. Curves represent 
f i t s to the data (see text and Table I ) . 



TABLL I 

Fits of Average Charged Particle Multiplicities to the Form: 
C Hn s 

CHANNEL 

PP 
PP 

K p 

K"p 
+ 

TT p 
TT p 

YP 

5.35 
5.44 
2.17 
6.38 
3.82 

0.67 

1.67 

A 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

1.5 
3.2 

5.0 
3.5 
6.3 

1.9 
0.9 

P A 

1.36 
1.30 

1.29 
1.34 

1.19 
1.40 

1.28 

B 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Ml S T 

\ M E T 

0.05 
0.07 
0.12 

0.10 
0.10 
0.10 

0.53 

s3* 
E R S 

-4 .26 
-3 .89 

-1 .57 
-4 .73 

-2 .26 
-0 .82 

-1 .09 

C 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

0.92 

2.0 
3.7 
2 .3 
4.2 

1.0 

1.6 

x2 /d.f . 

1.07 
4.18 

-
-
-

1.15 

0.31 

Inclusive Production Spectra and Limiting Behavior. Typical 
rapidity distributions for pions produced in high energy collisions 
are displayed in Fig. 32 for 102 GeV/c and 400 GeV/c pp data [42]. 
The data have been integrated over p„, and no corrections have 
been applied for ̂ 10% K-,^1% e*, and ̂ 2% p contamination. (The 
estimated corrections required for proton contamination of the ir 
spectra are indicated on the graph.) It is clear from these data 
that the cross section does not scale in the central region of 
pion production. In particular, for ycM=0 CXLAB=^*^^ anc^ 3.37 at 
102 GeV/c and 400 GeV/c, respectively), the inclusive IT" cross 
section rises by 45±10%, while the TT+ cross section rises by 
30±10% between the two energies. At 400 GeV/c the TT cross sec
tion is M 5 % greater than the IT" cross section near ycM=0> in~ 
dicating that asymptopia is still far away. For small values of 
yf.R, where the TT+ yield is about three times the TT" yield, there 
is some indication that the cross section falls with energy [43]. 
The TT" data at 102 GeV/c and 400 GeV/c are compared in more de
tail in Fig. 33. The rise in the invariant cross section with in
creasing s is clearest at small x. Near |x|^0.1 the cross section 
appears to scale; while at large |x|, and especially at small pT, 
there is a small violation of the Hypothesis of Limiting 
Fragmentation [43]. 

Figure 34 displays invariant cross sections for pion spectra 
observed in u-p collisions [44]. The characteristics of these 
non-leading TT-data are similar to those just discussed for pp 
collisions. Namely, near x=0 the cross section grows with energy, 
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Figure 32: Rapidity distributions (integrated over p?) of pions 
produced in pp collisions at 102 GeV/c and 400 GeV/c. Data 
have not been corrected for K±, e± or p contamination 
(see text). 

while at large |x|values cross sections tend to fall with in
creasing s. 

Whitmore [5] has recently updated and refined an earlier 
study [45] of the energy dependence of inclusive particleproduction 
cross sections at YnfO. Figure 35,taken from reference [5], 
summarizes the situation concerning pion production fo£ various 
reactions. The data are presented as a function of s * in terms 
of the invariant cross section, integrated over p„, and normalized 
by the contributions of the Pomeranchukon to total cross sections 
for each of the incident channels [46]. (The solid line shown on 
the graph for TT" production represents recent ISR measurements.) 
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Figure 34: Invariant cross sections, inte
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Figure 33: Invariant cross section for negative pions 
produced in pp collisions at 102 GeV/c and 400 GeV/c, 
as a function of p„, for different regions of x. Data 
have not been corrected for small contamination from 
e", K" and p. 
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Figure 35: Density function for the. production of TT andIT+ mesons 
atxy =0, for various incident channels, as a function of 
s"^. See text for explanation of the normalization. 

