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P23 line 12

P23

P33

Figures 14 - 25

P35

Errata

For 'indication of mass' read ‘'indication of the
velocity of the particle, which when taken together
with the momentum gives an indication of the particle
mass',

The rule relating to the exchange of the Pomeron,
sometimes knowm as the 'Gribov-Morrison' rule, is
by no means finmly esteblished either experimentally
or theoretically and so it would be more correct to
state that it may possibly hold but is not certain.
(Morrison D.R.O. 1968 Phys. Reve 165 p1690)

I+ should be clarified that the width of the resonance
affects the sharpness of the turnover, and hence this
has a bearing on the visibility of the turnover on
the graphs,.

There may be a slight error in the calculation for
these diagrams, though the equation on which they are
based and the form of the graphs are correct. Caution
should therefore be exercised when using these graphs.
The error is only small and is systematic. It does not
affect any of the arguments nor their outcome in the
thesis,

Even when a A" is produced with t3z0-06 (GeV/ c)2 ’
more than 80% of the protons from its decay will have
momenta above 100 MeV/c , and therefore the argument
as presented does not provide a convincing explanation
for the dips observed in figure 33 o Hence these dips
could be of a physical nature and not the product of
experimental techniques. .
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INTRODUGTION

The following work is concerned with a review of the behaviour

of differential cross-sections for high energy collisions of the

btained
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respectively.
experiments, and consideration is given to the possible experimental
biases that might cause an apparent reduction in the measured

differential cross-section in the region of a zero degree production

oTr 1

angle. A compilation of total cross-sections

-k

p interactions

eneral is given in ref. lo To see the relsvance of the study

i
of such cross=sections chapter itwo summarises the general theorems

concerning the expected behaviour of these, and discusses some of

the predictions of simple one particie exchange models, In this
first chapter an introduction is given to particle properties; this
providing a base for the discussion of their streng interactions. In

general the review will only be concerned with non-stran
{see Appendix 1) but for completeness some mention is made in parts

r interactions.
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l.1. Particles and their intrinsic preperties

Mainly as a result of experiments using proton accelerators many
elementary particles other than the prcton, neutrcon and electron have
been discovered. (The known elementary particles fell naturally into
two broad categories accorcing to whether their spin is integer or

ther as Boscns which have

e

half-integer, and hence are classified e

istics, or as Fermions which

ck

integral spin and obey Bose-Einstein sta
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haif-integral spin and obey Fermi-Dirac statistics. These bread
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hen be subdivided; Fermions are either Leptons or
Baryons while the Bosons contain the photon <Y s Which is the quanium

the electro-megnetic field, and mesons which can be thought of as
guenta responsible for the strbng or nuclear interaction,

Four basic interactions are thought to occur between elementary

(i) the gravitational intera ction which is very weak and

h

hence its effects have never been detected in

T of

M

experiments which involve only a small numb
elementary particles,

(ii) the electro-magnetic i!ier§0ti0“ which connects all
cherged particles; and also those having mégnetic discle

moments, via the emission and absorption of photons.

the weak interaction which is responsible for the
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ajority of the decays of unstable particles and

3

includes B-decay.

(iv) the strong interaction which connects all the
baryons via the emissicn and absorption of musons,
the family of particles involved in this interaction
being called quite generally |

The relative strengths of these interactions are shown in table 1,
w*1le table 2 lists the non-strange mescns and baryons that occur

in the final states of the interactions that are reviewsd later.
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Table 1:- Relative strengths of known Torces.

Tvbe Relative strength Boorox. ranae (cms)
v | 4
trong 1 10
. * -2
Electro-magnetic 10 o
-14 . A=13
Weak 10 ~ << 10
. * -38 o
CGravitational 10
—;\‘_ v 1 = L Lre
Proton=-proton interaction
s o113
These are compared at a range of 10 ™ cmse

From table 2 it can be seen that whereas some particles are stable
e o s =23 . ; . It T3 Rari
or have lifetimes>s 10 secsy others have very short lifetimess

and associated with this via the uncertainty principle, masses which

The very short lived particles (e.g & p)
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are known as resonances, the basic physical differences between particles

and resonances being the manner in which they can decay. Whereas the
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1.2, Interactions — exoerimental desgription

It is found that when two given hadrons interact many different

the conservation of energy, linear and angula: momentum and cartzin
guantum numbers (see appendix 2). For example, intersctions in which
negative pilons react with a proton can l2ad to numerous 20s sible
final statas, some of which are:
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Iabie 2 - (i) Hadrons stable against decay by strong
interaction,
. " |
Particle - IG(JP)C . " Lifetime (secs) Mass width
. ’ n
e | ~07)yF " 2,6 x 1078 0.0
T 1 (0) «0 ; .
. -, e "16 '
al 17077 0.84x 10 0 7,8 + 0.9V
n 17(07)" 2.53x 1077 2.6 1 0.6KeV
P +ah ' 2.10%ears 0.0
n 3 &) 935 - 0.0
(ii) Selection of hadrons unstable égainst strong
' decay (resonances)s”
Particle IG(Jp)Cn - Lifetime(secs) Mass width (MeV)
o . faTy” 5.07x10 2% 135 + 20
W 0 (1) .6.58x10 10 + 0.6 .
Al 1-ahHT 6.6 x10 24 50 +200
A, 17 (25" 6.58x10 24 100+ 20
Ay 1Ot 6.6 x10 24 50 +200
B 1ty 6.58x10 24 100420
T F oteh)t 4.30x10 2% 156425 -
A Y 2(%/2%) 5.98x10" 24 100* 122

