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Jet set 

Proton-pro ton scat ter ing exper iments 
at the CERN ISR and at Fermilab n o w 
show all the signs of highly inelastic 
col l is ions between smal l , hard objects 
hidden deep inside the protons. This is 
analogous to the classic exper iment of 
Rutherford wh ich showed for the f i rst 
t ime that the nucleus is a smal l object 
h idden deep inside the a tom. 

If a target appears uni form to a 
beam of part ic les being t h r o w n at it, 
the result ing scatter ing wi l l look very 
much like a di f f ract ion pat tern w i t h a 
central max imum and w i th an intensi ty 
dropp ing off sharply at w ider and w ide r 
scat ter ing angles. However if the 
target has some small impenetrable 
po ints buried in it, occasional ly one of 
the part icles f rom the beam wi l l hit one 
of these points head-on and wi l l 
bounce off at a very w ide angle, pos­
sibly even backwards. Such w ide angle 
scat ter ings are not to be expected f rom 
a 'grey' target of even densi ty and are 
immedia te ly indicative of some deep 
inner structure. 

In the same way, if a proton presents 
a un i form target to an incoming beam, 
it should show a di f f ract ion- l ike pat­
tern of elastic scatter ing w h i c h w o u l d 
be a measure of the overall extent of 
the pro ton. This is indeed the dominan t 
phenomenon at the ISR and in 1 9 7 2 a 
di f f ract ive m i n i m u m was observed for 
the f irst t ime in pro ton-pro ton scat ter­
ing. 

The existence of a substructure 
w i t h i n the proton was f irst not iced on 
the electron linear accelerator at S tan ­
ford in high energy e lect ron-proton ex­
per iments and was conf i rmed later at 
CERN in neutr ino exper iments using 
Gargamel le. These invest igat ions gave 
the f irst in format ion on the st ructure 
inside the pro ton, proposed by 
Feynman and others as being due to 
point l ike const i tuents called 'par tons ' . 

The idea of parton const i tuents has 
more than a passing resemblance to 

the quark model and the neutr ino 
measurements made using Gargamel ­
le enabled these t w o pictures of proton 
structure to be reconci led. Whi le the 
quark model gives the intrinsic proper­
t ies of the proton const i tuents (spin, 
charge, etc.), the study of deep in ­
elastic scat ter ing gives the m o m e n t u m 
distr ibut ion of the const i tuents — 
someth ing wh ich the quark model is 
unable to predict. 

So, when probed in deep inelastic 
electron as at Stanford or in neutr ino 
scatter ing exper iments at proton La­
borator ies, the proton no longer beha­
ves (under the inf luence of the electro­
magnet ic force or of the weak force) as 
a sol id part icle w i th d imensions of the 
order of 1 fermi but as a col lect ion of 
smal l , sol id, quark-l ike objects. 

But wha t happens in strong interac­
t ions ? In 1 9 7 2 , exper iments at the ISR 
s h o w e d that they too can produce 
energet ic part icles at w ide angles to 
the original beam, show ing that the 
proton has a grainy inner structure for 
s t rong as wel l as e lectromagnet ic and 
weak interact ions. W h e n these grains 
hit each other and interact as in the 
ISR, then the sparks really f ly ! Actual ly 
the grains must somet imes hit each 
other at lower energies, but it is only at 
higher energies that the interact ion 
really becomes noticeable. 

The big quest ion is whe ther these 
strong interact ion effects are produced 
by the same quark / parton c o n ­
st i tuents as are responsible for the 
high m o m e n t u m transfer phenomena 
seen in lepton-proton scatter ing ? This 
is proving dif f icult to answer, part ly 
because of the dif f iculty of sort ing the 
grain interact ions f rom the rest of the 
hadronic debris. 

If noth ing else were happening, the 
results of a deep scatter ing be tween 
t w o inner pro ton const i tuents should 
result in t w o coplanar ' jets' of second­
ary part icles shot out at large angles to 
the incident beam direct ion and fair ly 
wel l co l l imated along their direct ions 
of mo t ion . These 'jets' need not neces­

sarily be opposi te each other, IT tney 
are the result of incoherent scat ter ing 
of p ro ton const i tuents , they wi l l be op ­
posite only in the centre-of -mass 
f rame of the const i tuents, wh ich is not 
necessari ly the same as the p ro ton -
proton cent re-of -mass system. 