MuellerRegge ideas would suggest that cross sections for TT and 
TT" production should factorize at large s (converge to the same 
value independent of the incident channel), and, furthermore, the 
approach to scaling should have an s

^ dependence. We see that 
data for. all reactions may be converging to the same value of 
da/dyCM at yCM=0 as s ■>«>. As indicated previously [39], this 
value in MuellerRegge phenomenology should equal B/2TT, 
where B is the parameter determining the.asymptotic behavior of 
<n >. From Table I we see that the best value for B/2TT is 
0.Z1+0.01, a result in rather poor agreement with extrapolations 
suggested in Fig. 35. I am not certain how to interpret this dis
crepancy. One possibility, of course, is that the agreement for 
all B values in Table I is purely accidental. I can, however, 
take a rather positive view and say that the discrepancy between 
the extrapolation in Fig. 35 and. the value, of B/2TT is only off by 
^30% of the extrapolated value! Considering all the theoretical 



uncertainties regarding asymptopia, this is, in a sense, still a 
remarkable result [47]. 

Independent of the above discrepancy, the data displayed in 
Fig. 35, and the K° production data displayed in Fig. 36, suggest 
that, after leading-particle effects subside, the inclusive cross 
sections at x=0 increase asymptotically with increasing s, grossly 
consistent with expectations from Mueller-Regge ideas. 

A comprehensive investigation of the approach to limiting be
havior of pion production in the target-fragmentation regime has 
recently been reported in the literature [48]. Figure 37 displays 
the results of that compilation. The data are presented in terms 
of an integral of the inclusive cross section over p and over 
a fixed interval of longitudinal momenta in the laboratory frame 
(pL). Specifically, the function G(p ), which is defined as 

0.05 
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Figure 36: Density function for the production of K° mesons at 
yCM"Uj t o r various incident channels, as a function of s ^ 
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[Tr/ap(s)]/E(da/d3p)dp2,, and is normalized as in Fig. 35 by the 
Pomeranchukon contribution to the total cross section [46], is 
examined as a function of s-^. This sort of s-dependence is ex
pected on the basis of application of Mueller-Regge ideas in the 
target-fragmentation regime for reactions studied in Fig. 37 [49]. 
Asymptotically all ir" production channels should factorize, and 
separately, all TT production channels should factorize. This 
appears to be happening at increasing s. At small s-values dif
ferent channels can have contributions (in addition to the s-inde-
pendent Pomeranchuk term) from different exchanges; furthermore, 
if Regge trajectories are not degenerate, and if leading trajec
tories do not have intercepts of a(0)=%, then the approach to 
scaling can be fairly complicated and not just of the s"5 form. 
Figure 37 suggests that, in fact, the picture is quite complicated. 
Nevertheless, the simple exoticity pattern of Chan et al [49] 
seems to be in qualitative agreement with the data. That is, re
actions A+B-H>Anything, where the quantum numbers of (ABC) are 
exotic, display least energy dependence in their inclusive cross 
sections. 

Results similar to those compiled in Fig. 37 have recently 
been obtained in a counter experiment at BNL and Fermi lab [50]. 
The data are for K~, p~ and IT- projectiles incident on protons, in 
the momentum range between 4 GeV/c and 250 GeV/c. The variation 
with energy of IT-, K* and p* particle production was examined at 
a fixed p=0.3 GeV/c, and values of yIA =0.6, 0.4 and 0.2. These 
global studies indicate that the approach to asymptopia is, again, 
not just of the s~^ form. I reproduce one of their graphs in 
Fig. 38, which summarizes their pion-production results. To achieve 
factorization of particle-proton and antiparticle-proton inclusive 
cross sectiops as s-*>°, .the authors require in addition to an energy 
dependent s-'2 term an s-1 term (from lower-lying trajectories) at 
low energies. Cross sections for meson-proton and baryon-proton 
channels here again appear to be in agreement with factorization 
at large s (when using normalizations akin to those suggested in 
reference [46])• 

