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T. INTRODUCTION

1. General

These lectures are intended to review what we know of diffractive pro-
cesses--to sumarize the available date and what it teaches us about the struc-
ture of the proton and the dynamics of high energy scattering.

Despite the large volume of data presented in these notes, there are
some toplcs which I know (and probably many more that I em not so aware of),
that have not been discussed--I apologize for the omissions.

Finally, I list a set of review papersl_zo that I have found invalu-
able in preparing my lectures--I recommend them to you for further gtudy.

Diffraction is an importent phenomenon in high energy physics, account-
ing for ~ 30% of the total cross-section. Our motivations for studying these
processes range through the following viewpoints:

. That the diffractive processes are not the most fundsmental or inter-
esting processes in themselves, but that they cover up,* or conceal,
the remaining two-thirds of the cross-section which is accounted for
by & variety of processes which exhibit a great deal of exciting
structure, and from which one is going to learn about the dynamics of
two body scattering, particle production and perhaps, the internal
structure of the nucleon. In other words, one has to understand the
one before proceeding to the other;

. That diffraction is simply related to geometry, optics and absorption,
and also represents the single largest cross-section we deal with in
particle physics--therefore we should try to understand it before moving
on to the more complex, smeller cross-sectlon processes;

. or perhaps we feel that because diffraction is basically the reflection
of all the absorptive processes, that through its study we might find
other insights into the regularities of the inelastic scattering, or

into the structure of the proton itself;

1‘Apologies to R.M.N., Rodino, Ervin et al.

Whatever our motivation, we are going to spend the next four lectures

thinking sbout these diffractive processes.

2. Models
Diffraction scattering can be discussed in terms of two pictures--
the t-channel or the s-channel pictures. In the t-channel, or exchange picture
the scattering is thought to proceed through the exchange of a singularity
called the Pomeron. The language of this picture is that of Regge exchange
models, and we will discuss below the properties of the Pomeron trajectory
and how we use this picture to learn more of the Pomeron. The s-channel
plcture or direct channel, is seen in geometric or optical terms--here diffrac-
tion is generated by the absorption due to the competition among the many in-
elastic channels. The target proton is talked of in terms of an absorbing disc
of & given size and with a given opacity, and sometimes with some edge structure.
The experience has been that both the s-, and t-channel points of view
seem to be important for the description of the various systematic features of
elastic and inelastic amplitudes. In general, the t-channel picture has been
more successful in explaining the energy dependencé of hadronic amplitudes,
while the s-channel picture has been very useful in understanding the structure
of amplitudes as a function of momentum transfer. In discussing the Pomeron,

or the diffractive mechanism, we will be using both points of view.

A. 'the t-channel view

In Regge theory the scattering amplitude is given by
~imot)

oft)
w(a0) = () gL - (),

where 1 = + 1 for even or odd signature trajectories, and where the trajec-

tory of the exchange system is



a(t) = oy + a'-t . - the behaviour of the trajectory for t < 0, as seen in the shrinkage

of the differential cross-section, is quite different from other

In general, the physical interpretation of this amplitude is that the
trajectories. The Pomeron trajectory is observed to have a rather

crossed chamnel Regge pole represents the collective amplitude due to single
flat t-dependence, with

exchanges of all the particles that lie on the trajectory.
Within this model, the energy dependence of the cross-section is con~ ap(t) =1+a't and o< a'<o0.3,

trolled by the trajectory properties of the exchanged particle--
while most Regge trajectories for meson exchanges behave like

o(s) « scz(o)-l

aR(t) = 0.5 + 1.0t i.e. a''~ 1.0 .

Also the behaviour of the differential cross-section is given by

the Pomeron behaves in scattering processes as though it carried
dg (s,t) = SEa(t)—E
at ’ the quantum numbers of the vacuum, whereas it behaves with respect to
the energy dependence of cross-sections, as though it carries spin 1.
So, studies of the s-, and t-dependence of the cross-sections of

diffractive processes will teach us about the Pomeron trajectory. In all of these properties the Pomeron is quite different from the other
The assumption that the asymptotic behaviour of total cross-sections known Regge trajectories. Further, we have no idea about the physical origin
would be a constant required that the leading trejectory have o0} =1 =and of this singularity.
T =+ 1.
2l . . .
In fact Khuri has shown that in any unitary theory satisfying the two B. The s-channel view
conditions~-- The geometrical model describes scattering in terms of the size and
. that an exclusive cross-section for producing n particles does not opacity of the object from which scattering.

outgrow the total elastic cross-section by a power of the energy,

do 2
. that the multiplicity of secondaries must grow slower than & power at WIF(S’t)l
of the energy where
1 2 ig'b
then o{0) = 1. The data from high energy interactions suggest that these F(s,t) = Trf dbe £(e,b)
R ; and
conditions are easily fulfilled. q = .J__t

. . X R in tem .
The Pomeron has quite an unusual role in particle physics, in tha b = impact paremeter

. no other pole has a trajectory with a0) = 1.0;
and f(s,b) is the partial wave amplitude corresponding to angular nomentum

° there 1s no known particle to be associated with this trajectory--
£ ~ bk.

i.e. unusual behaviour of the trajectory in t > O region



In the eikonal form,

£(s,b) =% - (218(s,b);

vhere 8(8,b) = GR(s,b) + iEI(s,b).
For diffraction scattering, we assume the scattering is due to the

absorption of the incoming wave caused by the many open inelastic channels.

For this case BR ~ 0.

-25_(s,b)
Tn £(s,b) =%(1 -e T

)

If we define Q(b) = EBI as the opaqueness of the target, we have

o = b fm (1 - e-n(b>)b ab

0
0y = 2m [ (1 - U2y 4y
9, = 27 f (1~ e’gﬂ(b))b ab .

The differential cross-section is a measure of the size of the scatter-
ing object, and of its opacity. The determination of &(b) sallows a mapping
of the blackness, and size, of the scatterer.

The transformation from t-space to impact parameter space is given by

(for given s),

F(t) ~ }o b db Jo(b JI)-f(b)
0

For a peripheral collision, the t-dependence is then a JO Bessel
function giving a pesk at small t; & central collision will result in either

a Jl Bessel function, or an exponential, t-dependence depending on how
sharp the edge is in f£(b). Various examples are given in Fig. 1. It is in-
teresting to see how deformations of f£(b) from a gaussian distribution in

b affect the distribution of f(t) and hence the elastic differential cross-

section. If one adds some large partial wave contributions to f(b), they

result in sn increase of the slope of F(t) near t = 0. (See Fig. 2.) If
one absorbs out some low partial waves from £(b), then this produces large
t structure in the exponential F(t), producing a dip followed by a secondary
maximm. (Again see Fig. 2.)

Tt is therefore of interest to study the s-, and t-dependence of the
diffractive cross-sections to determine f£(s,b) or &(s,b), within the direct

channel picture and through them learn of the proton's structure.

¢. s-channel unitarity and the overlap function

One can extend these simple geometrical ideas by formally applying the
1des that diffraction scattering is the shadow of absorption, which in turn
is due to the many open inelastic chamnels.

One may write (following Van Hove22 and others),

¥*

LT

T in in,f.Tin,i

T Z T
= . +
In 1,f “el,i

i o1 ©

where the T's represent the initial and final states in inelastic (in) and
elastic scattering (el). This may be illustrated as shown in Fig. 3. Usually
the two terms on the left~hand side sbove are written as Gel + Gin’ the elastic
and inelastic overlap functions.

So we see that the imaginary part of the elastic amplitude is built up
by two parts--the shadow of the inelastic channels and the elastic scattering
itself. The strong lesson from these studies is that not only are the magni-
tudes of the inelastic amplitudes important in making up Gin’ but also the
thases of all the open channels.

It is interesting to transform this relationship into impact parameter

gpace--there the s-channel unitarity relastion becomes

Tm a(s,b) = Ia(s,b)|2 + ain(s,'b)



where a. is the inelastic overlap function. Notice that this equation
connects the inelastic and total overlap functions at the same impact parameterf
This makes the impact parsmeter representation very convenient to study uni-

tarity effects.

For a purely imaginary high energy amplitude we have the above relation

rewritten
atot(s’b) = ael(s,b) + ain(s,b)
and
& = %e1
therefore
1
Biot T3 -V - uain] )

The relationship of the various overlap functions, as a function of the
inelasticity are shown in Fig. 4. Notice that [0 < 8y < 1/47.

Here we see the rapid variation of the elastic amplitude with inelas-
ticity; for full absorption, &, = 1/4 and Uel/ctot = 1/2. But as the
scatterer becomes just slightly less than black, the elastic contributions fall
quickly and ael/otot falls rapidly from 1/2. For &~ 75%, the ratio is
about 25%.

S0, once more, for small inelasticity the imaginary part of the elastic
amplitude is given by the inelastic contribution--as the inelastic cross-section
grows, the elastic part increases.

This picture of the impact structure of high energy collisions is very
useful, and we will return to it in trying to interpret the structure of the
proton from high energy proton-proton scattering and diffraction inelastic

scattering.

3. The Data
Now, having discussed the viewpoints from which we may analyze the
diffraction scattering, let us consider the processes that we may study.
. A+B-oA+3B
Flastic scattering, and through the optical theorem, the total cross-
section, allows study of the Pomeron, or the absorption profile. These
data are reviewed in Chapter IT.
. A+ B —aA* + B
A + B*.
Tnelastic exclusive diffraction scattering. This process was discussed
by Good and Walker23 in apalogy to optical diffraction by an opaque
disc. They predicted that such processes would occur, that they would
proceed coherently in nuclei, and that the scattering properties would
ve very similar to those of elastic reaction. This data is reviewed
in Chapters III and IV.
A+B-oA+X
- X + B.
Leading particle inclusive scattering. This process becomes of con-
siderable interest at high energies. These data are reviewed in

Chapters VI and VII.

4. The Rules

Unfortunately beyond the two pictures discussed above, we have no good
theoretical description of the dynamics of diffractive processes, or no basic
understanding of what the Pomeron singularity is--we rather have a set of
phenomenological rules which allow us to identify what we mean by diffraction--

These rules are listed below.12

--energy independent cross sections (to factors of log s)

--sharp forward peak in do/at

--particle cross sections equal to antiparticle cross sections

o)
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--factorization

--mainly imaginary amplitude

--exchange processes characterized by the quantum numbers of the vacuum
in the t-chamnel (i.e. I =0, C = +1). Also, the change in parity
in the scattering process follows the natural spin-parity series
(-l)J or Py = Pi-(—l)AJ, vhere AJ 1is spin change.

—-the spin structure in the scattering is s-channel helicity con-

serving (SCHC).

These rules and how well the diffractive processes obey them, are

discussed in Chapter V.

II. TOTAL CROSS-SECTIONS AND THE ETASTIC SCATTERING REACTION

1. Total Cross-Sections

The most classical of particle experiments is the measurenent of the
total cross-section. Interest in these measurements stems from the insight
into the behaviour of the elastic scattering amplitude obtained through the
optical theorem:

cT(s) « Im £ (s, t =0)

1

where fel is the forward spin-averaged elastic scattering amplitude. The

linear relationship between Ip and Im fel allows a study of the different
contributions to the elastic amplitude and their separate energy dependence,
without the difficulty of unscrambling the information from expressions involvin
the absolute squares of amplitudes, as determined in studies of the elastic
scattering reaction itself.

From the optical theorem, the s-dependence of O is fixed when the
behaviour of the elastic scattering amplitude is defined. This is usually
done through Regge pole fits, since this theory has done a fair job of describin
two-body peripheral processes. In these fits two components are postulated--
an energy independent term due to the exchange of the Pomeron, with
trajectory oft) =1,
an energy dependent term due to the exchange of p, ®, T, A2 trajec-

tories, which are usually assumed to have the same form--
1
== +
oft) 5t

This formalism leads to the simple parametrization--

|

5, (AB) = a(aB) + B(aB) P2

il

aT(AB) a(AB) + b(AB) p_l/2



The terms a(AB), b(AB) represent the two terms described above, and
P 1is the laboratory momentum of the particles.gh

The Pomeranchuck theorem which states that at infinite energy, particle
cross-sections will be equal to antiparticle cross-sections, is taken care of
in this model with a(AB) = a(iB).

The data up to 30 GeV (i.e. in pre-Serpukov days) for all hadron and
photon cross-sectlons were well fit by this description--that 1s, the data
fell on straight lines when plotted against p-l/e, and particle and anti-
particle data converged to & common asymptotic limit (or at least everything
was consistent with such a picture).

Representative fits are shown in Figé. 5 and 6, and the parameters
for these fits given in Table 1.25

Data from the Serpukov accelerator, extending these measurements up
to 65 GeV/c dispelled this simple picture of the elastic amplitude. Data for
ﬂ;p, Kip, pip total cross-sections are shown in Fig. 7, and may be sumarized
as follows--

. ﬂip, K_p, K—n, pp, pn total cross-sections seem to have reached a

plateau with little or no energy dependence;

. Pp, Pn total cross~sections are decreasing;
+ +
. K p, K n total cross~sections are increasing with energy through

the region {20-60) GeV/c;
. the difference between particle and antiparticle cross-sections,
Ao = o{xp) - o(xp) is decremsing with emergy, and fits Ac « Ap °,

The values of the exponent for w, K, p are given in Table II.26

This date indicated that probably at just slightly higher energies,
the Okun-Pomeranchuck theorem (which states that the cross-sections for
particles belonging to the same isospin multiplet should become equal asymp-
totically), and the Pomeranchuck theorem would be satisfied.

Other measurements became available around this time, which generally
confirmed the above trends.