‘Footnotes~ See Appendix 2 for an explanation of these quantum numbers.
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-channels (b), (c) and (d) are 21l 'inelastic®, as are all interactions
in which different particles zre present in the final state, (b) is
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they have exshanged an elzctric charge between themsslves.

t is possible for two or more particles in the final state

to result from the rapid decay of an intermsdiate particle which

E. = energy of i'th particle in an n-particle combination

i z
p, = 3-momentum H " " "
“i

Considering reactions (c) and (d); if the combined mass of partisular

p), were calouleted a smooth
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rasonances’s Thus instead of rszacticns (c)'and (d) ococurring as

KN

they initially zppear as shown in fig. 1.

Gt

Figure Reaction as seen to occur.
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fig. 2 where the

to ind:

cate their presence directly,

~ 7
Figqure 2 Reaction as deduced to occur. Note that
the lifetimes of A andp are too short to leave

in the energy range being discussed, resonances are produced

n this review &nly those reactions which can

[WH

very frequentlyﬂ and

pretad &s having two particles in the finel state will be
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considerad, even though one or both of these may be resonances

[

decaying into a number of pariicles themselves. These channels

are said to be ‘quasi two body' interactions.
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The dynamical behaviour of a guantum-mechanical system develcps

in a manner which is related to its Hamiltonian, though for strong

H=H +H._ (1.2
¢! i
phere LO= Hamiltonian of the frsze particles
Z.T=;-“n11v011an of the interaction between the particiss.

11

¢ inter

hEn
{

For elactro-magnet ctions the resulis obtained agree very.

well with experiment but for strong inte racb1ons this method is not

successful since their strength makes it invalid to trzat the

interactive part as a perturbation.
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measurament L8y OT more ust 1zlly, exploiting the latter to investigate
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an assumed theoretical bahaviours

The Mandelstamm variables s, t and u arz defined in terms of the

Figure 3 Kinemetic notation for the guasi two

body intera

system

y Mg

p E -

e PC)-“-Q)n':C_

Ca
> -
Pus ~h, m o
s o,

>
where , p = momentum S-vector
E = Total energy.
m = Test mass -
P = Energy momentum 4-vector (E yp)
PP = E E b..p
a’b b "&b
The variables are glven by the relations
. 2 o 12 -
s=(P+p ) = (P +P,) (1.5)
a b, ¢ d,
t= (P -P ) = (P -P )" 1.8
(P )2 = (P} (1.6)
b= (0P = (B ) (1.7)



. >
Thus.' in the centre of mass where p + D ‘b = 0:-

: 9. .
2_= (centre of mass energy)” - B {1.8)
_ in_térms of P, and P

t = (P'.- P )2

__._2.--_'2'_

(oy = Bp)° + (B, - E) (1.9)
L2, 2y - g .

(md +m ) 2EE, + 2p,p, cos © oms system

;2 2 lab .
= (md my ) - 2E, my lab system

where particle b is at rest in the laboratory.
Simiiarly:-
*
+ 2pdpa cos 8 cms system

C o 2 4 2 2
(Pa T Py) _+(Pc. Pa) + (Pa P.)

[}
-+
ot
+
c
H

d

2 2 2. 2
ma + mb _+ mc: + md

Now one of the properties of an equilateral triangle is that the
3um'of the perpendicular distances_fiom its sides to any point is a
constant, and this fact can be utﬂlsed, enabllng the graphlcal

'_representatlon ShOWﬂ in flgo 4 to be drawn.

" Fiqure 4 . The plane of the kinematic-invariant’

variables g; t and u -

P}:).ucal (9-::1\

! TR Y (i
B .o ' ‘._S>° ,./// foc °C°\“""l‘)
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CHAPTER THWO

-

Introductions

ihe results of the many experiments which have studied high
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(i1) Up to about 20 GeV/c incident rarticle momentum, many
of these inelastic reactions appear to be quasi two
body irteractions. The resulting secondary particles

have a tendency to go in the forward-backward directicn
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in the centre of mass syst rence gene
becoming more pronounced with increasing primery momenium
and less pronounced with increasing numbker cof secondary
pvarticles.

This chapter presents some theoretical considerations which are

relevant when trying to explain the resulis obtained from guasi two

deals with asympict '1 theorems, valid for s ( the totsl interaction
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with peripheral ccllisions and describes thecories which involve a
single particle exchange between the two 1nLer0051ng particleso

This is subdivided into two sections, the first dea
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ng with one



picn exchange, and the second with vector-meson exchange. The las
section deals very briefly with Regge theorv, this approach being an

tempt to provide a more satisfactory theorstical basis for hig:

ok

2
energy interactions than those described in the preceding sectionse

201 Asvmptctiic theorems

properties,; such as the energy dependence of their total cross-
sections 0., For elastic cross-sections, the data indicates that
Gel/bT (where Oel is the elastic cross-sscticn) tends to a constant

as the interaction energy increases. (i.e. s~ ).