The SAS Group has also examined inclusive channels involving 
the exchange of quantum numbers [51]. The available data, which 
are for the region of projectile fragmentation, have been used to 
extract the effective Regge trajectories for production at large 
x values. The specific reactions studied are given in Fig. 39. 
The authors analyze their data using a semi-empirical one Regge-
pole exchange formula, similar to our triple-Regge expression, 
keeping explicitly the total cross section for the scattering of 
the exchanged object R(t) on target B (see Fig. 20). The specific 
form used is: 
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lisions. Data are displayed as a function of s""2. 
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of proton fragmentation for hadronproton collisions. The 
integration is over the following final>state momenta and 
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0.3 GeV/c <, |p| < 0.6 GeV/c and 50° < 8 < 60° (for details 
see ref. [50]). 
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,2 l2a _. 0 
d a  f(t)(lx) eff aD (M

2
) d t d x <■ » v ^ R p 

where f(t) contains all the tdependence, a „ are the effective 
values of the exchanged trajectories at the tvalues specified in 
Fig. 39. The energy (i.e.,M2) dependent cross section for Rp 
scattering is taken to be the same as for Trp, Kp or pp scattering, 
depending on the nature of the exchanged object (for strangemeson 
exchange Kp is used, etc.). The data in all but the TT+p*p+Anything 
reaction are consistent with scaling in s to ^15% accuracy. Con
sequently, all data in the 50 GeV/c to 175 GeV/c range were com
bined to study the xdependence of the cross section. For the 
TT

+
p>p+Anything process the cross section decreases by ^30% in the 

energy range of the experiment, and therefore only 140 GeV/c and 
175 GeV/c data were used to extract a ,,. The ordinate in Fig. 39 
is defined as an average of the cross section over s and t, nor
malized to the total cross section for Rp scattering at 200 GeV, 
as follows: 

r 
d
2
a 

dtdx eff 
a„ (p. = 200 GeV/c) ,2 ' 
Rp

 r
m da 

a
Rp

( M > average 
The values of a x r.j, for exchanges involving K* quantum numbers are 
°eff~

022 at <X^ ~ " °  3 Gev
"
2
> amazingly consistent with the K* 

trajectory. Similarly, the values of aef£ for baryon exchange pro
cesses typically equal aeff * 0.55, again in qualitative agree
ment with expectations from baryon exchange. The difference ob
served for the cross sections in Fig. 39(a) is presumably due to 
uchannel nucleon exchanges, which are expected to fall steeply 
with increasing s (as they, in fact, appear to be doing). The 
agreement observed between the Cconjugate reactions in Fig. 39(b) 
is impressive indeed. 

Local Compensation of Quantum Numbers. Recent theoretical in
vestigations by Krzywicki and Weingarten [52] have established a 
new industry for the determination of whether quantum numbers, 
such as charge, strangeness, baryon number, or even kinematic 
quantities such as transverse momentum, are locally compensated 
in rapidity space. The LCQN hypothesis asserts that any produced 
particle carrying a quantum number q must be accompanied nearby in 
rapidity space by a small group of particles carrying a total value 
of the quantum number q. Local compensation of electric charge 
had previously been shown to hold [53], and now there is also evi
dence for the local compensation of transverse momentum in high 
energy collisions [54]. 
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The best way to illustrate the essence of the LCQN hypothesis 
is through the idea of a zone graph. Let us consider for simplic
ity a tenparticle final state produced in a neutronneutron col
lision. Two somewhat different possibilities for the distribution 
of the ten charges in rapidity space are shown in the sketch on 
the following page. A generalized chargetransfer variable Z(y) 
can be defined such that for a positive charge located at some 