7 with

a) The Ap and An total cross sections were measured at CERN2
a wire chamber spectrometer set up to study KO decays. The results

are shown in Fig: 8, together with the cross-section for Z-p
measured at 19 GeV/c in the hyperon beem at CERN.E8
The edditive quark model gives relationships between AN, pN, KN,

7N cross sections-~

op(8p) = o,(pp) + 0(K'n) - UT(v+p)

which seem to be reasonably satisfied (see Fig. 8).

b) The total cross-section for yp and yn have been measured up to
30 GeV at Serpukov {extending the 0ld SLAC, DESY and DARESBURY measure-
ments).29 The data is shown in Fig. 9. The s-dependence of these data

is fit to

-1/e

A + Bp

a{rp)
(97.% + 1.9) + (55 + 5)T0 5712 & (12 + 2.5)7" L2

'}

+
The photon data up through 30 GeV behave very much like the w7 N

cross-sections (only 1/200 smaller).




when the ISR--the proton-proton storage rings at CERN--started doing
experiments, there were almost immediately rumors of large p-p absorption cross-
sections. Last year these preliminary reports settled down, and the picture of
the élastic amplitude has again been shattered--the 7pp total cross-section
rises ~ lmb through the ISR energy region {~ 200 - 1500 GeV/c equivalent
momentum range). It is no& clear that statements on UT becoming constant
must be modified--it may become constant asymptotically or it may not. The
simple picture in which there are Jjust two contributions--an energy independent
one, due to Pomeron exchange, and a decreasing contribution as energy incresses
due to Regge exchange, is not a good model. It 1s now clear that the region
which gave credibility to the idea of constant asymptotic eross-section is
actually only & local minimum, where the s-dependence of the various contri-
vutions cancel. Whether eventually p does approagh a constant (this time
from below), or continues to rise indefinitely, remains for some experimenters
of the future. (See Fig. 10.)

Let us now review these exciting new measurements in more detail. The
data (when finally the ISR was running reliably enough to make precision cross-
section measurements) came from two groups using two quite different methods--

30 They measure the forward scattering angular distribu-

1) CERN-Rome:
tion do/dt, with a scintillation counter telescope and extrapolate to find the
the forward cross-section, dc/dtlt:o‘ They also measure the real part of the
forward scattering amplitude in this energy range and find it small and essen-
tially negligible. From the optical theorem, they can then determine the total
cross-section

2 dg
- 167 —
UT v dt

t=0

This experiment normalizes their total cross-section measurement two
ways--(a) internally, by measuring the elastic scattering into small enough

angles to observe the Coulomb scattering, which can be absolutely calculated,

and (b) externally, by using the Van der Meer luminosity measurement of the
cireulating proton beams. Both methods agree well.

2) Pisa-Stony Brook.il They measure the reaction rate in pp collisions
with an almost L7 counter hodoscope. This experiment is normalized using two
external methods--the Van der Meer beam displacement measurement, and actual
measurement of the individual beam profiles by scattering in gas. Again, both
these methods of normalizing agree well. This group has made the highest energy
measurement, when the stored 25 GeV/c proton beams were accelerated in the stor-
age ring to 31.4 GeV/c in each beam.

The results of these experiments are shown in Fig. 11, and summarized in
Table III.

Good agreement is obtained between these two groups in the cross-section
rise. Tt is interesting to note that they depend quite differently on the lumi-

nosity measurement--

do 1
CERN-Rome g « == .=
T dt £=0 L

Pisa-Stony Brook UT « B&%g

So if there were systematic problems with the measurement of the ISR luminosity,
it would affect the total cross-sections of these two experiments in a markedly
different way. The agreement is evidence that they indeed do measure L re-
liebly.

A further interesting comment should be made on the independence of the
rise in oT(pp) on the luminosity measurement. It is clear from the above dis-
cussion that the ratio of the measured quantity in these two experiments is a
measure of the total cross-section, completely independently of measurements of L

do
dat

2
aT-L

T

T "%

Rate ] «
o,

t=0



If the proton beam phase space and luminosity does not vary around the
ring, then the data from the two groups taken simultaneously (a small fraction
of their total running) could be used to perform this check. It is interesting
that the results confirm the measured rise in oT(pp), but with poorer error
since one has to add the errors of the two measurements and only a small frac-
tion of the data satisfied conditions of simultaneous running, and well steered
beams. The cross-sections are given in Table IV.2

To summarize, the luminosity measurements seem to be well understood and
in good agreement, and the 4 mb rise in the pp total cross-section through the
ISR energy range, an established fact.

This rise in UT(pp) was also indicated in an analysis of very high
energy proton flux at an atmospheric depth of 550 gm/cm2 on a mountain top in
Bolivia, compared to the flux at the top of the atmosphere. This analysis (vy
Yodh, Pal and Trefil)52 indicated that the nucleon-nucleon cross-section in-
creased with energy significantly at laboratory energles about 500 GeV. The
lower bound for the energy dependence, from their analysis, agrees well with
the measured increase through the ISR--and is indicated in Fig. 12 by the
dashed line.

One amusing thought, while still considering this rising cross-section:
for many years we have been concerned about how fast the ip cross-section is
falling as the energy increased, and wondering vhen it would finally fall suffi-
ciently to reach the pp cross-section to fulfill the Pomeranchuck theorem.

Now the pp cross-section has risen so high that we now have the situation that
the ﬁp total cross-section will have to turn around and increase with energy
to catch up with the pp cross-section.

> R t +

Kycis”” will report on the new precision measurements for w7 N, K N,
piN at MAL at the Topical Conference.

The energy dependence of the UT(pp) have been shown to be compatible

with both a 1n s and ln2 s growth with energy.

2. Elastic Cross-Section

We first review the p-p scattering data through the ISR energy region,
and then follow other particle scattering up through Serpukov energles.

At the ISR the CERN-RomezJ1L and ACGHT}6 groups measured the elastic
scattering distribution (described in the next section), and by integration
obtain the elastic cross-section. This data, together with measurements from
the NAL bubble chamber536 is summerized in Fig. 13, end Table V. The elastic
cross-section increases by ~ 10% through the ISR region--the same fraction as Oq.

The 205 Gev/c NAL-LBL-Berkeley HBC TP experiment37 has measured the
7 p elastic cross-section as (3.03 * 0.3)mb. This result is plotted with other
W_p date in Fig. 1. Also shown are the energy dependencies for K-p and ﬁp
elastic scattering. The n-p date shows evidence of flattening out, similar
to the p-p data. (The extrapolated value of the 205 GeV/c cross-section if the
lower energy s-dependence had continued would have given 91 "~ 2.3 mb.)

New-measurements of the high energy elastic cross-section are summarized
in Table VI, and the fitted energy dependencies of the cross-sections given in
Table VII. (Remember that this slow falling of the cross-section eventually
flattens out as shown for wfp and pp in Figs. 13 and 1h--and that the 9.
at sufficiently high energy starts to rise with 0Oy, 88 shovn in Fig. 13 for pp.)

The new elastic scattering experiments at NAL will be reviewed by Ritson
at the Topical Conference.3

Before finishing our examination of the elastic scattering data, I
would like to consider two interesting ratios: a) (Uel/GT)’ end b)

[o(AB > AB)/o(AB - AB)].

a) In asymptotic geometrical models, where the proton is seen as a com-
pletely absorbing black disc of radius R, the ratio of the elastic to the total
cross-section is 0.5. However, for a gaussian distributed absorption, 100% at
R =0 the ratic is ~ 0.15-0.20, being 0.185 for R = 1f. The ratio is plotted
in Figs.1l5 and 16 for p-p eand wrp interactions, respectively. The rather

sparse data for other processes is given in Table VIII. Clearly, the ratio is

10



far from 0.5, and, moreover, for the nfp and p~p reactions (where there is
data at high energy), has reached a plateau value which is independent of
energy.

9 has proved (for quite general assumptions on the analyt-

b) Martin
icity of the elastic scattering amplitude) that one should expect the elastic
(diffractive) cross-section for particle processes to equal the antiparticle
elastic cross-section at asymptotic energles. This work has been generalized
to include inelastic quasi~two-body cross-sections too.uo Table IX sumarizes
some data on the ratios of particle to antiparticle elastic cross-sections.

It is surprising the extent to which the equality seems to be preserved, even

at energies where one knows that Regge exchange processes contribute substan-

tially, and therefore, the scattering cannot be all due to Pomeron exchange.

3. Elastic Differential Cross-Sections.

In this section we review the data on do/dt for elastic processes,
first the p-p scattering at ISR and NAL and then working down in energy, for

both baryon-baryon and baryon-meson scattering.

A. Baryon-baryon scattering

The forward angular distribution in pp elastic scattering is sharply
peaked, as expected in a diffractive process. However, recently, very accurate
measurements at the ISR have shown the presence of some interesting structure
around t ~ 0.15 GeVZ. (This possibility had been pointed out many years earlier
by Carrigan,hl who noted that at (10-30) GeV energies the value of the slope in
pp scattering differed experiment to experiment. He suggested the changes were
due to the different t ranges being studied. However, no sufficiently syste-
matic and accurate experiments had been done before the ISR studies brought the

feature to clear light.)

11

The small t-region (t < .15 GeV2) has been studied by CERN-RomeuQ and
ACGH‘I‘b'5 at the ISR, and by US-USSR grouphu at NAL. Lower energy measurements
are also available from Serpukov.

The large t-region of the forward scattering (.2 <t < .5 Gevz) has
been studied by the ACGHT group at ISR.“3 The same group has also measured
large t-scattering out to t values of ~ 5 GeVe.l‘5

We first consider the systematics of the forward region. The general
conclusion is that the region with t < .15 GeV2 has a steep slope (=~ 12 GeV_e)
which shrinks as energy increases. The region with (.2 <t < .5 Geve) has a
somevwhat flatter angular distribution (about 2 units smaller slope value), and
exhibits essentially no energy dependence.

Typical data is shown in Fig. 17, where (a) shows data from the highest
energy ISR studies of the ACGHT group--the two regions of the scattering dis-
tribution are clearly visible; (b) shows data from the US-USSR collaboration
at one of the energies in this NAL experiment--this experiment measures entirely
in the "small t-region' discussed above. Notice in the very forward direction
the observation of p-p Coulomb scattering.

There has been much discussion as to whether there really are two
distinct regions or whether the slope smoothly decreases as the scattering angle
increases. New data from CERN-Romehe at Vs = 5% GeV show that the slope is not
continuously changing through the "small +t region,” but that one value of the
slope parameter describes all of the data. If the cross-section within this

do do

"small t" interval is fit with =¢

~bt
Frl e ) ‘e , then for

0.01 < £ < 0.06 GeV>  they find b = 13.1 + 0.3 GeV '~

0.0 < t < 0.16 GeV2 they find b = 13.0 + 0.3 GeV_z

Further confirmation of this effect can be seen in Table X, where all of the

ISR forward slope measurements are gathered.3



The slope of the larger t region is also quite stable with t interval

used. The results of the fitting in this region are also given in Table X.3

The situation on the s-dependence of the slope prior to the NAL experi-
ment is shown in Fig. 18. The data were fit to an exponential in the two
ranges, t < 0.1 GeV2 and 0.15 < t < 0.5 GeV2, from 1 GeV/c beam momentum
through the ISR energy (~ 2000 GeV/c equivalent momentum). The Serpukov data
were lowered by &b ~ 0.4 GeV_E, which is within their quoted systematic error.
The data show b increasing with increasing energy, but the rate of change be-

coming relatively constant above 30 GeV/c. The data above 30 GeV/c were Tit to
b(s,t) = b (t) +20'(t) In & .
¢} 85

The fits are quite good and result in the following parameters

(lov t region): b (7.0 + 1.2), a' = (0.37 + 0.08)

(larger t region): b (9.2 + 0.94), a' = (0.10 + 0.06)

In other words, the cross-section is made up of a forward region which exhibits

substantial shrinkage, and a larger t region which is essentially constant in t.

The US-USSR grouphh at NAL have studied small t pp elastic scattering,
detecting the recoil proton from 'beam-hydrogen gas jet' collisions in an array
of solid state counters. A typical dc/dt was shown in Fig. 17. This group
found their data consistent with a logarithmic growth of the slope with energy,

and fitting their data above s ~ 100 GeV2 to

v(s) = bo +2a' 1n s

yielded
b, = 8.25 + 0.27 GevV ©
for t < 0.15 GeVE

a' = 0.278 + 0.02k Gev ?

The most complete analysis of all of the data is shown in Fig. 19
(from Amaldi '73), where the dashed line corresponds to the parameters

b= 8.32 Gev ™2

for t < 0.12 GeV2

@' = 0.275 + 0.02 Gev 2

The ACGHT grouph'5 have extended their studies of elastic pp scatter-
ing cut to larger momentum transfers by using a double arm wire chamber spectro-
meter with momentum analysis in both arms. This set-up provides enough discrim-
ination against the inelastic background that they can follow the cross~section
down seven orders of magnitude. The scattering distributions are shown in Fig.
20 for four energies at the ISR. The bresk in the pp scattering cross-section
for t ~ 1.2 GeV2 observed at lower energies now becomes a sharp dip, with a
secondary peak. The position of the dip, and the height of the secondary peak
are essentially independent of energy.

[At London, appesrently the CHVO group reported preliminary results on
a second generation study of large angle pp elastic scattering. This new
data is claimed to show the position of the dip moving in (i.e. to smaller t-
values) as the energy increased, and the height of the secondary maximum also
increasing.]

The break in the pp scattering distribution at low energies is shown
in Fig. 21 and again in Fig. 22 vhere the measured cross~section has been
divided by Gu(t), vhere G(t) is the electromagnetic form factor
G(t) = [(1 + t/ue)e]'l, and HE = 0.71 GeVE. (This is the optical model of
Chou~Yang, where the matter density is assumed to have the same distribution as
the charge density. The shape of this curve is shown in Fig. 21.) Not too much

energy dependence is apparent.

12



The ACGHT group report the t-value of the dip, as s function of energy:

Js (cev) tap (cev®)

ai
23.5 --
30.7 1.b5 + .1
kh g 1.38 + .ok
53.0 1.37 + .0k

The G(t)u description clearly does not fit the data, but the model
has been extended by Durand and Lipes (and others) to give a good representation
of the scattering of ISR energies. These fits will be discussed later.

The data on np elastic scattering shows very much the same structure
as the pp data discussed above. Two experiments--one at CERN studying
np »np up to 24 GeV/cl‘6 and the other at Serpukovh7 messuring up to 65 GeV/e
--are reviewed. The dg/dt of the CERN expeériment are presented in Fig. 23
and clearly show the development of the large t-dip. Figure 24 compares the
n-p scattering distribution with the data of Allaby et al. at 19.2 GeV/c--the
agreement is very good.