]

he first of the theorems to describe the asympiotic behaviour

of interacticns was that pos stulated by Pomerarchuk in 1958 (zef. 2)

e

which states that if the total cross=-sectiion for a-b and ==b collisicns

both tend to constants, then these constants must be egual:-
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lerge's and small t, T(sst), the elastic scattering amplitude, can
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where @n(t) are real functions . cf t ordered such that for fixed; t,

o

and the functions bn(t) are arbitrary complex functions of o It

3 1

can be demonstrated that:-
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where b 1s the complex conjugate or the crossed channel amplitude b.

From ]BO]

i.e. equality of the elastic dirfferencial cross-secticns. From the

observed constancy of the to

\ . L. s o s ~ .
ao(t=O)=l, in which case 2.4 yields for b 2=

Imb =Imb ;5 Re b, = ~Re b, (2.6)

This then implies Pomeranchuk®s Theorem 2.1. As a particular examplé,

from its interference with Coulomb scattering at smell angles; for both
Tp and Tp scattering it is smail and negative, and so it may be
concluded that Re b = 0, i.e. that Re T{t=0) comes from the next
PR 3 h -
term in the expansion.
i1t would therefore be expected that:-
lim  Re T(s.t) =0, for smll  |td (2.7
- 7 )
s+ @ Im T(s,t
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drops exponentially for increasing lt[ (see for examele figure 26).
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ttering but applies generally to
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This is most evident for elastic sc
charge exchange and inelastic quasi two body reactions alsoc, the

momerntum transfer from t Tinal baryon:; or barvon

articles (refs. 5, 6, 7, 8, 9, 10 ard 11). By the
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Uncerteinty Principle, the longer range interactions are due to particles
with. lower mass energy (i.e. the lighter particlesy since it is these

¥ L . %) T . . ~ . - —
that are tne most likely to exist further, from the huclecn. Therefcre
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it is these particles that are the most likely mechanisms to be in

operation for peripherzl collisions. & diagram representing one particle

. exchange is shown in.fig. 5.

Fioure 5:- One particle exchange diagraﬁ
\
R &Y -
\ '
'/_. ,-};; upper  Verex
. i <
le.
|
=== !, .,
/ ~ ?d towed  Veltex
,b -
The matrix element T_ of a w-exchange process in momentum space
T ) :
is given by (ref. 12):
Tﬁ(ab+cd) = _1 T (marc) T (7 bsd) ' (2.5)
u?-le]
Where 1 is the picn mass -
The matrix elements T(me+ c); and T{mb+> d) refer to collisions of a
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In the simplest versicn of the peripheral model (the so-called ‘pole-

\

approximation’),the pion is treated as keing rezl, both.at ihe upper

. . v s . 2 . \
and lower vertex (see figure 5)e dcpla61ng] tl by U in T(rarc)

and T (mo~ d) in 2.8, the differential cross-section is obtained in
the forms-

40 = 1

5= C{s_,) C(s_.) (2.9)
1"'I‘1 z A Z CC al
le. as_y, dsCd 64 o's 5 l 5
a ]
( el

where q 1s the incident particle momentum in the certre of mess and

and is independent of t.

=)

ne main achievment of 2,9 is to reproduce the strong forward

- - i : L $ 2 T ) I )
peak in [t| due to the picn pcle at- |t =p . The exchange of other
mesons or meson resonances will also contribute, but the correspending

do /d| t| will become smalier and less peaked as the exchange particle

L

masses get larger, since the mess appears in the denominator of the
expressione

Knowing the spins ardparities of the resonances, the poie
approximztion 2.8 may be imoroved upon by including the sppropriate

soin factors, and the Born term model (ref. 12) approximates the
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invariant amplitude at each verte
exchanged particle; i.e. by the relevant coupling constant. For
exchangzin the reaction ab *cd, the Born terms are then of the general

Und
Ioxrnme =



where:- Ba_ﬂ_C and B by d are the vertex functions in the Born aproreximation
and M_- M are magnetic quantum numbers. -
& eod b :
Considering the implications of 2.10:-
(i) The dependence on the magnetic quantum numbers allows the
lecay distributions of the rescnances to be computed.
.(ii) The s indeperdence of T is predicteds Consequently the
differential‘cross-section shou}d decrease asg (Dla-b)-2 :-
Gg(syt) = _m ,T(-t),2
< 2 4T
4g's
2
= T l T(t) , (2.11)
(2m_ Dlab) 2 am
B
It should be noted that finite mass widths of rescnances are not
included in this treatment.

b) Vector meson exchange

In 7p collisions of the quasi two particle type, due o resirictions
on the exchange of quantum numbers betwesn the two vertices (see 3-1),
single pion exchange is allowed for Af or Ap production, but not foz
Aw or An channels, which even sc are about as peripheral as
7 ~exchange reactions. However for these latter two channels. even though
7 —exchange is not allowed, vector mescn exchange can occur, and it is
qguite possible that these peripheral reactiions are related to such vector
meson exchange pfocesses.