particular y, Z(y) increases by 
one unit at that y value, and for 
a negative charge, Z(y) decreases 
by one unit at the position of 
that charge. The step function 
Z(y) for a complete event is 
known as a zone graph. Z=0 
separates different zones. In 
general terms, the LCQM hypothesis 
requires that for large svalues 
the internal structure of zones 
(e.g., mean zone length, number 
of charges per zone) become s
independent. Furthermore, the 
properties of zones must be such 
that it is improbable to have a 
large number of particles per 
zone or a zone which is long in 
rapidity space. Finally, corre
lations between pairs of zones 
must decrease quickly with in
creasing separation in y. Thus 
stated, LCQM implies that the 
mean number of zones will grow 
with energy as £ns. These con
ditions are fulfilled in a quali
tative way for data in the 
Fermi lab energy regime. Figure 
40 (from Bromberg et al, ref.[53]), 
displays the correlation function 
D(yl3y2)=<z(yj)Z(y2)> 
<Z(yj)><Z(y2)> for 102 GeV/c and 
400 GeV/c pp data as a function 
of Ay=y2y! for yi=0 and y^1.2. 
The curves were obtained by re
calculating D(y1,y2) after ran
domly reassigning the charges to 
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the observed particle tracks. Hence the difference between the real 
and the randomized-charges data can be attributed to a mechanism 
which prevents large fluctuation in charge transfer. In particular, 
the small value of D(y!,y2) reflects a tendency for zone multipli
cities to be smaller than for the case of a random distribution of 
charge, and the rapid fall of D(yj, y2) for laTge Ay, characterized 
by a correlation length of VL.2 units in rapidity, shows a tendency 
for real zones to be typically shorter than in the randomized data, 
all consistent with expectations from the LCQN hypothesis. 

The preliminary results on local compensation of transverse 
momentum [54] have been used to extract a lower bound on the value 
of the slope of the Pomeranchukon trajectory. The result is some
what model dependent in its treatment of unobserved neutrals in 
the final state, but provides a stringent limit of aE(o)>0.2 GeV , 
which may be compared with phenomenological values or a|)(o)=:0.25 
GeV" . The fascinating implication of this result is that the 
dynamical mechanism responsible for the shrinkage of the elastic 
diffraction peak is the local compensation of transverse momen
tum [54] . 

Off-Shell Inclusive Scattering. We are all familiar with 
particle-exchange processes and with inclusive-production re
actions. In the past few years interesting data have been pre
sented which indicate that inclusive reactions initiated with off-
shell particles bear a great similarity to real inclusive pro
cesses. 
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Figure 40: Zone correlation function D(yi,y2) for pp data at 102 
GeV/c and 400 GeV/c, evaluated at y1=0 and yi=-1.2, as a 
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mass). Curves are the results of randomizing the charge 
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As an example of these sort of studies, I will discuss pro
duction of A++(1236) in pp reactions. This process might be ex
pected to proceed through pion exchange, however, this does not 
appear to be the case. In Fig. 41 I display the TT+P mass distri
bution for the reaction pp-Vp+Anything at 102 GeV/c and at 400 
GeV/c [55], A clear, energy independent peak at the A++(1236) 
resonance is apparent in the data. The t-spectrum of the events 
in the A region is shown in Fig. 41(b). In Fig. 41(c) I show the 
x distribution of the Tr+p events in the A mass region. The cross 
section is observed to scale with s. The curve on the data is 
from a calculation by R. Field. To fit the x spectrum, Field had 
to introduce a large off-shell damping term (form factor in t) 
for the pion-exchange*contribution to the A++ process. This form 
factor was not required for the pion-exchange term in the 
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pp*p
+
Anything reaction. In addition to pion exchange, a comparable 

contribution from p and A 2 exchange was required to fit the x dis
tribution. Although it does not appear that pion exchange dominates 
the production, I will nevertheless compare the characteristics 
of the X° system accompanying the production of A + + to Tr"p scatter
ing at a center of mass energy /s = M 

X° 
Figure 42 demonstrates that the total chargedparticle multi

plicity (including "elastic" twobody TT~p final states) of the X° 
system has the same dependence on M 2 as real Tr"p data have on s. 
The f2 moment (<n

2
><n>

2
<n>) for the X° system produced in associ

ation with the A also has the same dependence on M 2 as real TT~p 
data have on s. Taking this comparison one step further, in Fig. 
42(c) I display the x distribution for the inclusive reaction 
Tr"p>rr"+Anything (smooth curve) and the analogous offshell R"p*rr 
•■Anything data for several regions of M 2 . The distributions in 
Fig. 42(c) have been normalized in such ̂  a way that the integral 
of the data over the invariant phase space yields the values of 
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Figure 41: Characteristics of 
A
+ +
(1236) production in 

pp collisions at 
102 GeV/c and 400 GeV/c. 