The shape of the angular distribution has been analyzed in terms of the
exponential slope, b, The results below 30 GeV/c are shown in Fig. 25, vhere
the p-p and n-p data have been fit for t < 0.3 GeVE. The higher energy
data has been obtained in a gas Jet target experiment at Serpukov, and measures
only the small t-region. The value of the slope for t < 0.05 GeV2, for np
scattering data between (10-65) GeV/c is given in Fig. 26, where it is compared
to the dashed line--which represents the fit to the small t pp data discussed
above. For both experiments the agreement between the np and p-p data is
good.

It is interesting to notice that the small t slope for np is 1-2
units in b larger than the slope measured for data with .07 <t < .3 GeVQ,

in keeping with the effect observed for pp scattering (i.e. 2 region in do/dat).
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As a Tinal comment on baryon-baryon scattering, the hyperon beam group
at BNL (the Yale-NAL group)u8 have studied the slope of T p and E-p elastic
scattering at 23.3% GeV/c, while setting up to study the X-decays. Figure 27
shows the two differential crogs-sections. The data are well represented by

go/at = ae”®%; witn

2

o
1]

7.99 + 0.22 GeV_
(0.07 < t < 0.21 GeV2)

= 8.97 + 0.26 Gev 2

o
|

The slope parameter for Ip 1is, not surprisingly, very similar to the
slope in p-p scattering at the seme energy. (The p-p data in Fig. 25 are

-2
taken over a similar t-range, and indicate a value of the slope ~ 8.8 GeV ~.)

B. Meson-baryon scattering

We now move on to consider meson-baryon scattering data.

Some recent data on T p elastic scattering is summarized in Table XI.
Three experiments, covering similar +t ranges analyzed the cross-section in
terms of dc/dt = Ae_bt, and the slope values are given in the top part of the
table. Weak evidence of shrinkage is observed. However, it is clear from the

>0 GeV/c that there is curvature in the

high statistics studies at :Lu,LL9 25, ko
cross-section, and that if one attempts to fit the data out to large %, a
quadratic term is required--see Figs. 28 and 29. The slope b from this
analysis is given in the bottom part of Table XI, and displayed in Fig. 30.
Very clear evidence of shrinkage is observed.

Figure 29 also shows the differential cross-section for K_p and 5P

elastic scattering at 25, 40O GeV/c from Serpukov.EO

The slope parameters are
summarized in Table XII.

The CERN-Serpukov groupso studied the shrinkage of the forward peak by
fitting all the available data for 10 < s < 70 GeVE, at t = 0.2 GeV2 with

the slope parametrized as



_ 1
b=by+20 lns .

They found quite small shrinkage for the ﬂrp, K_p scattering, and very sub-

stantial antishrinkage for pp.

a'(r ) = 0.18 + .0k

2

a'(x) at t ~ 0.2 GeV

0.19 + .0k
a'(p) =-0.5 + .05

However, they also observed s rather strong t-dependence to the shrinkage.

This effect is shown in Table XIITI where 2a' is listed as a function of the
t-value at which it was evaluated. The wrp and K-p scattering is seen to
have very substantial shrinkage for t < 0.1 GeV2 with a ~ (9.26—0.36) GeV-E,
while for t larger then 0.2 GeV2 the shrinkage is quite small with

@'~ 0.1 Gev 2,

This is very reminiscent of what we have learned of the pp system

above.
Another experiment commenting on the curvature of the differential
cross-section is reported by 10 Gev/c K-p CERN-HBC coll&boration.sl They report

a slope of 9.8 + 0.5 Gthg for the elastic X p peak for t < 0.1 GeVE, and
a slope of 7.1 + .2 GeV ° when .12 < t < .h GeVo.

A word of caution is in order here. The curvature of the differential
cross-section in processes like Wip, K_p and pp elastic scattering at low
(or even moderate) energies should not be taken as indicative of diffractive
behavior. It may be associated with the behavior of p-p scattering at the ISR
(and hence the "Pomeron"), but it may very well not--since we do have an alter-
native explanstion.

We know that there is substantial Regge exchange contribution to the

+ -
7 p, Kp elastic amplitudes in the (5-40) GeV/c range--if from nothing else,

- 0 - =0
the mp ->7n, Kp-»Kn cross-sections or from the energy dependence of the

difference in total cross-sections discussed in II.1 above. We belleve these
Regge components to be peripheral, and so contribute a term like JO(R'JTE) to
the differential cross-section. The diffractive contribution we believe is
central in impact parameter space, and behaves like an exponential, e_bt. There-
fore, the du/dt for these processes is the sum of the Bessel function and the
éxponential, which certainly shows curavture or may even lock like two exponen-
tials. (See Fig. 31.) A good example of such behaviour is shown in Fig. 32
where K+p and K—p elastic do/dt at 5 GeV/c is shown. The K+p process
is believed to be mainly diffractive (with very little Regge), while the K p
is believed to have quite substantial peripheral Regge amplitude in addition to
the diffractive contribution. The K-p cross-section is seen to start higher
than the K+p forward cross-section, fall faster and then oscillate about the
essentially exponential K+p dets. This is just the behavior one would expect
from the above model.

We should therefore be skeptical of assuming the dc/dt ‘behaviour of
the w;p, K-p is the same phenomenon observed in p-p. It will be interesting
to see the results of high statistics studies of K+p scattering in the (5-20)
GeV/c region, and the behaviour of all of these processes at NAL. If the NAL
experiments find the small t steepening of the cross section, and it proves
to be s-independent, then we will be forced to associate this behaviour with
that observed in pp scattering at ISR, and of course, with the Pomeron. It
will be especially interesting to see the results of the NAL K+p experiments
and the very high statistics K+p scattering at SLAC--here the Regge contribu-
tions are known to be small.

If the experimental evidence supports that indeed the small t steepen-
ing is due to the Pomeron, the same two component mechanism discussed above may
be at work (i.e. a JO(R-JTE) term adding to a central, e_bt, term)~-where now
the peripheral contribution may be associated with the Pomeron, an additional
piece coming from the grey ring around the edge of the proton. We discuss such

a mode152 for the Pomeron later.
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C. Meson-meson scattering

There is very little systematic data on -, K-m scattering in the
diffraction-dominated region, although there are several good experiments
studying the resonance region. The difficulties in these studies are 1) having
high energy so that the diffraction region is accessible in the meson-meson
scattering, 2)’the event rate is small since the meson cloud presents a low
luminosity target for the scattering, and 3) finding a reliable analysis tech-
nique to separate meson diffraction from resonance production at the other
vertex. Below we report briefly on some -, K-1 scattering data to give a

flavor of what is known.

Walker et al.Eu have studied
- + -
TpoTTR at 25 GeV/c
TP T TA for {5-25) GeV/c

The production angular distributions are shown in Fig. 35. They find the for-

ward peak is well fit to

do ~bt
—_—— e

at

o(r ) = 5.9 + 0.5b GeV'

b{m ) = 6.1  0.51 Gev 2

+ - - -
Te integrated data yields %JFV)~%ﬁvw)~L5m and the
. + - - - N 5 .
total cross-sections are UT(ﬂ'ﬂ') ~ UT(W 7 ) ~ 15 mb. (See Fig. 3 .) This
analysis compared all datask’55 to isolate the 3 isospin cross-section in -7
scattering and found (as expected for diffractive processes) that they were
all equal

0y~ 0y~ T = (15-20) mb .
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(Again, there is rumor from the London Conference that the Carnegie-
Mellon-BNL group presented an analysis of 8, 16 GeV/c nrp, K—p elastic scatter-
ing data and report a break in the dc/dt at t ~0.2 GeVE. 1 do not know if
the data demands a break or is merely consistent with curvature as in the data
discussed above.)

A sumary of the s-dependence of the slope for elastic scattering as
measured at t ~ 0.2 Gevg, is shown in Fig. 33. The slopes for particle and
for antiparticle scattering seem to become equal at high energies, with asymp-
totic slopes of ~ 8 GeV_2 for 7N, ~ 7.5 GeV-2 for KN and ~ 11 GEV—'2 for
NN. The ﬂrp and K-p data show almost no shrinkage {i.e. no s-dependence
of the slope), while the ip data shows considerable antishrinkage up through
the Serpukov energy region. The K+p and pp data show considerable shrink=-
age, while the n*p data also shows shrinkage, but much less. Ritson will
present the preliminary results on the NAL elastic scattering slopes at the
Topical Conference.38

Why do the wip angular distributions show so little energy dependence
compared to K+p and pp, if they are all diffraction dominated? This question
was answered in a very nice analysis by Davier,55 applying the Dual Absorption
Model to the combination of the v+p and ﬂfp that isolates isoscalar ex-
change, and assuming only the Pomeron and f-meson contribute to the exchange
amplitude. The Pomeron was parametrized as a central collision process while
the fo was given a Regge energy dependence and assumed to be peripheral.

The data were well fit with this composite smplitude and the resulting Pomeron
contribution showed substantial shrinkege, in good agreement with the K+p
data. Figure 34 shows the K+p slope as & function of energy as the shaded
vand, and the data points are the Pomeron contribution to the wip scatter-
ing from Davier's analysis. The agreement is good. It is interesting to see
that small admixtures of a non-diffractive amplitude may markedly change the
energy dependence of the gifferential cross-section, and, further, that the

+
Pomeron derived from this analysis agrees SO well with the classic "K'p Pomero



+
In addition, some data is available from 8 GeV/c W+p and 12 GeV/c Xp

experiments at LBL.56

The diffractive scattering is isolated by choosing small
t for the meson-scattering, selecting M(pnf) > 1400 MeV to remove the strong
pion exchange reaction, and requiring M(wm) or M(Km) to be greater then
1600 MeV to isolate the diffractive scattering from the "s-channel” resonance

formation processes.

2
For t < 0.3 GeV  they find

2

blmr) = b.1b + .22 Gev™

b(km) = b.10 + .25 Gev 2

D. Cross-over phenomenon

The differential cross-section for the elastic scattering reaction
ip —aip is known to have a steeper slope and a larger forward intercept than
the reaction Xp — Xp. This leads to the well-known cross-over effect in which
the differential cross-sections cross at a t-value of ~ 0.2 GeVe. The differ-
ence in these cross-sections is due to the imaginary part of the non-flip odd
C amplitude in the t-channel. This phenomenon is understood in terms of
the Dual Absorption Model in which the K+p and pp reactions {being exotic
in the s-channel) have dominant contribution from the Pomeron, while wip,
Kp and Pp all have a mixture of Pomeron and Regge terms. The KN and NN
data show clear cross-overs (since the Regge contribution appears only in one
term), while the w#p differential cross-sections have very similar slopes and
magnitudes, since both terms (Regge and Pomeron) contribute to both cross-sections.

57

A beautiful experiment at Argonne has studied these phenomena in the
(3-6) GeV/c region--the data is displayed in Figs. 37-40 and summarized in
Table XIV. The cross-over in particle antiparticle cross-section were found

to be quite energy independent

Tt =01k + .03 Gev®

=

.
ot
[}

0.19 + .006 Geve

P:t, =0.16 + .00k GeV”

At SILAC a high statistics wire chamber experiment58 is in progress
studying Kip scattering at 6, 10, 1k GeV/c, and ﬂ#p and ptp scattering
at 10 GeV/c. A preliminary measurement was performed at 13 GeV/c for Kip
(see Pig. 41), and indicated t, = 0.21 + .03 GeVe. Final results on the
SLAC systematic study should be available shortly. (Representative cross-
sections are shown in Fig. L2.)

The s-independence of tc indicates that the effective radius of the
peripheral amplitude (the odd C Regge exchange term) is constant and not ex-

panding as the energy increases.

E. BReal parts of forward scattering amplitude

Typical differential cross-sections are shown in Figs. 43 and Wb

59 respectively.

for the NAL experiment and the CERN-Rome ISR epxeriment,éo
This quantity is becoming very interesting, given the observation of
rising total cross-sections. Dispersion relations provide a connection between
the behavior of the ratio of the real to imaginary parts of the forward scatter-
ing amplitude, p, and the energy dependence of the pp and ip total cross-
sections. This integral relation is such that p measured at energy E is
sensitive to the behavior of UT(pp) and UT(ﬁp) for energies larger than E.
Khuri and Kinoshita6l have shown that total cross-sections, rising

indefinitely as a power of the logarithm of the energy, imply p approaching

zero from above. The argument goes as follows;

An amplitude that corresponds to UT « (1n s)V at high energies

"
is F+(s) = i[Y+|s {10g 5)Y .
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However, this amplitude does not satisfy the requirements of analyticity and
crossing in the complex energy plane. Such an amplitude can, instead, be

written as

.
F(s) = i|r+|s (log & - i 7§r)v

Lt v+ w+ + v-1*
~ilr e (log s) rETs (log s)

Thus

ReF+{sj m 1
o= =+F -

To F+(s) log s

The derivation is for the sum of the pp and f)p amplitudes (i.e. the even
signature smplitude), but for no pathological behaviour of f>p it may be
assumed to apply to the pp data alcone.
Then, for the total cross-section approach a constant from above, the
p goes to zero from below, but for a rising cross-section, the p must be
positive (and if the d(dT)/ds stops, p approaches zero from above).
Therefore, one may use careful measurements of p to try to gain in-

sight on the s-dependence of o, &t still higher energies. How sensitive is

T
it? Bertels and Diddens62 have investigated this sensitivity by calculating

p(s) for U‘l’ becoming constant at various energies. The results are shown

in Fig. 45.. Clearly, precision measurements through the ISR region would allow

useful limits to be placed on the high energy behavior of GT(PP)'
The measurements for pp are shown in Fig. 46 up through H00 Gev/c,59

N
while new data on the real part for np scattering at Serpukov 7

is shown in
Fig. 47. It is interesting to see the agreement between this data and the p-p
data discussed above.

Finally, Fig. 48 shows the real part measured in Tr_p scattering

through Serpukov energies.631 Tt will be interesting to see what is measured

+
at NAL, both in terms of the UT(TT'p) and their real parts.