In pract ice the s i tuat ion is blurred by 
the more usual types of strong interac­
t ions and early exper iments at the ISR 
such as those of the Pisa / Stony Brook * 
and Aachen / CERN / Heidelberg / 
Mun ich col laborat ions found it di f f icult 
to d ist inguish be tween w ide angle 
scat ter ing and everything else w h i c h 
w a s going on. Then exper iments using 
double arm spect rometers , such as 
those of the CERN / Columbia / 
Rockefeller / Saclay col laborat ion, d is­
covered that the observat ion of one 
secondary part ic le w i t h large t rans­
verse angular m o m e n t u m made it 
much more likely tha t other large 
transverse angular m o m e n t u m par t i ­
cles wou ld be picked up, both in the 
di rect ion of the tr igger particle and in 
the opposi te d i rect ion. 

Pioneer w o r k by these col laborat ions 
together w i t h observat ions by the 
CERN / Columbia / Rockefeller /Saclay/^ 
Strasbourg and Brit ish / Scandinavian 
groups paved the w a y for the f irst 
reports of evidence for def ini te jet 
s t ructure by a CERN group using the 
Split Field Magne t at the ISR. Sup­
por t ing evidence is now coming f rom 
the CERN / College de France / 
Heidelberg / Karlsruhe and British / 
French / Scandinavian col laborat ions. 

The componen ts of the jets are con ­
f ined not so much in angle but more in 
m o m e n t u m . The observed part icle 
momen ta perpendicular to the jet axis 
is l imi ted but is fair ly independent of 
the jet momen ta . This means that par­
t ic les w i t h only a small component of 
m o m e n t u m along the jet axis can stil l 
move off at a large angle to the axis. To 
take this into account , and to get over 
the di f f icul ty of the jets not necessari ly 
being back- to-back, exper iments have 
to t ry to measure momen ta over as 
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/. The theoretical picture of meson-baryon 
scattering as it was seen in the mid '60s. Both 
diagrams had to be included in any calculation, 
although the resonance was supposed to be a 
good low energy approximation and the 
exchange was good for high energy reactions. 

wide a solid angle as possible. This has 
only lately been achievable at the ISR 
w i t h the help of special i ns t rumenta ­
t ion like the Spl i t Field Magnet . 

This technique together w i t h the use 
of high m o m e n t u m t r iggers has n o w 
enabled ISR teams to isolate the w ide 
angle scat ter ing products . Further 
progress wi l l be made by using higher 
m o m e n t u m part ic les as t r iggers, 
e l iminat ing as much as possible of the 
unwan ted hadronic background, and 
by de termin ing as much as possible 
about as many secondary part ic les as 
possible. 

It is too early to say w h e t h e r these 
const i tuents wh i ch cause the jets are 
def ini te ly the same quark / par tons 
seen in lepton-nucleon scat ter ing and 
wh ich also characterise hadron f o r m a ­
t ion in high energy e lec t ron-pos i t ron 
col l is ions. The fo rm of the interact ion 
be tween the const i tuents is also not 
k n o w n , a l though theor is ts make sure 
that there is no shortage of candidate 
mechan isms, many of w h i c h account 
for di f ferent aspects of the observed 
behaviour. The rich s t ructure seen in 
ISR exper iments has stil l to be ful ly ex-
iplored. 

Complementary exper iments at Fer­
mi lab capital ise on the di f ferent ex­
per imenta l techniques avai lable there 
and shed addi t ional l ight on the 
prob lem. In part icular, the intense inc i ­
dent beams enable higher m o m e n t u m 
transfers to be mon i to red . The results 
show a strong excess of posi t ively-
charged secondary part ic les, w h i c h is 
just w h a t wou ld be expected f r om the 
quark const i tuents of the pro ton ( two 
posit ively charged quarks and only one 
negatively charged). 