Figure 42: Comparison of off
shell Reggeonproton 
(R"p) scattering with 
real TTp production data. 
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<n> given in Fig. 42(a). (The definition of x _ for R p JUl TT 
scattering in such that positive x corresponds to TT" emission along 
the R" "direction", where the usual Gottfried-Jackson t-channel 
direction is chosen as the R"p collision axis.) The similarity 
between the reaction Tr~p-»rr~+Anything and the off-shell process 
R"p-»rr"+Anything at comparable s values is remarkable. This agree
ment is particularly puzzling considering the fits that Field made 
to the A production reaction. It appears therefore that the mass 
and charge of a hadronic system have the greatest bearing on the 
dynamics. The fact that R~ has admixtures of objects having dif
ferent spin (but same isotopic spin) does not grossly affect the 
inclusive spectra. 

A similar study to that discussed in Figs. 41 and 42 was also 
performed for the reaction pp^p+Anything [56]. Here off-shell 
R°p-nr~ +Any thing was compared to YP"yrr_+Anything at values of s -M2. 
The inclusive spectra are shown in Fig. 43. The agreement is, 
again, impressive but quite surprising in view of the fact that 
for low values of M2 the R object should mainly have properties 
characterizing the Pomeranchuk trajectory and certainly not a 
photon. Consequently, here again we see that gross features of 
inclusive production appear to be independent of all dynamic 
qualities, except for the charge and effective mass of the inter
acting system. 

"If there is a question of importance, look to the masses" 
(Mao Tse Tung). This last part of my lecture can be summarized by 
the above quotation from Mao's Little Red Book, as paraphrased to 
me by Ed Berger. We have made a study of the p„-dependence and 
the x-dependence of multiparticle systems produced in pp collisions 
[57]. Specifically, we have examined how the mean value, <p T

>
J 

and the full width at half maximum of the x distribution (T J vary 
with the mass, charge, and particle multiplicity of a produced 
system. The results of this investigation are summarized in Figs. 
44 through 47. There is essentially no dependence on the charge 
of the system being examined (particularly for <pT>). At fixed 
mass, a weak variation with multiplicity can be discerned in the 
<p > data. A somewhat stronger variation is observed for T . The 
<p > dependence is essentially s-independent (between 102 GeV/c 
ana 400 GeV/c) while the T values become smaller with increasing 
s (presumably due to approximate Feynman scaling). The variation 
of T and <pT> with mass is very similar to that observed for 
stable hadrons (e.g., TT,K,A etc.). In detail, the 3TT systems 
appear to coincide in character with the properties of the long-
lived objects [58]. The latter result may be due to the fact that 
clusters, which have typical multiplicities of ^3, have production 
properties akin to the more stable particles. (This is not an 
entirely consistent picture because of the charge-independence of 
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the Jesuit.) The rise in <p > with multiplicity at large masses 
process ?hf un0"' T 1 1 ^ 6 1 7 ' " dUe t0 a d - ? e d ^do'walk process The unusual reversal at small masses may be due to a 
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r
val™s of <p > (essentially independent of M) which our Monte Carlo model provides for the 400 GeV/c data 

mullLu, +-COntu±nS P ^ ° P e r sin8le-particle distributions and multiplicities observed at 400 GeV/c but no explicit correlations 
Zdf,? Ci e S° U iS interesti"g that although the Monte CarL 
predictions for <pT> are completely incorrect, the predictions for 1 (not shown) appear to be in far better accord with the data. 
w W h n C V l e a r t 0 m e Aether this new result is important or 
whether it is just another way to study particle correlations 
i ^ V S J * ' the T S °f the Produced system clearly has the' largest effect on the dynamic properties of the hadron bundle, hence one should "look to the masses." 

I thank J. Whitmore for providing me with an early version of 
cJambet"6 °f " ^ P " * " * S^dies Utilizing Fermilab Bubb e Chambers". In addition, I wish to thank E. L. Berger, D. Duke, 
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P. Slattcry, and C. Quigg for helpful discussions. Several of the 
topics in these lectures could not have been prepared without the 
excellent assistance I have received from our students J. Biel and 
P. Stix. Finally, I wish to express my gratitude to D. Weingartcn 
for a critical reading of the manuscript and for providing exten
sive suggestions as to content. 
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