F. Some theoretical comments

I. Asymptotic Bounds
At asymptotic energies, the bound of Lugunov and Van Hieu (Topical

Conference on H.E. Collisions, Vol. II, p. 74, 1968) may be written

U2
T
g, > —
~ 2
el (ln s)
but we know
%1 = %1
. (04
Then, if op = (1n 8)7,
for a=1, constant < 6, < In s
and O =2 g . o« ln2 s
’ el
. 2, =bt
Further, if do/dt = ap'e 5 then
02
b=
%e1
and
for a=1, lneszbzlns
2
and O = 2, bxln s

One interesting point of these bounds is that if the 9 ever satural
the Froissart bound and increases like ln2 s, then the energy dependence of

b must change from the present 1In s Dbehaviour.

1. PFits to High Energy p-p Scattering

There are two main types of models for the Pomeron in pp elastic
scattering:
(8.) the two component models typical of the work of Cheng-Walker-Wu,

8,9,10

6
Kane, Barger-Geer-Phillips, E Allcock_—Cottingham-Michael,66 which are

summarized in Fig. 49.



The main contribution to the Pomeron is from the central collisions
giving rise to the exponential,(or eat Jl(IiJ:;b, t-dependence arising from
absorption from a disc of radius of about 0.6 f. The eat modifier accounts
for the smoothing of the edge of the disc. The dip at + ~ 1.4 GeVe is
the diffraction zero from the disc.

In addition to this central piece there is a peripheral contribution
from the edge of the proton. Constructive interference between these two terms
produces the upward curvature in dc/dt for small t.

There are differences in the details of the models, but the essential
two components are as described.

Allcock et al.66 make the point that the edge component may be due to
21 exchange. Their calculation indicates that in shape and in magnitude the
27 exchange term fits the extra high partial wave tail that is the character-
istic of the second component.

Henyey et al.lo describe this component as due to dissociation of the
incoming particle; Cheng—Walker-Wu6u ascribe Diffraction Dissoclation to the
ring component.

(b) The pole and cut models, typical of the work of Durand—Lipes,67
Chou-Y&ng,68 Frautschi—Margolis,69 ete. These models are described in Fig. 50.
The dip at large t is generated by the destructive interference of a structure-
less pole term, with a cut of opposite sign.

The small t structure has to be explained by introducing modifications
to the pole term (e.g. the 27 contribution discussed in the above models
could be used to modify the pole term).

A typical fit to the scattering data at the ISR is shown In Fig. 51.

The height of the secondary maximum is related to the total cross-section used
in the optical model calculation (40 mb in this case), so a more realistic Ty

would allow for better fit in this t range.

b. Summary
. GT(pp) increases for (200-1500) GeV/c by (10 + 2)%,

)4,

i+

1+

cel(pp) increases for (200-1500) GeV/c by (12
p~ 0 for 300 GeV/c

slope, b, increases for (200-1500) GeV/c by (11 + 3)%
oinel(pp) increases for (200-1500) GeV/c by (10 + 2)%.

This data is consistent with an optical model picture of a gray absorb-
ing disc of constant opacity, (Uel/oT flat), and with the radius increasing
with energy.

Since, in this picture O b, Uel’ O el 2T€ all proportional to R2
--the radius of the proton--then R should have increased by ~ 5%. If we
interpret the deep dip in pp scattering as a diffraction minimum, then this is
a measure of the radius of the scatterer: the dip should move in t-value--it
seems that it probably does.

If.one looks at the rate of change of R with energy--the UT, b are
consistent with (ln s) growth in R2, while the diffraction minimum seems
consistent with moving to smaller t-values like Nin s~-again things make a
consistent picture.

If one looks more carefully, this picture requires more fine structure.
The small 1t p-p scattering implies that the proton has an outer edge or
"ring," and that this is expanding quite rapidly with energy, ~1n s. The large
t scattering gives us information on the "core™ of the proton, which even at
ISR energies is not black but ~ 92¢% of its unitary wvalue, and quite constant
with energy.

. The real part crossing zero and going positive for momentum ~ 300 GeV/c
is consistent with the measured rise in Op up through 2000 GeV/c. Careful

measurements of the real part in pp scattering up through 2000 GeV/c would

give useful constraints on the behaviour of aT(pp) up to (10h - 105) GeV.
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+ ~ 'The elastic scattering data shows that diffractive scattering is sharply

praked and well perametrized as as(do/dt) ~ 8¢ for small t. Good indica-

- +
/// tions for steepening of the do/dt as a function of t are observed for 7 p

and K—p in the {5-40) GeV/c energy region, which is parametrized as two expo-
nentials or one exponential with quadratic t dependence. A straightforward
explanation for the steepening of dc/dt for these processes is found in a peri-
pheral Regge exchange contribution to the t-channel amplitude., However, similar
behaviour is observed in p-p scattering at 2000 GeV/c where Regge is not expected
to play a great role. This may imply a peripheral piece to the Pomeron.

The slope parameter, b, is steeper in ip scattering than for Xp
scattering. This fact, together with the observed eqpality of the integrated
cross-sections (i.e. Uel(ip) = Uel(Xp)), implies a cross-over of the differ-
ential cross-sections. This cross-over phenomena has been studied for p <
15 GeV/c and no s-dependence found. It will be interesting to follow these
studies at NAL.

The slopes of the scattering distribution are observed to change with
energy--the K+p and pp systems exhibiting strong shrinkage, the ﬂ;p and
K—p slopes being essentially flat, and the ip scattering showing an anti-
shrinkage behaviour. 'This shrinkage phenomena observed in K+p and pp scatter-
ing, is normally understood as being due to the slope of the Pomeron trajectory--
the effect is masked by Regge effects in the other elastic reactions.

. Pomeranchuck theorem predicts asymptotically UT(AB) = UT(EB), while
Martin has shown that cel(AB) should equal cel(EB), and the slope, b(AB)=b(AB).
The data is consistent with these predictions; the differences in

particle and antiparticle total cross-section are falling like 8'0-5, while
elastic cross-sections are equal even at low energy. The slopes of the differ-
ential cross-section seem consistent with an asymptotic common value for particle

and antiparticle scattering.
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IIT. PHOTOPRODUCTION OF VECTOR MESONS

In this section we review data on the photoproduction of vector mesons,
(p, w, 0).19 Within the spirit of the Vector Dominance Model, (VDM), these pro-
cesses should be more properly considered with the elastic scattering reactions
(see Fig. 52), than considered together with the other exclusive inelastic
diffraction processes. The early experimental results on rho production with
polarized photons strongly supported that picture.7o (See Fig. 5% where the
p — 27 decay distributions show that the p has fully taken over the polari~-

zation of the photon, and that no longitudinal p decays are observed.) We

shall summerize the data on cross-sections and angular distributions.

1. (Cross-Sections

The cross-section for 7Tp »;pop is shown in Fig. Sk, for photon energies
between (1-15) GeV/c. The cross-section falls rapidly as the energy increases
up to ~ 5 GeV, above which it has a rather slow energy dependence. For compari-
son the energy dependence of the 3N elastic cross-section is shown; it exhibits
an s-dependence very similar to ¥p - pp.

The o photoproduction cross-section is shown in Fig. 55 from threshold
to § GeV. Again one sees a very rapid fall-off of the cross-section at low
energies, flattening out around 5 GeV. The SLAC-Berkeley-Tufts experimentYl
using a polarized photon beam (obtained by backscattering a laser beam on the
primary SLAC electron beam) is able to separate the cross-section into the
natural parity and unnatural parity t-channel contributions at 2.8, 4.7 and
9.3 GeV.f The unnatural parity cross-section falls very rapidly, in good
agreement with the one-pilon exchange model, and is essentiaslly zerc by 9 GeV.

The natural parity exchange cross-section, which one would hope to be diffrac-
tion dominated, falls off like the p photoproduction data shown above, and
hence like the 7N elastic data.

fFor natural parity exchange the pions from p decay, emerge preferentially

in the plane of the photon polarization, while for unnatural parity exchange
they emerge perpendicular to it.



The ¢ photoproduction cross-section is plotted in Fig. 56, The
energy dependence for this process is either flat or rising very slowly--

however, it is a small cross-section reaction and not very well measured.

2. Differential Cross-Sections

The differential cross-section for yp —>pop is shown in Figs. 57
and 58, for two representative experiments. In Fig. 57, the do/dt is dis-
played for a hydrogen bubble chamber experiment at 9.3 (353V,7:L while Fig. 58
T2

shows the cross-section from (9-16) GeV from & wire spark chamber experiment.

The differential cross-section have been fit to the form

dog _do ~bt

= — - e

at 4t £=0

and the resulting slopes plotted as a function of photon energy, in Fig. 59

1
9 of all the yp -apop data that could be

(from an analysis by Moffeit
analyzed in a standard way). Note the different t-ranges used in obtaining
these slopes--especially remembering what we learned of the t-dependent
shrinkage behaviour in elastic scattering in Chapter II. Figure 60 shows
do/at (from the SBT bubble chamber, and from the SIAC wire chamber) for the
small t 7region, where the two experiments overlap--the agreement is good.
However, the slopes obtained from the two experiments are different by ~ 2.5
units when the full t-range of the HBC data is used-~perhaps an indication of
the same steepening of the du/dt slope as t TDecomes smaller, that we
observed for =N scattering in the (5-40) Gev/c energy region. The slopes
show very little energy variation (et most 1 - 1/2 units for 3-16 GeV), and
are consistent with the s-dependence of the average of the W;p elastic

scattering slopes in the region 0.1 < + < .k GeVe, shown as a dashed line in

Fig. 59.

We might ask again, why a diffractive process should show so little

shrinkage. Chadwick et al.75 have performed an analysis on the energy depen-
53

dence of the slope for Yp = pop, similar to that of Davier described in the

oN elastic section in Chapter II. They assume a central Pomeron and a peri-
pheral fo-meson exchange dominate the reaction, 2 1a Devier, and hence uncover
shrinkage in the Pomeron contribution to 1p —apop, which behaves just like

the "K+p Pomeron” and the "Davier 7N Pomeron." Their fits to the data, and
the results of the Pomeron and fo slopes as a function of emergy are shown

in Fig. 61.

Te o differential cross-sections, from the S-B-T collaboration,7
are given in Fig. 62. The slope of the cross-section is reported as ~ 7 GeV_2
and quite Independent of energy. (An analysis of the natural parity contri-
bution results in the same conclusion, but with somewhat larger errors.)

The study of the thotoproduction of the ¢ meson has been an interest-~
ing area. Since the ¢ meson decouples from other mesons we do not expect
any strong t-channel amplitudes other than the Pomeron. Thus, the study of ¢
photoproduction should be an ideal laboratory to learn of the Pomeron's prop-
erties--much better in principle than the study of K+p or pp where the
Pomeron dominance depends on cancellations of Regge amplitudes through exchange
degeneracy.

The ¢ is observed to be strongly produced ccherently from complex
nuclear targets, and the t-channel amplitude in YD — %p is essentially purely
natural parity (from asymmetry studies with polarized photons). These observa-
tions support the Pomeron exchange dominance hypothesis.

The data on the differential ciross-section is rather sparse and quite
inconclusive as to whether there is any shrinkage of the forward slope, never
mind any quantitative measure of how much it shrinks! Figure 63 shows the
S-B-T bubble chamber data for (2.8 + L.7) GeV and 9.3 GeV, respectively, and
compared to neighboring energy data from other groups, there is clearly very

little energy dependence at large t, and unfortunately, essentially no data
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in the small t region, where we have seen from elastic scattering the strong-
est s-dependence may be expected. Figure 64 shows another summary of the data
on do/at (yp — ¢p), displaying new data from a Bonn group measuring at 2 GeV.

12,1
19 o the slopes from these experiments is given in Fig. 65.

A summary

A recent SIAC experiment75 measures the s-dependence of the ¢ cross-
section at a fixed t = 0.6 GeVE. Their data, together with the 2 GeV Bonn
point76 are shovn in Fig. 66. Clearly the data support the "no shrinkage" con~
clusion, and more quantitatively, when fit to a slope with the usual energy
dependence

b=bo+2a‘ in s

find a' = 0.1k + 0.09 GeV-E. This is in strong contrast to the strong energy
dependence found in p-p scattering at the same energies--see Fig. 67.

It is interesting to note that the analysis of nfp and K—p elastic
scattering repoyted in Chapter II and summarized in Table XIT1I, gave a% =
0.0k + 0.03 GeVC and 011% = 0.00 + 0.0k Gev™2  for t-values around 0.4 Geve.
Further, at high energies the pp scattering distributions for approximately
the same t-values show no energy dependence. The fits to the ISR p-p scatter-
ing data in this t range yield a' = 0.10 * 0.06. These results are remark-
ably in agreement with-the ¢ photoproduction data. This prompts the question
of whether the s-dependence observed in p-p scattering in the (5-20) GeV/c
region (see Fig. 67) is due to Regge, or other non-diffractive effects and
that the bare Pomeron properties are seen in the very high energy scattering.
Then 7 — ¢ may indeed be exhibiting Pomeron iike behaviour at low energies,
as expected.

An interesting explanation of the lack of shrinkage is offered in the
two component model of the Pomeron described by Kane. He introduces a central
contribution (the conventional Pomeron) and an additional peripheral piece
which accounts for the small t shrinkage observed in high energy P-p scatter-

ing. These two contributions would then lead to the picture shown in Fig. &8.
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The central contribution has a slow (or zero) energy dependence while the peri-
pheral contribution shrinks quite rapidly (like 1n s). The peripheral contri-
bution behaves in t-space like a Bessel function and has its first zero around
t ~ 0.2 GeVg. As s increases there is a region in t around ~ 0.5 GeVE where
the peripheral contributions cross for different s values, and which there-
fore displays no {or very weak) energy dependence. This model allows an explana-
tion of the small t shrinkage, and the lack of it in the large (~ 0.4-0.8
GeVE) region.

Tt would be nice to have some good data at small 1%, to see if the

¥ — ¢ cross-section does indeed shrink for small t.