In the Born term model, the scattering amplitude is related to the
mass of the exchanged meson, and to the quantum numbers of the four
'particles lsz lved. Quite generslly, the number of independant
couplings for a given vertex is found.from helicity considerations,
and is given by the number cf independent helicity amplitudes.
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is possible to write the scattering amplitude T as a sum:-
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1
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S F Tt oeees (2,12)
] v . .

where:- T, 1is the one pion exchange amplitude

the cross-sections for inelastic reactions of fhe type ab +cd with
vector exchange tend to zero with increasing energy, and this energy
dependence problem is quite a serious difficulty with the Born term
model for Vector exchanges

c) A specific tésﬁ'of the Born_term model

As a specific test of_the Born term mndel ‘the detailed shape of the
peripgheral peak can be studied. In the pcle approximation (2.8), the
maximiy: always occurs at the beginning of the physical region (though
where ¢ and d are broad resonances, the dependence cf this starting
point on the particuler mass or the exchanged particle must be considerec,

since this mass can vary between relatively wide limits). However in

the maximum of the peripheral peak is moved
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'and in'many feactions b is of the_order 5(GeV/c)-2 o However, the pole
approximetion (2.9) gives a fletter d g/dt, except possibly for very
Csmall t .. The Born term model ‘fits even less well,.but instead ef being
' abaﬁdoned, the generel m-exchange metrix element (2.8)'is written in

"the form:-

T (ab +ed) =
" Born '
: 2 2 2
T (sbwcd) F(MaZ, M_25t) F42, M25t) (2.15)

7

where the F.'s are 'form factors' associated with the two vertices;
‘which give better agreement, (refs. 16,17, 18); |
é.3. Regge Pole; ! |
fhe_one particle exchange model, though reasonably successful, has

" a number of failufes; for instance its -enercgy dependence is entirely
governed by the Spin of the exchanged perticle (ieeo the particular | .,
t-channel partlal wave that 1s assumed to domlnate), and when s-+ o 4

' and the orbital angular -momentum & of the exchanged particle is greater
- _ than one, this leads to an infinite total cross-sectlon.
A-Regge'trajectofy correlates particles (i.e. bound stetes and

" resonances) of the same ihternal quantum numbers and of the same

- ;parityg but with spins that differ by uﬁits of two. Provided these

requiremeets are fulfilled, any number of particles may lie on the-

. same trajectory. Regge expanded the partial wave scattering amplitude,
which is an anai?tic function of energy, postuleting'that the radial
'Schrodlnger Equatlon should be able to be solved for arbitrary
,icomplex L values, providing Ref ¥ -5, A Regge pole is thus a pole

_ or the partlal wave amplitude in the complex % planey and as the

' energy varies, the pole moves w1th1n this plane. The high energy
qua51 two body reactlone,are then predlcted to be dominated by the

exchange of 'a few of these Regge trajectories (ref. 19,20).



Introduction

The tendency for the secondary particles from & quasi tTwo body
interaction to go in the forward-backward direction in the reaction
centre of mass can be observed by studying dg/&t and, as has aiready
been mentioned, experimentzlly this leads to an approximetely
exponen*ially:decreasing curve when it is plotted against It]. This
curve however sometimes deviates from an exponential behaviour aw

5
very low !t l, typically !tl <01 (Gey/c}é, in thet for some reactions
the curve che Jges the sign of its gradientg causing a dip et low

values of I |

It would not be unreasonzble to suppcse

behaviour might be curre1a

ed with

exchange particles

i}

§—

for each given reaction ‘channel and it is from this point of view
that the reaction channels are grouped~ in chapter four. In this
chzpter (section 3.1) the approach used for deciding which par rticies
can be exchanged is discussed and ithe ones relevant to the channels
reviewed are tabulzted.

The experimental observation of a dip in df/litl may not;
however, only arise from the inte actﬁon craracteristics. Sections
3.2 and 3.2 are concernad with purely experimental and kinemetic

ffects respectively thet could lead to such an eiffecto
3.1 OQuantum numbers_of_ the exchanged particle

;n this section the various reaction channels which are studied
in the next chapter are listed and their possible exchange pariicles
tabulated. ‘

To illustrate the method used to determine the pessible exchang

. + 0 . ;
particles, the reaction Tp> & 77 is considered. From congervation
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from the known guantum numbers of the particles, a, bs ¢ and d
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#niich correspond to ™ . p, A and T~ in this case), a2 pessikle

One meson exchange dizgram

two-body reaction ab-+ cd
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particle with the incoming ™ as scen in the rest system of
s 0 o rtesx .o
oulgeing - for the meson vertex is snrown in figure 7,
Figure 7 :- Meson vertex
- - o
o C Je
L
J = spin perity
L = relative orbitel angular momentum of

in an eigenstate of the G-operztor,
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Due to angular momentum conservation, the vectors L and Je must

_be added to give the zero spin of they®; therefore L'= J . From

- parity conservation:z-

PP .(-1)L'= P
m

= (-0)h= (1)
Therefore the exchanged partlcle must have natural parlty
" (ie P = (- 1) );[ P is unnatural if it equals (- l) ]

- ie Je e = 0+- 1 ’2 ’_3 0e00

(iv) Isoggih Isoepin conservation at the baryon vertex
demands that the isospin Ie of elmuet be coupled with the
nuclear isospin of % to give the AT isospin 3/2. This ts '

s possible if Ie eqda;s-either 1 or 2. Similarly for isospin

_conservatioh'at the meson vertexs I = 0, 1 or 2, which

e
obviously contains the baryon vertex condition.

If the tables of particle quantum: nunbers are scanned, the
'b-meson turns out to be the least massive candldate for exchangeo

It is possible to find that more than one particle can be
exchanged, and in this situation the more probable case may be
determlned by using Heisenberg's Uncertainty Pr1nc1p1e to relate
:fthe mass of the exchanged meson to -its possible range of influence.