Fermilab exper iments also use pion 
beams to s tudy large m o m e n t u m 
transfers, and it is found tha t p ions are 
more adept than protons at produc ing 
w ide angle scat ter ing. This could be 
because the pions, w i t h only t w o quark 
componen ts instead of three, are able 
to produce const i tuent -const i tuent in ­
teract ions where a larger f ract ion of 
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the m o m e n t u m is available. 
A part icle w i t h high transverse 

m o m e n t u m can be produced in a 
number of ways . Either it is one of 
several coming f rom a jet w i t h very 
high transverse m o m e n t u m indeed, or 
it can be the lead part icle in a jet where 
most of the transverse m o m e n t u m has 
been given to one part icle. 

If, as at the ISR, the w ide ang lesca t -
ter ings are moni tored by looking for 
ou tgo ing single part icle t r iggers w i t h 
large transverse m o m e n t u m , then the 
second mechanism is detected in 
preference to the first. This means that 
much valuable in format ion is being 
lost and is known in the trade as ' t r ig ­
ger bias'. To overcome this p rob lem, 
exper iments at Fermilab have co l ­
lected all the energy coming off in a 
def in i te solid angle and have been able 
to t r igger on a who le jet , as opposed to 
a single part icle. This has boosted the 
observed transverse m o m e n t u m yield 
by a factor of about 1 0 0 . 

Rutherford's epic exper iments w i t h 
alpha part icles wh ich gave us the f irst 
indicat ion of the nuclear a tom marked 
only the beginning of a long road of in ­
vest igat ion into nuclear structure. If 
the inner structure of the proton proves 
as di f f icul t to unravel, many models 
wi l l come and go and many more ex­
per iments wi l l have to be done before 
w e begin to understand wha t is going 
on. 

Just a f ew years ago, physicists 
though t that very h igh energies could 
bring s impl ic i ty to st rong interact ions. 
This could still be possible, but it looks 
as t hough it is the logar i thm of the 
energy, and not the energy itself, 
wh i ch needs to be large ! However , if 
the detect ion techniques can be made 
sophist icated enough, then looking at 
large m o m e n t u m transfers m igh t be 
the place where hadron physics starts 
to become simple, w i t h the exchange 
of g luons be tween quarks provid ing 
the basic interact ion. We have t rave l ­
led very deep into the proton since 
Rutherford showed us the way. 

Baryonium expla ined? 

The appearance at CERN of t w o 
nar row pro ton-ant ip ro ton resonances 
is g iv ing addit ional inspirat ion to 
theoret ic ians w h o have long been 
wor ry ing about their p icture of 
baryon-ant ibaryon interact ions. 

Ten years ago, people used to th ink 
of meson-nuc leon interact ions as 
either the result of an in termediate 
nucleon resonance decaying back into 
a nucleon and a meson, or as the result 
of the exchange of some meson 
be tween the t w o particles. 

Then D. Horn, C. Schmid , G. 
Veneziano and others s h o w e d that 
these t w o mechanisms are really dif­
ferent disguises of the same basic in ­
teract ion. This 'dual ' p icture of the 
meson-nuc leon interact ion can be re­
presented by 'dual i ty d iagrams' where 
some of the part ic ipat ing quarks go 
st ra ight th rough whi le others are ex­
changed. This w a y baryon resonances 
and exchanged mesons occur s imu l ­
taneously. 

A l though f ine for the meson-meson 
and meson-nuc leon interact ions, th is 
at t ract ive picture breaks d o w n for the 
baryon-ant ibaryon case. Duali ty d ia ­
g rams here have to include in te rme­
diate states or exchanged mesons con ­
ta in ing t w o quarks and t w o ant iquarks. 
Unti l recent ly, these 'exotic' quark con ­
f igurat ions did not correspond to 
anyth ing tha t had been d iscovered. 
App l ica t ion of duality ideas to baryon-
ant ibaryon interact ions was , therefore, 
f requent ly referred to by ominous 
names like the 'Rosner Paradox' or the 
'Dual i ty Catastrophe' . 

Since then , theoret ic ians have been 
hoping tha t the exper iments wou ld 
come up w i t h someth ing , and have in 
the mean t ime been pol ishing up their 
models of baryon-ant ibaryon interac­
t ions. 

W h e n the dual i ty model w a s f irst 
p roposed, people were not too con ­
cerned about quark 'colours' (of wh ich 
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