IV. DIFFRACTION DISSOCIATION (EXCLUSIVE INELASTIC DIFFRACTION)

1. Introduction

By Diffraction Dissociation we mean the non-elastic processes in which
either the incident particle or the target particle is excited to a low mass
system. These excitations seems to be strongest near to quasi-two-body thres-
holds and it is far from clear whether they are due to resonant behavior or to
some kinematic effect which enhances the scattering cross-section. There is
a growing amount of evidence that at least the dominant effect is due +to kine-
matices. For the moment we will not try to answer the question of whether
these inelastic processes are kinematic in origin or are caused by resonance
production, but merely observe that production of "the A region" by 7's,
or the Q region" by K's, or "excited N " by N's are well defined,
clearly indentifiable reactions characterized by natural parity exchange in
the t-channel and dominated by a single well defined spin—parit& state in the
meson decay system. The cross-sections for these processes are slowly varying
in energy, and the differvential cross-sections are sharply forward peaked.
The general trends of these data are very similar to the elastic scattering

and photoproduction of vector meson processes reviewed in Chapters II and III.

2. Baryons

A. N - Ny Dissociation

We first examine the process N -» Ny, from studies of

N - 7l (1.1)

NN - NNor (1v.2)

The cross-section for reaction (IV.1) is shown in Fig. 69. The data are con-

-1.6
sistent with a fall-off of p t , which is typical of meson exchange processes.

A CERN bubble chamber collabora.tion77 studied the charge related reactlions

+ + 0
TP =T PT
+ +

T TN

at &, 5, 8, and 16 GeV/c, and were able to isolate the isospin of the (NW)

system. The cross-sections for the separate isospin states are shown in Fig.
-.6 .

70, where the I = 1/2 cross-section falls slowly like p while the

1.6

I-= 3/2 part falls like meson exchange, p- The mass spectra for the
separate I-spin states are shown in Fig. 71, for the 8 and 16 GeV/c data.
The I = 3/2 plots show strong production of A, and the relative cross-
section at the two energies reflects the steep energy dependence of this
amplitude. The I = 1/2 mass spectrum shows a smooth low mass enhancenent,
extending from below 1300 MeV to about 1700 MeV, but exhibiting no structure
at the masses of known nuclear isobars. The cross-section for this low mass
bump changes very little between 8 and 16 GeV/c (at 16 GeV/e it is ~ 1/2
of the miN cross-section).

The same group77 studied both ﬂfp - N and ﬂrp - N at 16 GeV/c
and were able to isolate the isospin exchanged in the scattering process (i.e.
find It)' The various matrix elements are shown in Fig. 72--vhere all
moments are seen to be small except the Mi/2 and Mé/e (i.e. isovector

production of the I = 3/2 7N system, and isoscalar exchange leading to the

I = 1/2 7N system).
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A similar analysis has been performed in the reaction (Iv.2) vy
another bubble chamber collaboration (Bonn-Hamburg-Munich),78 working at 12
and 24 GeV/c. The two cross-sections are shown in Fig. 7%, and the Mé{i and
Mi/z mass spectra are shown in Fig. 7h and 75 respectively. The same features
of smooth, energy independent, low mass enhancement for the diffraction process,
and the fast falling A production for the exchange process.

This feature of low mass enhancement is confirmed in studies of

n —)pnf; Fig. 76 shows the results of an experiment using a deuteron beam at

25 GeV/c to study "stripped" neutron interactions in a hydrogen bubble chamber,7LL
especially the reaction--

np —;pwrp at 2.5 GeV/c;
Fig. 77 shows the pﬂ: mass plot for the reaction

+ -
K'a 5K'pr () st 12 cev /e

e differential cross-section for n —9pﬂr in this latter experiment
is shown in Fig. 78 for three mass euts. The cross-section has a very steep
slope for the lowest masses, flattening out as the wass of (pﬂr) increases.

The values of the slopes found are :--

1.1 < M(pm) < 1.3, b =1k GevE
1.3 < M(pr) < 1.5, b= 8 GV
-2

1.5 < M{pm) < 1.7 , b= 3.5 GeV

Similiar behaviour is observed in the other studies. This variation of
the slope of the differential cross-section with the mass of the produced
system is displayed in Fig. 79 (for the "deuteron stripping” experiment79)
and summarized in Table XV (from the Bonn-Hamburg-Munich experiment78).
One sees for the diffractive charmel (or rather, the It =0, Ipﬂ,: 1/2 channel),
that the slope at threshold is very high (~ 2 x elastic slope, b ~ 15 GeV—E),

and falls very fast with increasing mass up to ME ~ 2 Gevz, at which point the
slope is ~ 4-5 G‘reV-2 and remains rather constant for further increases in mass.
The It = 3/2 slopes are not very dependent on mAass, and both It = 1/2,

5/2 slopes do not change much with energy.

Fig. 80 shows the mass plot of (pr ) system produced by a high energy
neutron beam from the AGS (mean momentum ~ 23 GeV/c) on complex nuclear
targets.8l The same smooth low mass enhancement is observed, produced with a
characteristically coherent differential cross-section from the various nuclear
targets.

The decay angular distribution of the pw- system has been studied in
each of these experiments. Typical results are shown in Fig. 81, where the
Jackson angular distribution is shown for various t and M cuts. The data
indicate that for small mass and small 1%, the angular distributions are rather
isotropic, but as mass or t increase, the distributions become more complex,
reflecting an increasing complexity of the spin structure in the (pﬂf) system.

As one selects larger t, the mass distributions bvegin to reflect the
presence of the well-known isobars-—DlB(IEEO), F15(1688)——and the angular dis-
tributions may be well explained in terms of the known angular momentum of
the expected resonances. However, the increased complexity in the small ¢
data does not accompany any clear mass structure--the mass distributions remain
smooth, just moving to larger mean masses as the t-cut is increased.

To summarize the data on N - Nm:

. a large cross-sectlon for producing 1 = 1/2 (NT) state is observed,
. the process involves I =0 exchange,

. has a very slow energy dependence of the cross-section,

. has a very steep da/dt for low masses; the slope decreases as ‘the

mass increases,

- no resonance structure is observed for the small t, steep dU/dt,
low mass component; as one looks at larger and larger t's, the expected
resonances are observed,

this low mass process is observed to proceed coherently on nucledii.



B. N - Ner_ dissociation

Another strong diffractive channel for nucleons is observed to be
N - (Ngw). Typical mass plots are shown in Figs. 82 and 83, where a large
low mass enhancement is seen, with some structure at ~ 1450 MeV and 1700 MeV.
These are associated with the production of resonances, but only represent a
fraction of the total low mass system.

The cross-section for the production of this Nmr system is observed
to be almost flat as & function of energy, falling like p—o'h.

The differential cross-section is strongly peaked, and displays the
same feature discussed above in Nm--i.e. as the mass of the (Nmw) system
increases from threshold the dU/dt become flatter. This is summarized in
Table XVI. It is interesting to note that the (Nwm) and (Nw) slopes seem
to agree well, for a given mass of the baryon system. These studies also show
that if the mass spectrum is examined for larger t values (e.g. t > 0.1 GeVE),
the resonance signals become much clearer (just as discussed above for the
N7 system).

Finally, there is strong evidence for the coherent production of this
low mass (Nmr) system. We will be hearing more of this in Gobbi's talk82 at

the Conference.

In sumary, the N - Nm, Nmmr reactions display the same properties.

C. DNucleon dissociation at high energies

Having reviewed the data on diffraction dissociation of the nucleon
at (5-30) GeV/c energies, let us look at a few results from NAL. Several

experiments have found evidence for the reaction
¥*
pp - PN

: * y
at high energies, where N refers to the phenomena we have been discussing

above.

First, the NAL US~USSR collaboration83 using the solid state detectors
to identify the recoll proton from 'beam-hydrogen gas jet' collisions to study
elastic scattering, have also measured the missing mass spectrum. This belongs
more properly in the chapter on Inclusive Diffraction, but it is interesting
to refer to it here, since it measures in the low mass region and ties on
nicely to what we have been discussing with respect to do/dt, and s-dependence
of the cross-sections. (We will discuss this experiment again in the inclu~-
sive section, to review some recent results on dp —» dX at 100-400 GeV/c.)

The missing mass spectrum is shown in Fig. 84, The resolution in
missing mass is dominated by the angular resolution of the detectors and is
typically + 100 MeV in the resonance region, The four histograms are the MM
distributions measured by four different counters placed at different angles
(near 90°) to the incident proton beam, for an incident beam momentum of 200
GeV/c. Data were taken at 175, 200 and 400 GeV/c. The arrows mark the
positions of known isobars which could be diffractively excited N(lHSO),
n{1560), N(1688), ... A prelimirary analysis of the data indicate the cross
section in the resonance region is independent of energy. In particular, the
cross-section in the 1400 MeV region exhibits a very steep t dependence,
e-lst, and that the NAL cross-section is the same to within 20% as that measured
at 20 GeV/c.

Further, the ﬂ'_p8LL and pp85 bubble chamber experiments at 205 GeV/c

have both studied the exclusive four body reactions--
- - + -
TP TTTP
+ -
Pp - PT T P
+ -
and have isolated fairly clean samples. The mass distribution of the (prm )
system is shown in Figs. 85 and 86 for these two processes, and clearly shows
the low mass enhancement, with some evidence of N(1450) and N(1700) structure.

The proton experiment also shows the strong A& component of this low mass

region, just as is observed at low energies.

2k
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Figure 87 shows the topological cross-section for inelastic 2 prong
reactions, from pp interactions from (12-300) GeV/c. The cross-section is
falling with increasing energy. Also shown as a shaded band, is the estimate

of the diffractive)component in the two prong topology from model fits to the

high energy multiplicity distributions and topological cross-sections (Miettinen,86

Harari87). The isospin analysis from the Bonn-Hamburg-Munich group provides
the cross-section for the (It = 0, I{Mr) = 1/2) process up through 2k GevV/e,
at which point the 2-body diffractive cross-section is about equal to the pre-
dicted total 2 prong cross-section. However, if the N - N cross-section
keeps falling like p_o's——which it does up to 2L GeV/c——then would predict

~ 0.9 mb at 200 GeB/c, or about half the total topological limit.

{Another rumor from London-SFM group studied pp -—ap"n'n'+ at JS = 53 GeV,
and see cross-section falling off like p_o'5 up to 1500 GeV/c. They also see
many of the same features discussed in this section for N — Ny diffraction-~--

. slow o variation (mentioned already),
. sharp do/dt, being very steep for small mass, and flattening out as

M(nw*) increases,

. cos egn > O--smooth structureless low mass bump, where GJ is the

Jackson polar angle,

T
cos 6? < O--begin to see resonance structure in the mass plot.)

D. Hyperon dissociation

Before leaving the baryon system, we report the observation of a thres-
hold enhancement in the reaction

S+ 7 AT +Z

at 24.6 GeV/c from the NAL-Yale hyperon beam group at BNL.88 The mass spectrum

for the A7  system is shown in Fig. 88--it is interesting to see the same
smooth, structureless, low-mass enhancement in this process as we have been

discussing for nucleon diffraction.

n
\n

%, Meson Dissociation

A. Cross-sections

TFor meson diffraction dissociation we have two basic processes to be
studied

W - (3TN (Iv.3)
KN — (Kmrm)N (Iv.4)

The cross-section for reaction (IV.3) 1s displayed in Fig. 89 from
2 GeV/c up through 205 GeV/c. The energy dependence of this data is very
mild above 5 GeV/c, with a distinct flattening off at high energy. The high
energy data is dominated by the N — (Nmr) diffraction discussed above in
Chapter IV.2 and the meson dissociation 1w - 3m. Typical mass distributions
for the 37T system are shown in Fig. 82 for ﬂ;p at 16 GeV/c77 (from a bubble
chamber study), Fig. 90 for nfp at 40 GeV/c (from a spark chamber spectro-
meter experiment at Serpukov),89 and in Fig. 91 for w7 p at 205 GeV/c {from

it
B All spectra show a rapid rise of the cross-

a HBC experiment at NAL).
section to form a broad peak called the Al’ followed by a shoulder at around
1700 MeV called the A5' For data cut on larger t values (e.g. t > 0.2 GeV2
another structure becomes very prominent--the A2 meson. The Al and A2
regions are observed to decay into pm, while the A5 region is associated
with the fm system. (There is evidence from the Washington-Berkeley T a
HBC experimentgo at 15 GeV/c of a gr enhancement around 1900 MeV, which
they name the AH')

The s- and t-dependencies of the reaction (IV.3) have been studied as
a function of (3m) mass, and the results are sumarized in Table XVII. The
energy dependence of the cross-section as a function of mass, evaluated above
11 GeV/c, are given in the last column of the table, and indicate rather flat
energy dependence--being very similar to the elastic cross-section energy de-
pendence for small 5r masses, (o = p—'i) and falling just slightly faster

for masses in the neighborhood of 2000 MeV, (o« p_'5).



The energy dependence of the three enhancement regions--the Al’ A2
and A3 regions--is given in Figs. 92, 9% and 9L from (5-L0) GeV/c. Fitting

the cross-section to o « p_n they find

n(A ) = 0.40 + 0.06

1
n(Ag)“at“ral = 0.51 + 0.05
n(Ae)unnatural 21 +02

n(A,) = 0.57 + 0.2

3
It is interesting that the A2 cross-section (supposedly mainly vector
and tensor exchange) has such a similar energy dependence to the Al and A5
regions (which are thought to be produced by Pomeron exchange).
The fact that the Al energy dependence in Table XVII, and in the
above fit are somewhat different implies that the G(Al) flattens éut at higher
energies. This is confirmed by the 205 GeV/c 7 p experiment, which reports a
cross-section for 0.8 < M(37) < 1.2 GeV as 160 + 40 pb. At the foot of Table
XVII this is compared to the 25 and 40 GeV/c cross-sections.

The energy dependence of reaction Iv.4 is shown in Fig. 95 for Kop )

1
Qop..r The cross-section for QO production is quite flat from 5 GeV/c-12 GeV/c,9

-.59* .16

+
Complementary data on Q  produc-

92

having a momentum dependence of p
+

tion is shown in Fig. 96 from the "world K collaboration." The energy de-

pendence from (2.5-12.7) GeV/c is studied as a function of the (Kmr) mass, in

40 MeV steps from 1200-1500 MeV. All six mass intervals exhibit the same be-

- A - -
haviour, with an average momentum dependence of P -60 05. The K - Q data
-3t
(for MQ < 1.5 GeV), show a somewhat flatter dependence, with ¢ « p -3 09.
T

The ng+w—p reaction cross-section rises rapidly from threshold, and then
falls off as+ piagg. This is somewhat more rapid than the equivalent rfac-
tions for K p and K p, and is presumably due to the fact that the X p
reactions have substantial contributions from proton diffraction, (p - pmr),
at the nucleon vertex, while such a process is forbidden in the KL experi-

ment due to the change of C at the Kg —aKg vertex.