.Accotding to the Principleé- \
AE At ~ /2

Hence 1f the meson- travels ‘with a veloc1ty close to that of light ¢,

a dlstance ry it will be travelling for a time c/re Thus equatlng

v
+
H

At ‘and (¢/z):~

AE~E o

. -‘:9." . 2
‘But AE'=mc® | o . m = exchanged meson mass
Thus:= ‘jrécﬁ-._].__
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it follows from this that the range of the nuclear force is inversely
proporticnal tote mass of the exchanged meson, so that the longer

range parts of the interaction will be due to the exchange of the lichier

studied and the pessible exchange perticles for these reactionss
Table 3:- List of the reactions studied and the vossilkle

Reaction Possible exchange pariicles
T p+''p Pomeron, 0
s T D
A, Pomeron, p

Lol
S T A
JAY e (] i 9 lo)

++_0
A F T s & &

og T g Wy Ay A
= ’ ? l’ s
+ 0

A w 0 s B

++ o

pB w oy ALy A,
: i £
- \ 1 3 - I 3 - )
Since elastic or diffraction channels do not involve quentum

number exchiange, to give them the same formel descripticn, the Pomercn

was proposed (ref. 20). This does not exist as such, but for its

1

exchange to occur the following relation must hold:-
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obtained from measurements of tracks in a bubble chambzsr,

correspond tc the passage of a charged particle through the fluid

ccnteined in the chamber; though the uncharged particles remain
uncetected unless they decay to produce charged particles. The

perticle, and the density of bubbles along

indication of the m ss of the perticle, though above 1.5 (ueV/c)

" property cannot always be utilised., If a treck is seen to sicp

from its range though again this is dependent on the mass of the particle.

hese tracks are.recorded for analysis by taking photographs of the

and then using these to reconstruct the original event. The actusl
seguence of the analysis procedures is shown in figure 8.
Figure 8:- Chart showing basic procedures used in the
analysis of an event.
Scanning =»  Measurement

, o s !

Regonstructicn

{Ceometric) j

Initially the ghotograph teken is proiected onto a screen an

d

he image scanned for events and trscks leading from these events.

ch



The tracks are then measured by noting the coordinates of several
pcints on the treck and alsc the range and bubble density of the
tracks These events are then reconstructed using a computer,
and those which do not fit are returned for re-scanning. Cnceihe
gecmetry of the events have been reconstructed they are then
analysed for particular reacticn channels by constraining the
measurementc to fitl the kinematical requiremcnts of conservation
of eénergy end momentunle
33 Physical and analyticsl considerations

The question arises as to whether ihe dips at low t are of a
physical nature or are produced by the techniques used in the
analysis of the film and resulting data

Since in:some channels (eg 7+p-+_++ﬁo see graphs 31 to 59)
there is a varistion in the shape of the d U/Et versus T curvey
at low t, from one greph to another it would seem likely that the
curve shape may be affected not only by statisticel fluctuations

also by the actuel analysis technigues used from one laboratory
to ancther, If the experimental analysis is producing the dip,
it could be due to:-
(i) loss of events on the scanning table
(ii) loss of events due to selection techni gues used in the
obtaining of rescnances.
these cases there is a distinction to be drzwn between the two

and four prong final states (those in which two and four charced
particles are produced respectively). The former could be genuinely
missed, particularly for low four-momentum transfers (sce figure 9)
since the incident and final particle tracks could appear to be one

and the same noticeably wher the second track coming from ths vertex
a ; -
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is short. For four prong interacticns the dip could be produced by

Figure 9:=- 2 DTCHg interaction involving 2 low t trensfer.

oo .

S

~

missing a very short track and interpreting the event zs a three

pronged one. Though these three orengsd events are not allcowed by

=

cherge conservation, nevertheless, soms are cbtained but are likely

Hh
j=

to be misidentified four prong eventis. Obviously if one track is
so short that it.cannct be seen easgily, i

particle with the short track had 2 very small four womentum transfer

to ity and since the number of interactions within a given t range
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interaction hes occurred, and in four or more pronged interacticns

analysis., Since the azimuthal angle distribution with respect to the
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and for all values of four momentum transfer fo
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the t-transfer

its constituent particles. The following calcuiation was thus used
in order to determine the maximum and minimum values of the secondary

h

f four momentum

H

o]

proton momentum in the laberatory -given values o

transfer from the target proton to the delta, and hence from these
momenta it can be determined whether the proton is visgikle cn the

t

[0

in S

m showing the breesk up of

-~

- . \ . .
centre of mass to a proton(secondaryjand pion.
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Since p. = p, s On squering the above equetion and m
P; ! !

subject, this yieldss=

Now trancforming to the laboratory system using the cenventional

1
Y= ey
2\5
(1- 87)°
B = momentu § ‘T'*'/-n'-\'f'."{-'da'!-!-a
M= momantum oi delta/ener GV oT (S

3

L
1

The maximum momentum of the proton in the laboratory is given by

»
-

o~



and its minimum momentum bys-

) iy \
0 = ’ - - Y% B
Poin = Y| Py (8 /

Similarly the maximum and minimum momenta of the pion in the lzboratory

are given by the same relationships, with the energy of the pion
inserted in place of that of the proton.