A CERN bubble chamber collaboration (CERN-Brussels-Krakow)95 have per-
formed an isospin decomposition for the diffractive processes K — Kmm, N — Now
*
at 5.0 and 8.2 GeV/c. The various charge states for (K ) and (&r) were

selected from the following reactions--

K+p —;K+v_v+p
Kow*wop

KOF+W+H .

They find that the Xmrm system is dominated by the I = 1/2 amplitude, which

is constant in magnitude between 5 and 8.2 GeV/c, as one would expect for a

diffractive process. The mass distributions for the I = 1/2 and 3/2 ampli-

tudes are shown in Fig. 97. The low mass Knw enhancement--the Q region--

is clearly seen in the I = 1/2 data, and quite absent for the I = 3/2 data.

So we see that the cross-sections for these diffractive processes are
quite flat as a function of energy, and that they fall off only slightly faster
than the elastic scattering cross-sections themselves. The data exhibit another
feature of the elastic cross-sections discussed in Chapter IT--namely, the
equality of particle and antiparticle cross-sections. Cornille and Martinuo
predicted that asymptotically this ratio should be 1, even for inelastic diffrac-
tive two body processes.

In Fig. 98 the ratio of the cross-section for Kop —aQOp and Kop —aéop
is shown as a function of momentum from (2-12) GeV/c. The equal components of
Ko and KO in the Kg beam, for this experiment, allow a comparison of these
cross-sections to be made over the entire energy region free from problems of
relative normalization between the strangeness states. The ratio is consistent
with a constant value of 0.99 + 0.08 over the entire energy region. Similar
9l

+ +
studies have been performed around 16 GeV/c for w - (37) in HBC® and wire

spark chamber95 experiments, with the result,

R- LR=20mMPp _3.00+0.07, 0.94 + 0.12
Tp - (3m)p
26



B. Differential cross-sectio . -2
2008 where the enhancement data is shown to be more peripheral (b =9.9 + 1.2 GeV )

The 7) data angular distributi h; b lyzed 1 ; -2
(3m) ngula istributions have been analyzed to determine than the background b = (6.4 + 0.6 GeV <)

the spin-parity amplitudes invelved in the reaction. These analyses are sum- The slope of the differential cross-sections, and the dependence on
2

marized below. .
M(%7) has been mentioned above (Table XVII). Further data on this effect are

The A, region--(the 1100 ah —-i i i -1t - . .
¢ M gion--(the 1100 MeV enhancement)--is associated with LR ’ given in Table XVIII for both W+p and T p at 16 GeV/e. It is interesting

s-wave pm decay. (See the amplitudes in Fig. 99.) The phase of this wave to note that there is not much sign of shrinkage for these slopes--see Table XIX

shows very little energy dependence with respect to any of the background waves, ——the small t, small (37) mass slope being the same at 16 GeV/c and at 40 GeV/c
E

and gives no indication of behaving like a Breit-Wigner resonance amplitude--
see Fig. 99. The differential cross-section for this region (selected in mass
and only taking the 1+ s-wave part of the data), is plotted in Fig. 100--vhere
the slope is shown as e_(6'7i'8)t.

The A2 region is identified as JP = 2+, with a d-wave pm decay
mode. The amplitude and phase of this wave is shown in Fig. 101, where the 2+
phase with respect to background is seen to move rapidly through the resonance
nass, as would be expected from a Breit-Wigner amplitude. The mass and width
is found to be M = (1315 + 5) MeV, and T = (115 + 15) MeV. The differential
cross~-section, for the 2+ amplitude in the A2 region, is shown in Fig. 102,
and exhibits a dip in the forward direction. The data are fit with
do/at = [t] e Pt with b = (8.6 + 1.2) Gev 2.

A similar analysis in the A region is shown in Fig. 103, where the

3

enhancement is assigned JP = 27, and associated with an s-wave f7 system.

The mass and width are found to be M = (1650 + 30) MeV, and T = (300 + 50) MeV.

Again the phase shows no mass dependence, like the Al(l+) wave, and not like

97

the resonant 2+ A2 wave. (Purdue’’' has reported finding a phase variation 1n
W+P -9(3W)+p in contradiction to the above result from CERN-IHEP (Ascoli)

analy51596 of Wfp —a(}w)_p; however, Morrison18 has reported that his CERN HBC
collaboration in analysing both ﬂ;p —a(}v)ip at 16 GeV/c see no phase move-
ment for the 2—A3 phase; same for LBL.98) The production distribution for the

2" events in the A region, and the background events, are shown in Fig. 104,

3
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Similar analysis of the decay distribution have been performed for the
(Kwm) system--a typical set of amplitudes is shown in Fig. 105, where the dom-
inant wave for the Q region is seen to be the JP = l+, and where the phase
of this wave moves only slowly with energy--like the Al'

Clear evidence for the low mass diffractive enhancement in K — K7
is given in Fig. 106 from a 14.3 GeV/c K_p bubble chamber experiment.99 The
mass of (K*v) is plotted against the mass of Kw system. Two points are of
interest--a) the Kym system couples strongly to K*(890)T and K*(lh20)w,

b) the low mass enhancement 1s quite absent ia the charge exchange reaction
K —a(ﬁonfﬂf), where ouly the 3-body decay of the Kiueo is observed. (The
K*(lh20) is the SU(3) partner of the A, resonance discussed above in the
%7 data.)

The differential cross-section from this same data is shown in Fig.
107 where the distinct difference in slopes between the diffractive Q-region
and the Regge exchange K*(lhOO) region is demonstrated.

The dependence of the slope of the differential cross-section on the
mass of the (Kwm) system is shown in Fig. 108 for k° —aQO and KO —>§P, and
in Fig. 109 for K~ 5 Q . The slope values for the S = -1 data are in good
agreement. This effect is very similar to that observed in the w - 37 and
N - Nr, Nowr data discussed above.

Finally, the inelastic diffractive reactions exhibit the cross-over
phenomenon in the differential cross-sections. We discussed this effect in

Chapter II--it is caused by a C odd Regge exchange contribution to the process



in addition to the dominant Pomeron exchange. This additional contribution
gives rise to different slopes in the differential cross-section for particle
and for antiparticle scattering. An example of this phenomenon is shown in
Fig. 110 where 13 GeV/c K+p and K-p elastic scattering data from the SILAC
wire spark chamber spectrometer experiment are displayed.58 A clear cross-
over of the two cross-sections is seen for momentum transfers, t ~ 0.2 GeVe.

+ +
Similar behaviour is observed for 7 p - (37) p around 16 GeV/c from the

95 9k

x
SIAC wire chamber experiment and from the CERN 16 GeV/c 7 p EBC experiment

--see Fig. 111. Again, for KN reactions we show the cross-over for KO in

+
Fig. 112, and for K p in Fig. 113. The diffraction dissociation data is much

less precise than the elastic data, but the positions of the cross-overs are
consistent with the corresponding elastic reaction cross-over. Also, the
change in slope between the particle and the antiparticle process is similar

in elastic and in the inelastic reactions--see Table XX.

L. Sumary

. In summary,we have seen that N — Nm, Nmr; 7 - 3m; K - Kmr  reactions
exhibit large low mass enhancements, The cross-sections for the
various processes are listed in Table XXI and compared to the elastic
reactions. The inelastic processes seem to fall off a little faster
than the corresponding elastic reaction. It is not clear whether this
difference is important (or real), or just due to the technical diffi-
culty of determining an "A" cross-section sbove background (or even
knowing what an A cross-section really means.). However, it is clear

that these inelastic diffractive processes are much more like the

elsstic reactions than the typical Regge exchange processes where cross-

- o
sections fall off like p 1.5 or faster.

- The angular distributions for these inelastic diffractive processes are

sharply peaked with slopes about twice the slope for elastic scattering
for threshold mass of the diffracted system, and flattening out to a
slope value of sbout half the elastic scattering slope for masses about
1000 MeV above threshold. The slopes for some specific mass states are
summarized in Table XXIT. It appears that the same regularities found
among the elastic slopes are to be seen in the inelastic slopes.

These reactions all exhibit the cross-over phenomenon in do/dt very

similar to the elastic reactions and also have o(Ap) = o(Ap).

It is interesting to see how similar the elastic and inelastic diffrac-

tive processes are with respect to total cross-section and differential cross-

section behavior.

Final Comment on Exclusive Diffraction Dissociation

I have isolated this section from the general conclusions since it is

a mixture of personal oplnion and a summary of known facts. However, it may
be helpful, if only to stimulate argument and catalyze you to forming your

"o, o
own picture.

We know that the plon, kaon and proton all produce low mass enhancements

which have the following features:

meinly I = 1/2;

mainly I = O in t-channel;

1

smooth, featureless bump, rising quickly from threshold;
cross-section only weakly s-dependent;

can be produced coherently on nuclear targets;

no sign of well-knwon resonance structure;

sharp dc/dt with slope about twice the elastic slope at threshold,
falling as the mass of the produced system increases, until about
1 GeV above threshold it is rather flat, with slope about half the

elastic slope;




- we also know that for larger momentum transfers, one sees signs of
resonance structure in the mass distribution, and in the decay angular
distributions. The d, Kd experiments see clear signs of DIB(ISOO),
F15(17OO) when making larger t cuts--they also see zero phase differ-
ence between these two production smplitudes, as would be expected from
diffraction production;

- there is also good evidence that for the small t smooth enhancement,
the angular momentum in the decay is simplest (i.e. s-wave) for thres-
hold masses and becomes more complex as the mass increases;

- if cuts are made on the decay angle of the Ny decay system for N - N,
for cos €§N > 0, see only the smooth bump, but for cos BgN < 0, begin
to see the usual resonances being produced;

- we have neglected the process Yp —aW+v~p in our discussion of inelastic
diffraction, because Y - p was dealt with separately. However, here
we have a reaction in which accidentally the "elastic” processes take
place above the threshold for inelastic diffraction. However, there
is a well-known diffractive non-resonant background below the rho meson,
well described by the Drell diagram. It displays all the features we

have learned of the other low mass diffractive processes. (An example

of the dependence of slope on mass is shown in Fig. 11k.)

So we suggest that we have the following situation--there are two com-
ponents in diffractive reactions: 1) a dissociation of the incoming beam, and
2) diffractive production of resonances. The cross~section for dissociation
starts at quasi-two-body threshold and rises rapidly followed by a long tail
as & function of mess. (See Fig. 115.)

Following Lubbatti and Moriyasuloo we may think of the dissociation as
the coupling of the incident (or target) particle to a whole string of virtual

states
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T =Tp, WL, --

N - Nm, A&r, --

and in the collision, it picks up some longltudinal momentum to make up the
change in mass.

With these excited states populated, the particle has an effective
size larger than its'ground state'size. As the mass of the excited state in-
creases, the momentum distribution associated with the excited state increases
and there will be a reciprocal decrease in the size of the hadron (from the
uncertainty principle). A reasonable measure of the mean square momentum
might be (M2 - M?) where M 1is the mass of the excited state and Mi is
the mass of the constituents. Then R ~ (M - M?)'l.

Lubbatti and Moriyasu have plotted the known slopes we have discussed
above in this form--see Fig. 116--and find that the data seem to fall on uni-
versal curves.

There are deviations at the known resonances, and we might think of
their being different anyway--that 1s, as having a size of their own.

With respect to the second component--we know in N - Nw, Ar where
we have a solid knowledge of the N* spectrum from s-channel studies, that ther
are resonances produced diffractively. Given the success of the whole struc-
ture of SU(3) and quark model classification schemes, it seems highly probable
that Al and Q mesons do exist. The problem of experimentally isolating
this signal from the dissociation background is very difficult (like sorting
out p photoproduction from Drell background if the non-resonant mm back-
ground was the dominant amplitude).

Perhaps with Omega, MPS and LASS systems coming into operation,lOl we

will be able to see independent signg of these states from analysis of reac-

tions like
mp - QA

Kp —eAlA



or as SPFAR II, DORIS and PEP come along, in production experiments like

+ -
e e —)ﬂAl

KQ .

Perhaps one of the more direct ways we will find out what is going on
in diffractive processes will be from analysis of the Caltech~LBL-SLAC n;p
experimentloe with a hybrid spark chamber--bubble chamber set-up. They are
studying the baryon break-up for processes where a fast beam-like pion leaves
the bubble chamber and triggers the downstream system--in particular they will
have good information on p — pww. See Fig. 117. An analysis of the N
amplitudes obtained from this t-channel experiment and their comparison with
the detailed amplitudes for the same state obtained in the SLAC-LBL s-channel
phase shift analysislo3 should allow great insight into diffraction processes
and perhaps throw some light on this two component hypothesis.

We will return to a discussion of the dynamics of diffraction at the

end of the section on Inclusive Scattering.

V. RULES OF DIFFRACTION

1. Introduction
As we discussed in the Introduction we have very little theoretical
understanding of the diffractive process, and our main guide as to whether
a process is diffractive or not, is often how well it obeys our list of
phenomenological "rules."
These rules are listed below.
a) energy independent cross sections (to factors of 1ln s)
b) sharp forward peak in dc/dt
c) particle cross sections equal to antiparticle cross sections
d) factorization
e) mainly imaginary amplitude
) exchange processes characterized by the quantum numbers of the vacuum
in the t-channel (i.e. I =0, C = +1). Also, the change in parity in
the scattering process follows the natural spin-parity series (—l)J

£

g) the spin structure in the scattering is s-channel helicity conserving

or P, = Pi'(-l)AJ, where AJ 1s spin change.
(scHC).
In Chapters II, III and IV we have seen points‘(a), (v), (c), (e)

all borne out by the data. We now examine the other points.

2. Quantum Numbers in Pomeron Exchange (point f) above):

The "rules" for diffractive processes said that, from a t-channel
point of view, the Pomeron would carry the quantum numbers of the vacuum

(i.e. ¢ = +1, I = 0 exchange). How well does the data support this assertion?
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(a) I =0 character:

We know from amplitude analysis of elastic scatteringloJ+ (which we
suppose to be mainly diffractive) that the dominant amplitude is the non-flip
isoscalar t~channel amplitude. We also know that processes involving a change
of charge in the scattering (and hence I # 0 in the t-channel) have cross
sections which fall quite rapidly with energy and do not have the character of
diffractive reactions.

Below we consider two examples of I = O character of diffractive
processes from inelastic scattering:

The reactions wfp — Npr  were studied at 16 GeV/c by the ABBCCEW

105

collaboration and the Nr mass spectra are shown for the various possible
charge combinations (see Fig. 119). The (er)+ combinations (i.e., pwo, nﬂ*)
which can be produced with no charge exchange and hence accessible from I =0
exchange in the t-channel, exhibit a large low mass enhancement in the (1koo-
1700) MeV range. This enhancement has an almost energy-independent cross
section and is related to the diffractive excitation of N*'s. The (NW)—
combinations (i.e. pﬂf, and nr respectively), which cannot be reached with

I = 0 exchange, have no low mass diffractive enhancement.

105 45 shown in Fig. 120 where 10 GeV/e K p — E(wm)

A similar example
reactions have been studied. Again the (NWW)+ mags spectrum shows a low mass
enhancement associated with the diffractive production of excited N*, while
the (Nww)o spectrum shows no such structure.

Thus we see guite ciearly that the observation of diffractive phenomena

is closely connected with I = 0 in the t-channel.

(v) ¢ = +1 character:

To examine this property we compare the K'p »K (prw) data already
displayed in Fig. 120 above, to date on Kgp —aKg(pﬂv) of approximately the
same energy, from the SIAC bubble chamber experiment.gl The data is selected

to isolate out the peripheral p - prmr reaction mechanism and the resulting

(pmw) mass spectrum is shown in Fig. 121. The low mass diffractive emhance-
ment in the K~ reaction is not observed in the Kg data, although these two
reactions are so very similar. The difference lies in that the Kg and Kg
are eigenstates of C with opposite sign and therefore the t-channel exchange

in the Kg reaction must carry C = -1. This may be viewed as evidence of

the C = +1 character of diffractive processes.

(c) Spin-parity changes:

As per our "rules” we expect that diffraction will proceed most simply
with no change of spin or parity for either the target or projectile particles,
but that if there is a change it will follow the natural spin-parity sequence,

viz.

This may be thought of as picking up angular momentum in the "Pomeron-diffrac-
ting—particle" scattering.

This is a phenomenological rule,106 vhose main claim to correctness
is that there are no known diffractive processes which violate it. There exists
rigorous proof for the spin zero case, but there is no general theorem for the
more interesting spin situations.

The main evidence for justification for this "rule” is negative in
nature (as mentioned above); however, one recent confirmation of the rule comes
from a bubble chamber experiment on T n —anrﬂfp at 11.7 GeV/c by the River-
side group.lo7 They observe diffractive production of N*'s decaying into
pv_ final state. The analysis is free from complications of 7-7w resonance
effects and deals with the well understood two-body elastic decay of the N*;
(i.e. it avoids,the complication of previous studies which have observed
diffractive production of N* — N, and then applied assumptions about two-
body decays into S final states). The Riverside results show production

of P N*'s(i.e. the correct parity sequence for the "rule") and no

11’ Dl}’ F15
sign of the D15 state. Further, the production phase between the D13 and



F._ processes was found to be OO, in agreement with the hypothesis of diffrac-

15
tive production.

On the negative side, three threats to the rule existed over the last
few years--vector K* production by K's, tensor A2 production by T's and
axial vector B production by v's. Each of these processes violates the

natural spin-parity sequence, but claims of "4iffraction-like" properties had

been made. We discuss them at more length below:

(1) K*(89o) production:

At the Oxford conferencelo8 data on K-p -aK;;op was reported imply-
ing that the cross section, which had been falling like P;ib up to 8 GeV/c
actually flattened out to an almost constant value for higher energies. This
was taken as evidence of Pomeron contribution to K* production.

109

However, new data up to 16 GeV/c is now available, and the cross
section seems to fall like Piib beyond 8 GeV/c and the production and decay
characteristics are in good agreement with isoscalar, natural spin parity

exchange. Presumably wo exchange takes over from T exchange at the higher

energies, and this "threat” to the parity rule has disappeared.

(i1) Ay production:

There have been suggestions for some time that perhaps the A2 meson
is produced via Pomeron exchange, thus violating our simple rule of natural

96

spin-parity excitation in diffraction processes. Kruse et al. have submitted
an analysis of AQ production in bubble chamber @aﬁg in the energy range from
(5-25) GeV/c. There is also a paper from Ascoll et al.96 on A, Ay, and A3
production at [i%e] GeV/c. The facts are summarized below:

p—0.8i0.08 in the (5-25) GeV/c range;

i, The A2 cross-section falls off as
ii. The relative energy dependence of Al, A2, and A5 between 25 GeV/c and
L0 GeV/c are essentially the same;

iii. The natural parity exchange contribution to A2 production falls off as
-0.57+0.09
1Y H

iv. The t-channel exchange in A2 production is mainly isoscalar;

v. The s-dependence of the cross sectlon implies an effective intercept,
aep(0) ~ 0.7;

vi. An analysis of the shrinkage of the JP = 2+A2 differential cross-

i 0) ~ 0.8.
section yields an Oéff( )~o0

The energy dependence and aeff values quoted above are more in agree-
ment with a strong Pomeron contribution to A2 production than the vector, and
tensor meson contributions one expected. However, we must understand at least
one other fact before throwing away our current picture of Pomeron processes--
the energy dependence for the A2 cross section as measured in the KK decay
mode seems to be faster than piigo. This is a clean reaction in which to
study A2 production with very little background, and the observed momentum
dependence is very much in agreement with that expected for meson exchange
in the t-channel, Several experiments should be reporting new cross-sections
for A2 KK within the near future, and we walt impatiently for their
results. Another indication that A2 is not diffractively produced comes from
the differential cross-section shown in Chapter IV--it was well fit with

dg/dt « ‘t]e-bt, with a forward turnover.

(iii) Photoproduction of the B-Meson:

Finally, in this section on "bogey—men," we deal with the photoproduc-
tion of the B—meson.llo The reaction yp -» Bp violates the natural spin-parity
series expected in diffractive processes, yet the B signal is observed with
the same strength at 2.8, 4.7, and 9.3 GeV. The energy independent cross-
section has encouraged speculation as to the validity of the simple rules on
spin couplings for the Pomeron.

However, the statistics on these observations are rather limited,
each energy point having a cross section of (1.0 + 0.4) ub. One could
accommodate quite a variety of energy dependences within these measurements.

It is an important reaction and to be followed with interest, bub the present
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results are not strong enough to call our ideas on Pomeron coupling to
question--at least not yet. (This effect is most probably the diffractive
production of 2 p' meson (coupling strongly to mw), with a mass close to
the B-meson.

For the moment the rule seems to be obeyed.

(4) G-parity:

It is interesting to observe that G-parity is strongly recognized in
diffractive processes. For 1 reactions, one sees strong diffractive cross-
section for 3w, 57 but not by final states., This observation is confirmed
in coherent processes with 7 on nuclear targets.

Perhaps an even more interesting example is the relative coherent
production of Al and B systems in T experiment at 11.7 Gev/c in a
heavy liquid bubble chamber.lll These two systems have the same JP = l+, but
Al has G = -1 like the 1, while the B Has G = +1. The experiment observes
strong coherent Al production, with a cross-section of = 2mb/nucleon, while

there is no evidence of B~ production with an upper limit of < 30 ub/nucleon.

The Pomeron seems to care about G-parity.

%. Spin Structure in Diffractive Processes (point g) above):

Our “rules" assert that diffractive processes are s-channel hellcity
conserving (SCHC). This hypothesis derives from the early experimental work
of the SLAC-Berkeley-Tufts grouplle on their study of po-meson photoproduction
with the polarized photon beam, at 4.7 GeV. They found that the diffractively
produced po-meson maintained the photon helicity in the s-chamnel. Gilman and

11
3 then hypothesized that all diffractive processes conserved s-

co-workers
channel helicity and showed that the understanding of the wN scattering

amplitudes at that time was consistent with that assumption.

New data on Tp —spop at 9 GeV from the SBT group,7l and measurements
of the R, A parameters in 7N and NN scattering by a Saclay groupllh ¢on-
firm, in the main, the early conclusions. The new experiments are discussed in
more detail below.

It is interesting to note that if s-channel helicity conservation really
holds, then the old "lore "' that the Pomeron behaves in the energy dependence of
cross-sections like a particle of spin 1, but has the couplings of a particle
of spin O, cannot be true. SCHC requires quite specific couplings in the t-
channel--in general helicities will flip and there must be quite specific rela-
tions between the t-channel spin flip and non-flip couplings.

The density matrix elements from the new SBT experiment at §.3 GeV71
are shown in Fig. 122, They confirm the dominant behaviour as being SCHC and
show that it holds out to larger + than previously observed. However, the
P10 element (i.e. SCH flip) is quite definitely non-zero as is shown more
clearly in Fig. 123. It was confirmed that the effect was real and not due
to a scanning bias, by rotating the plane of polarization of the incident
photons with respect to the bubble chamber camera axis; no change in the result
was found. Further, they find when isolating the separate exchange amplitudes
that the effect belongs to the natural-parity exchange amplitude. It is also
found that the magnitude of the effect does not change rapidly with energy.

All these factors imply that there is a small helicity flip amplitude, of about
15% the SCHC amplitude, which may be associated with Pomeron exchange. Results
of their analysis of the helicity flip contribution are given in Teble XXIII.

The Saclay experimentllh studied Wip scattering at 6, 16 GeV/c from
a polarized proton target. The recoil proton was detected in a spark chamber
polarimeter. The spin rotation parameters R and A vere measured. Actually
good measurements of R were obtained and A found from the relation

2 2

P+ A2 + R = 1, using the existing precision measurements of the polarization

(P), in p-p scattering. Rough measurements of A were taken to resolve the



quadratic ambiguity in the above equation. They find A to be close to +1
as expected from SCHC.

At 6 GeV/e, an amplitude analysislou was performed using all the avail-
able data on total and elastic 7W cross sections, differential cross-sections,
charge exchange cross sections, polarization for elastic and charge exchange
reactions and their own new R and A parameters. Results for the isoscalar
£1ip and non-flip amplitudes are shown in Fig. 124k, The flip amplitudes has
a kinematic zero in the forward direction but is certainly nonzero at larger t.
For the region of t > 0.2 GeV2, they find the ratio of flip to non-flip
amplitude to be 0.17 + 0.2 at 6 GeV/e.

There is not sufficient 7N scattering data to perform a complete
amplitude analysis at 16 GeV/c but a reasonable choice of solutions gives the
flip to non-flip ratio, at 16 GeV/c, to be 0.1k + 0.03. That is, the 7N
data shows that SCHC 1s the dominant emplitude but that again a small (~ 15%)
helicity flip amplitude is present and thet it is isoscalar and weakly s-
dependent-~presumably associated with the Pomeron. It is important to remember
that although the Y - p experiment and this 7N experiment are both weasuring
15% helicity flip amplitudes which are isoscalar and weakly energy dependent,
they are not measuring the same thing; the photon experiment measures the spin
structure at the meson vertex while the 7N experiment measures the spin struc-
ture at the nucleon vertex.

The Saclay group also measured R, A parsmeters for p-p scattering at
6, 16 GeV/c}lb and found the parameters consistent with dominance of SCHC.

There is not sufficient data to perform an amplitude analysis for p-p scatter-
ing, but it is clear that this data would be consistent with a small helicity
flip amplitude.

Finally, we must consider the spin structure for inelastic processes.

12,14 It shows that the

Table XXIV summarizes recent work on this question.
vector meson photoproduction behaves very much like elastic scattering-~-SCHC

in the masin, but with a small helicity violating amplitude. The various

diffraction dissociation processes do not conserve s-channel helicity. Most
of them sre much more close to t-chamnel helicity conservation, but in general
do not comserve that either. Thus, although their inelastic processes looked
very much like elastic reactions from the point of view of cross section and
differential cross sections, they have bery different spin structure. This
difference may be due to the fact that these processes are perhaps not really
paerticle production, but kinematic enhancements, or alternatively, may be due
to the spin change that occurs in these inelastic processes and the complex

t-channel spin structure of the Pomeron.

k. Factorization

If we really believed that diffraction reactions are dominated by the
exchange of a simple Pomeron, we should be able to factorize, or separate,
the different vertices appearing in these processes. It is interesting to
test how well the cross-section data supports the factorization hypothesis.
Below we examine several tests:

(1)} A simple factorization test involving the isospin of the breakup

of the low mass Nr enhancement may be performed, checking whether
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0O
olpp — p(p7))
this ratio as 1.9 + 0.2.

is actually 2. Studies on 19 G_eV/c pp _interaction report

(2) Another test is found in the three sets of reactions, shown in
* - -
Fig. 125, involving the excitation of the proton to N (1688) in 7, K or
p_ interactions. These cross-sections should have the same ratio with respect

to elastic scattering, independent of the nature of the incident particle.

p o Av(1660)]

The results of the test are shown in Fig. 126 where the ratio [
Ap — Ap

is plotted against momentum transfer, for two energies--8 and 16 gev/e.

Factorization is observed to hold within 20% and even works well as a function
10

of momentum transfer at least out to t ~ 0.2 GeVZ. >

(3) Consider the processes illustrated in Fig. 127, with elastic pion



and proton scattering at the upper vertex, and proton diffraction into proton
plus zero, one, two or three pions at the bottom vertex. The ratio between cross-
sections for reactions involving the upper two vertex processes should be the
same, independent of which of the four bottom vertices they interact. That is,
R, = of{mp > 7p)/o(pp - pp) should equal R, = o(mp - w{pr*)) /olpp - p(pr®))

ete.