The results of this calculation are shown in figure 12, It cen
be seen frcm this graph that the minimum value of the t-transfer from

the proton tc the delta in order for the secondary proton to be seen

: () - et/ AY £ KN
sécondary protons would have a range <3mn ( <100 Me\/c) for t

rl'

ransfers below C. OJ(Ce%/c o
Now considering events in which a proton is cne of the two

= I
I vate P

rticles, 2s obposed

(\1

inal
shows the laboratory momentum of the secondary proton, and its range
resulting from a given

directly the definition of t (see section 1.4) putting 8 = 07 to

lax
1l
—
J
H
1
g

and the results are shown in figure 13(ile
o . Y e . - A '1‘-.-/'-.'20 )
This greph shows that a velue of |t |= 0.007 (GeV/c)” is obtained
for a proton momentum of 85 ¥MeV/c ~ at which momentum the track is
1 mmme long. Sche ih most reactions which involve a proton in the
\ J PR [} 33 1 ! : | ] N .1. \f/ 4
intermediate state the dip starts to occur at [ d 2 0.04 to 0.C6 (GeV/c)
(which correspcnds to a.secondary proton momentum of 200 to 250 NeV/c

track length of 3 to 10 cmg)s it seems extremely unlikely thate
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Another possible cause of the dip at low t is that the masses of
the secondary particles have a large width, though in the case of particles
such as the proton this will obviously not apply. Thls effect can be
compensated for by caiculatin§ the minimum value of t-transfer that can

\ .
occur for a given résonance mass, thus:=-

Since t=m 24 m 24 2p_ p_ cos B% - 2E .E
a c Ta’'c. a ¢

_ a maximum and minimum value of t can be determined,

. i.eo when cos 6" = + 1. This gives:-
- , 2 1o 2 2 _ _2l2_ 2
.t ) &2 +p2- md2 -m 2l TF E® + m_ my ] m, ].

min'[- 2; ¢ ' 2E

o)~

I

max

2 2y _ g2 2 2
[HE My ) (md My ) ]
. o
. The results of this calculation for the channels considered are shown

. ! ]
in figures 14 to 25. Now since t is mass dependent, its minimum value

tmin_will vary from qne interaction to another, within a particuler

reaction channel, dependiné on the particular mass of the resonance

in question. Hence the graph ef dq/dt versus t will not eontain a

unique resonance mess for a given value of ;, but rather a unique

mass is spread over a range of t. .It fellows then epat at low values

of t, when t' (t being defined to be t-t ) is nearly zero, for

- some masses and at zero for the remainder, there will be no conurlbutlon

"to the dlstrlbutlon from the larger masses and higher momenta since

.Ethere w1ll be 1nsuff1c1ent energy to allow them to occur. Therefore

' )

3 dlp will occur in graphs of difdt versus to -
However if t' is used 1nstead of t in these graphs this dip

should be lost if it is.the resonance width which_is the cause. Though

to a certain extent this loss of the:dip does occur, it 1is still

noticeable in some of the interactions studiede,
. /
/

e
C S
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Introdugtion

i~

ined from variocus experiments

1))

In this chapter the graphs obt

4.

‘for dy/dt versus t, and do,/dt'versus ' ow

be compared; taking

.

each particular reaction in turn, though the channels with the same
lowest mass exchange particles will be grcuped together for compariscn.

Wrere there are a number of experiments dealing with one channel, the

results are displayed in the text in the form of summary ¢raphse but

all the original data is collected together in Appendix 1Il.
Appendix III shows that for all the chanrels, the differential

cross—secticn falis sharply with increasing t (or t'). Of special
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A final section summarises the conclusions. ‘he approach: is entirely
empirical and the conclusions are based on the experimentzl daia alione
with no coﬁsiéeration given to t
scme of which predict decreasing cross-sections at low values of t.
Coilins (ref. 22, which are based on a review of theoratical Tits to
a much wider selection of interaction channels.

4,1, Channels in which Pomercn exchange can occur:

The dominant channel in this category is T p elastic scatisring,

)

he tates can also ccour via

(4]

iong to the pA. and g4, final

1
|_l n

rans

O
[
ct
ﬂ-
(2

the same exchange. The graphs corresponding to these channels are

shown in figures 26 and 27,

T_p *_ T p channel. -

In this, the elastic channel, t +n 1s identically zero, and hence
min

there is no distinction between t and ©'. The results for this channel
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”'are based on very high statistics ana as can be seen from figure 26 there
-"is very good agreemenf from one experiment to another in that no dip
.appears at low t, and d(,/ﬁt'seems to tend to the saﬁe value as t tends
to zero, these results being obtained for incident pion momenta in the
range ‘3.63 to 8.0 GeV/c; The difficulties of detecting and measuring
the ldw- momentum préfons asséciated with small values of t, discu§sed
in égction 3.4 do not appear to distort the behaviour of do /dt in this

channel, since a correction for the effect can be easily applieds

ﬂfp -> pAi and-pA3 channels.

Both these channels are studied in only one experiment, at an
incident pion momentum of 8 GeV/c. Figure2? shows the t' distribution
of botﬂ chanﬁels, using a narrow bin widfh, and in neither case is thére
evidence ¢ a significant dip. Figure 27a shows the-elastic channel with
the same t bin widths and a comparison of figuresZ?ia and27b_shows that
~.for these Pomeron exchange channels, the graphs have similar gradientg,
_but the differential cross-sections at t' = O are very different.
| It would appear then that there is no evidence of a dip.at low t
in either the ﬂ+p -+ pA1 or pA3 ;hannelo
4,2 Channels in which m-exchange can ocayi.

Of'the channels studied in.which the lightest exchange particle
is the T and the initial state contains a proton and n+, final states
'containing A++p°, A++:f°, Pb +'and pg+, aré obtained, the first two
involying change exchange. - |
'ﬁ+g > K+échanneln ' |

:In-this'channel, generally speaking a dip-occurs in the do/dt ; !
;ersué t distributions for small values of t, but not in those where
i' is used inétead of t (see figure28).
| Considering firgt_the t distriﬁutions; all ihe curves have the

same'basib shape, though the higher the momentum of the incident pion,
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(corresponding to incident picn mementa of 2.95, 3.2, 3.3, 3.75 ang
4,08 GeV/c), 12 {4 GeV/¢), 245 GeV/c), 14 (8 GeV/c) ard 15 (11,7 GeV/c)

istically significant turnover near t = O. Sraph 11

cl-

all have 3 stat

(4 Gev ¢) possibly starts to wura over, though the poinis only carry
o a - 0/ 2 .. N - . . ;
on cown to t = 0.075 (CeV c)<s which is not a@s low as the other greaphs
obtained for this channel, Graph 10 starts turning over at % = O.15
v/c )2 % s e s S
(Gev c)®, whereas Lnin fOT the corresponding incident pion memantun is
Jailll

these momantz are O. O’ cm and 20 cn.

aole 4 summerises the basic characteristics of these graphs;

I
T

Table 4 A" "o channel t graph summary
Graph no. Incident pion tmiﬁ Posn._dio starts 5
' B wed 2
mopantum GeV/e ~= to_occur t {(GeV/c)
| = P _—
L 23 93-> 4006 - Oo _I.D

2 4.0 0.06 Ocl
3 4.0 0.06 G.06
043 0,04 0.04

5 ' 8.0 0.025 . 0.08
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' L. :Low momenta are.qsed_in.this gréph{mand sot .
" .can havé large values (see figure 16).
"Hence it would be expected that the graph turns |
_over as it does.
2. A large t bin width is used and hence a dip
‘would not be noticed.
3.. The position the dip starts to occur corrgsponds' o
- to a minimum:and maximum biqton path 1engthqof_
".O.8cm and 22cm respectively, méaning that it is
likely that the particles will be seen, i.e. a’
significant dip.
However on examination of the f'graphs (figure 28b) none display
_-a dipo-"
It would appéar then that, léoking Et the position the graphs
" “turn over and the position of t ine the turnoVer-in‘fhe t_graphs
- in this particular reaction is due.to the width of the resonance
' masses, and not to a physical mechanism connected with low t transferse
‘:The possible non;visibility of brotons-associated:with low t transfe;;
could be reasonably subposed to bé unimportant.

+ .
T_p > AHﬁodwmwl

In this channel; the t distributions (figure 29a) give strong
;evidence for the occurrence of a dipe However the corresponding t'
gréphs (figure.29b) do not show a dips. - The grabhs_are based on
g éxperiments at incident pion momenta of 395 GeV{c tg.8_GeV/c2 and fo;
.tﬂegé valLes, tmih is large and corrgsponds tp_thé_value at which th?

dib'occurs in the t graphs. A further experiment at 13.1 GeV/c also
' ' ' ' .
shows no evidence of a dip in the t graph. .-
Since icmin_is_'so large for this channel; there will be no problems

, concerning_thé visibility of low momentum protong,-énd so it would appear
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'then that in this channel there is no evidence for a dip at low t,a_'
other than that associated with the resonance widthss

iy +
T p* Pp channel

Considering thé t graphs, which are based on incident pion
"momenta of 4 GeV/c and 8 GeV/c, and are summarised.in figure 30a, the
. graphs of the 4,0 GeV/c data do not show a statistically significant
dip, while those at 8.0 GeV/c do, ‘the dip occurmring at t = 0.06 (GeV/c)2.
.Since.tmin. is. so small relative to the position the dip occursy it mogld
._be-expectga that the t' graphs (5 GeV/c and 8 GeV/c) (figure 30b)
 would aiso show the dié and indeed a aip éccurs in all but one of theme
Sincé,tﬁe dip corrésponds to a éroton track length of 3mm, or less, it -
seems possible that it may be caused by difficulties associated with
short proton traﬁks and is not due to some physiéal effecto

B The t graph (figure3l) for an incident pion momentum of 8 GeV/c

~ .shows a dip éparfing at t =0.1 (Ge%/b)2, for which t transfer the
prbtoq tradks are long enough to be seen. However, this dip.occurs
near tmin’ and.since the corresponding t' graph hés no dip it indicates
that-the:e is no dip of physical.origin in this channely though the
expérimental evidence is not strong enough to be certain since it is
:based.on only one experiment.

Channels in-which p-exchange can occur
Of the channels studied in which the lightest exchange particle is

) 4030

. . + .
the p and the‘initial state contains a proton and T , final states

20 and pA2+ are obtained, the first {

three.involving charge exchange.

L ++
containing A++w°, A++ﬂ°, AA

{

n+p + A w® channel

| In this channel the t graphs (2.92 GeV/c to 8 GeV/c) which are shown
in figure 3% and the t' graphs (2.92 GeV/c to 8 GeV/c), which are shown
. -
' _/’

/

34
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20, in many caseés show a pronounced, stetistically sicnifican

dip. This dip occurs in all the t graphs except those at 4.0 GeV/c

(graoh 41) and appears in the t° graphs as the incident pion momenta

't above 5.0 GeV/c (graphs 48, 49, 22,
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eV/c)* for ail the graphs in which
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. ~ L} 3 - I
ince the dip appears at © * 0.2

© occursy which represents @ minimum secondary proton track length

s

Is

of 4 cm, it.would seem likely that the turnover is caused. by some

physical mechanism of the interaction.

depencence for the effect since it is clear from figure 32b, that below

[#)

» 46, 47) there is not much evidence of a dip. The

5 GeV/c (craphs 4

t® curves do not appear to drop to & constant vaiue of do/dt? at t* = O

in this channel akbove 5 GeV/c which cannot be accounted for either by
the width of the resonance nor by’ the visibility of the sacondary protons

ithe results for this channel are based on incident pion momantisa

of 3.54 GeV/c to 13.1 GeV/c for the t graphs (figure 33a) and 5 and

8 GeV/c for the t' graphs (ficure 33k, GCenerally the t graphs exhibit

a dip but the evidence from the t° graphs is not so stronge
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13,
is well above 't s but more signi

of 3mme. , which is about the minimum track length tc be measured on the

scenning table. Of the five graphs with some evidence for dips it should
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min
it would be expected that the t' graphs would be azlmest exactly the

same as the t graphs, and this is in

The t° graphs (figure34} obtained for this chznnel is based on
an experiment at 8 GeV/c, and does nct show e statisticeilyv sicnificant
3 AL ol . ~ e S N2 _,_-
dips At this energy t . ~0.15 (GeV/c)” so the secondary protons have

S / ;~ (1) =g ) H / O — 1 13, : 1 [
8 GeV/c for the t' graphs (fige 3b). Both t graphs have the same

T . VAN : o
general shape above t ¥ 0.05 (GeV/c)” but the one at 8 GeV/c, which

hes a point below this value of t shows a significant dip. However

2 U 1)

this point is near t_. , and neither of the twe t° grephe show 2

'i::."c
It would appear then thaet this channel does not show z dip.
Visikility considerations are not important in this channel at the
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nnel is bzsed on experiments at incident pion mcmenta of

A= . - ; b oAb, + ——— fpoe - U
2,95 GeV/c to 8 GeV/c.n For both the t graphs (figure 36a) a curicus

ry .
~ . 2 = e : - o
to 0:.45 (GﬂV/c) « Fecr an incident piocn morentum oif 4 GEM/M, the

esonance since it occurs at a

3

is partly due to thé width of the delia

ue of t which is below t for all but the highest mementum concerned,
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However considering the t' graphs (figure 36b), 21l the curves
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dipping

proton tracks, nor by the effect of the rssonance widtns, and so

The ooints on neithar graph indicate a dip. There is not likely %o be
a problem with short range tracks for t transfers in the region of T ..
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(0

may arise from the handling and fitting of short proton tracks
resulting from low t-fransfsrs and the total statistics avallsble
in any one channel are limited.
v T L L
(1i) There is nc evidence to suggest a2 dip in the 7 Py DA, s
. ++o G0+ kL ,
2%3 s, ANpT, AT, DG, Ph, and pB final states.
B - 0
(11i) There is a statistically significant dip in the pp , A 7
++. o
and A AT, final states but this cen be at least partielly - accountad
1
- s R ! A . . ' .
for in each case. GCollins {ref 22 ) suggests that in the pp shannal
there should be a dip. In the A 'f° channel, which is the cnly

other channel common to this survey

there should be a <spike at low t
(iv) In the A77w® and 270 ¢

dip occurs, these channels having ex

and his article, he suggests
hannels, a statistically significant
changa particles o and B, and ﬂo

respectivelv. Bgth the v and n have 1lsospin T = 0, and at the meson
vertex charge exdhange has occurred.

0f the other finsl states which involve pand charge exchange,

++ 0o -+ o

nemely A A2 A", both these channels have a dip which can at
least partially be accountad for. The other p exchengs channel which
leads to the pAO' fimal state does not involve charge exchange and
does not show a dipe

Ne channels are considered other then the A' 'n~ one, which
have as their lightest exchange pariicle the A,.
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Quantum numbars and conservation laws

3

[o)]

esides the classical conservation laws which gover

momentum and angular momentym, in nuclear physics others become
apparent also, and these control the number of baryons and lepntons

allowed in any given state, There are also more conservaiion laws

-.

which govern the strong interaction.

(i) Isospin (I)

charge independence in proton-proton and proton-neutro

(ie the cbservation that the interaction cross-ssctions depend

the orbital angular momentum and spins and not the charga) ind
that the inter-nucieon forces are sgual, the proton and neutro
being the charged states of a basic particle called the

thereforel = 4, and I; = £ % The charge Q of the nucleon

given

(@8]

O
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o o P R . cps
on a function, it changes each of .the position variables to its

) .

eigenfunction +1 for the parity operator is said to be a2 function
of even parity and an ewg;nva1uc -1 of ¢dd paritv. In strong

L 2 G A UL ORI ~ I, = = 3 .
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and this forms the basis for the definition of G thus:-
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he scattering amplitude T, introducad in chapter two, can be
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of tne particlies is involved, this type of symmetry of the scatitering

amplitude is called the 'crossing symmetry's
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