The cross-section for each of the bottom vertices was isolated in 16
GeV/c ﬂrp and 19 GeV/c pp bubble chamber experiments,ll6 using the Van Hove
Longitudinal Phase Space analysis117 to isolate the diffractive components. The
results are given in Table XXV. Good agreement is observed.

(4) Another interesting test of factorization in diffractive processes
is shown schematically in Fig. 128. TIf the Pomeron contribution were well
behaved and factorizable, we would expect the ratio of cross-sections for each
of theupper vertex procesges--7 —apo, T o, P - p--being Jjoined in turn to
both of the bottom vertex process--p =P, P -9(pﬂfnr)-—to be equal. That is,

we would expect to find
_ _olyp o _ _a(pp = pp) _Tg(m:_m)r
By = 5o - pprr) B> = Slop — o) Ry = S{wp - wommr

The diffractive component for these reactions was again isolated using the LPS
analysis.

The experimental valuesll8 for Rl’ R2 and R5 are given in Table XXVI
for three different energy regions. The agreement is surprisingly good.

(5) We may use the results of the various isospin amplitude studies
discussed in Chapter IV to further test factorization. The integral over t
of the isoscalar t-channel amplitude leading to the I-= 1/2 final state (Nv)
system is calculated for incident 7, K and proton collision, (flMé/zlz as).
The ratio R(H) = [o(Hp - H(Nr))/o(Hp - Hp)], where H =T, K, p. We expect
R(m) = R(X) = R(p) if the factorization holds. The results are given in
119

Table XXVII, where again quite remarkable agreement is found. ('The agree-

ment is even better when one notes that the 2k GeV/c pp point includes some
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T = 1 t-channel exchange contribution since no pn data were available to do
the t-channel I-spin decomposition.)

(6) An interesting factorization test has been made possible by the
study of the four body exclusive reaction in pp and er collisions at
205 (}eV/c.12O The diffraction of the target proton into a (Pﬂfﬂr) system has
peen isolated in each experiment--see Fig. 129.
(180 + 36) ub

The cross-section for pp — p(prm), gy = (370 % ltg) Kb

- 2 2
The cross-secti i
section for w p reaction is ogﬂwm * gpN*I

1

The cross-section for wp - w(pmm), o

+

2 2
The cross-secti for th i
on T e pp reaction is ngpf X gpN*P

Now
2 2 2 - 2
o € gpN*P/ Eopp  Epi*E
2,2
= gWE/gPpE
ol mp "EP) Uel(ﬂp)
= or
o{pp - pp) ’ celippj
3.0 + 0.3
“g8+0.2
= 0.4k + 0.05

vwhile Gl/c2 are measured to be ~ 0.5.

(7) A final example comes from a study of inclusive scattering at

25 and 40 GeV/c at Serpukov. The CERN-THEP collaboration89 measured

wrp —aX_p
K_p —aX_p
with their missing mass spectrometer. The cross-sections (dzc/dt dax) are

shown in Fig. 130 where the dashed line represents the pion data, and the

circles represent the kaon cross-sections. If factorizatlion holds, ve expect



do - inel, -

EM (7w p) ~ O (mp)

dg ¢~ - inel, - ’
= (K"p) T (K p)

Integrating over +t, they find the left-hand side of this equation to be

1.20 + 0.09, vhile the right-hand side is 1.18 + 0.0k.

To summarize, we have learned that factorization in diffractive pro-
cesses--elastic, diffraction dissociation and leading particle inclusive re-
actions-~is surprisingly good, holding to ~ 20%.

It would be interesting to have data on an even wider variety of pro-
cesses, and more importantly, with rather better accuracy. At intermediate
energies, we know that non-leading effects such as cuts, are qulte important
and at high energles the observations of rising cross sections have killed
any idea of simple single pole dominance of the interactions--thus, we expect
breaking of factorization to occur, maybe even at the 10% level. It would be
very interesting to have experiments of sufficient accuracy to observe this
breaking, and perhaps even see some s-dependence to the breaking of factori-

zation.

VI. INCLUSIVE SCATTERING

1. High Fnergy Inclusive pp BScattering

A. Missing mass distribution

It has been known for some time that inclusive pp scattering at high
energy is characterized by a large quasi-elastic peak which is associated with
the diffractive production of high mass stateslzl (see Fig. 131). It is inter-
esting to study the energy, mass and momentum transfer dependencies of this
process to learn more of the dynamics of diffraction. A considerable amount
of new data on this topic has become available recently.

In Fig. 132 the missing mass plots from the NAL bubble chamber experi-
ments 122 are given. The HBC pictures are scanned for slow protons which can
be identified by their ionization; for those events so identified the missing
mass is then calculated. The lowest masses are seen to be produced with al-
123

most constant cross-section between 100 and 400 GeV/c. For larger masses

the cross-section is falling almost linearly with enmergy. An alternative dis-
play is in terms of the Feynmen x variable, the fractional longitudinal mo-
mentum, pL/pmax or x = (1 - Mg/s). The 100 and 400 GeV/c data are shown,
plotted as a function of x, in Fig. ].33.121‘L From this plot, we see the cross-
section for x =~ 1  increasing with energy, as it must if the cross section at
small masses is constant in energy. This region is presumably the classical
diffraction dissociation region. For x ~ .6 to .8 ragion the cross-section
scales in x. The intermediate region of x ~ .95 seems to show some energy
dependence indicating that the quasi-elastic peak does not quite scale in x
at these energies.

The 200 GeV/c missing mass data125 is shown again in Fig. 134 and
broken down in the variqus topological contributions in Fig. 135. The cross-

section in the small mass region (up to messes of U GeV), is seen to fall off

-2
like M and the diffraction peak is developed by peaks in each of the lower
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topological cross-sections. It also appears that the mean mass of the diffrac-
tive peak increases as the topology or multiplicity, n, increases. The total
cross-section of this low mass diffraction peak is estimated at ~ 6 mb, inde-
pendent of energy.

The same behavior is observed at ISR energies where the CHLMlEE’126
and ACGIwI‘]‘.‘lE7 groups have demonstrated the existence of the low mass diffrac-
tive enhancement. In Fig. 136 the missing mass distribution from the two arm
spectrometer ACGHT experiment, is shown. They are able to make a rough multi-
plicity assigument,using a seintillation counter hodoscope round the aperture
of each spectrometer. There 1s clear evidence for the increase of mean mass
in the diffractive peak as the multiplicity increases.

It is interesting to note that the term "{ow mass' peak is purely rela-
tive and that these diffractive peaks include masses up to 7 GeV.

Figure 13 shows the missing mass spectrum from the Columbia~Stony Brook
experiment at NAL.128 This experiment uses polyethelene and carbon targets and
detects the recoil proton in an array of solid state counters. The normaliza-
3

tion is effected by counting the d, T, He and HeLL production in both the

polyethelene and carbon targets simultaneously with the protons, thus allowing
for a very accurate subtraction and hence reliable proton cross—sections.129
The resolution in missing mass squared is very good, being of order of 1 GeV2
near x ~ 1, whereas the CHLM group has 6M2 ~9 GeV2 and the ACGHT group
has 8M2 ~ 20 GeVE. Their missing mass plot shows a very sharp peak with
some structure around 3-k GeV2 and becoming essentially flat for masses above
16 Gev=.

This missing mass distribution is quite different from the ISR data.
Part of this difference is due to the missing mass resolution of the different
experiments, but part is also due to the fact the measurements have been made
at different t values; the ISR experiment has typically t ~ 0.8 GeV2, while

the NAL experiment had t© ~ 0.06 GeVz. We will come back to this point later.

B. Energy dependence, or scaling

The energy dependence of the quasi-elastic pp scattering has been
studied at NAL from (50-h00) GeV/c by Rutgers-Imperial College group.159 The
recoil proton is detected and identified in a scintillation counter telescope
with a total absorption counter. The momentium of the proton is determined

from time of flight measurements over 186 cm flight path.

The invariant cross-section,for four different 1t values, is given in
Fig. 138 for five energies between 50 and 400 GeV. For x values close to
0.8 there is very little energy dependence, while for x values around 0.9,
close to the quasi-elastic peak, quite considerable variation is observed
through this energy region. In Fig. 139 the iﬁvariant cross-section is ploTbec
against s-l/2 for the four t ranges measured, for x values of 0.83 and
0.91. Again substantial s-dependence is clearly visible.
They fit the data to the form
o b(x)t -1/2
s 5 = A(x) e [1+B(x)s 7]
dt aM
This form represents the data well, with b being essentially independent of

-2
x and having a value of ~ 6 GeV ©. The best fit to the data gave

i

x = 0.8% A=TL+7T mb/GeV2 B =1.9 + .7 GeV

L.3 + b Gev

it
1

x = 0.91 A=66+73 mb/Gev2 B

Through the NAL energy range, there is ~ 20% change in the cross-
section for x values near unity, and the fits to the data imply that the
variation remaining in the cross-section through the ISR energy range will
be less than 10%.

The fall-off in the cross-section for x =~ .95 as measured in the
four NAL HBC experiments and discussed above in Fig. 133 is also compatible

with this s-dependence.



The experimental results from the CHLM group126 at the ISR are given
in Fig. 140 and show that in this region the cross-section is observed to scale
to within 10%. Note that both the ISR and NAL experiments are performed at

intermediate t values.

In summary then, the invariant cross-section s(dec/dt dM2) is observed

to be almost energy independent for x values of order 0.8 from 50 GeV/c
through 2500 GeV/c; for x ~ 0.9 the cross-section is observed to have a com-
ponent with s_l/2 dependence which amounts to a 20% effect through the NAL
energy region ((50-%00) GeV/c), but which is < 10% effect through the ISR

range (200-2500 GeV/c).

C. Momentum transfer dependence

The momentum transfer dependence of the production of the diffraction
peak has been studied at NAL by the bubble chamber experimentsl22 and the
Columbia-Stony Brook experiment128 and at the ISR by the CHLM126 and A('JGHT:LQ7

groups.

The t-dependence as a function of the missing mass squared, (x = l-ME/s),

is shown in Fig. 141 from the 200 GeV/c HBC exp(-:rilrlen’c..lQ5 Por small masses,
the siope of the iﬁelastic diffractive scattering is close to, but a little
less than, the elastic scattering slope. As the masses increase, the slope de-
creases, until one reaches masses corresponding to an x value of ~ 0.9.
For masses beyond that there seems toc be only a weak M dependence left.

In Fig. 142 the t-dependence of the diffraction peak is shown, from
experiments at NAL and the ISR. The crcss-section is exponential but with
at least two slopes. The dashed line shows a fit which behaves like e—7t

at small t and e_ut at large +t.

D. Aside on the missing mass distribution

From the above discussion it seems plausible that the differential
cross-section, du/dt, is mass dependent. The diffraction peak studied in
Fig. 142 contains a wide range of masses (up to M2 ~ 50 GeVQ) and the two
exponential shape of that du/dt may be just a reflection of this mass depen-
dence. Such a dependence would imply that the shape of the missing mass dis-
tribution would change for different t values, and perhaps account for some

126,127 and NMAL (Columbia-Stony Brook)]'e8

mass plots (Fig. 137). Indeed, if one assigns an e-7t dependence to the

of the difference between the ISR

peak masses, and an e—)1Lt dependence to the large mass region (ME ~ 20 GeVg)
then quantitative agreement between the measured missing mass distributions
results.

Further, if such a dependence exists then the peak to shoulder ratio
(low mass to high mass ratio) should be seen to chahge for measurements at
different t. In Figs. 143, 14k the missing mass squared distribution as measured
by the CHIM grou.p126 at the ISR, for four different +t ranges is shown. Clear
evidence of this effect is observed.

Thus it seems that in fact the different missing mass distributions
are in good agreement--there exist three separate regions in the mass plot:

1. The threshold region (x ~ 1.0) where the cross-section, dgc/dt ax,
is growing linearly with s (i.e., scaling in M2) and has a steep t depen-
dence;

2. The diffraction peak (1.0 > x > .9) vhere the cross-section is
nearly constant in s--some 20% variation in the NAL region (50-400) GeV/c
and less than 10% variation at the ISR (200-2500) GeV/c, and with a do/dt
that depends on ME, becoming flatter as M? increases.

3. Multiparticle production region (.8 < x < .2), where the cross-
section seems essentially independent of s and where dc/dt is rather flat

(~ e_ht) and varying slowly with s and ¥
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The mass dependence in the diffraction peak appears to be compatible
with a 1/M? fall off:

1. The 200 GeV/c HBC expt. (Ref. 125)(see Fig. 13h).

-2,1.15%.1
2. ACGHT group127 at ISR find dd/dM2 « (M )l 15%-3

-2,0.98¢,
3, CHIM group126 at ISR find dc/dM2 « (M )O 98 *

128 . -2
L, (Columbia-Stony Brook at NAL find dc/dM? compatible with M .

E. Back to momentum transfer studies

Above we had shown that there was evidence that the slope of the
differential cross-section for the diffraction peak became flatter as the
3iffracted mass increased, and that the dg/dt for the whole peak (averaging
over all masses) was exponential but with at least two slopes.

In Fig. 145 the s-dependence of the dd/dt is studied. The data
comes from the Rutgers-Imperial College groupljo at NAL. For x = 0.87 the
differential cross-section, dc/dt, is shown for s = 108 and 752 GeVg.

Essentially no energy dependence is observed, at these X values.

The dU/dt as measured by the Columbia-Stony Brook grouplg8 at NAL,
for missing mass squared‘around Lo GeV2 is shown in Fig. 146, together with
date from Rutgers-Imperial Collegelio and from the CHLM126 group at ISR. Good
agreement is observed between the measurements. A flattening of the cross-
section is observed for small t values (t < .2 GeVe). For smaller masses,
this effect becomes a turnover in the very forvard direction, with a maximum
to the cross-section at t ~ 0.1 Gevz, as shown in Fig. 147. Again the data
comes from the Columbia-Stony Brook experiment.128 Corrected data from a pre-
vious run by the same group at 200 GeV/c is also shown.lil

Similar behaviour is observed in some preliminary data from the (100
+ hoo) GeV/c HBC experiments at NAL.152 In Figs. 148 and 149 the p% distribu-
tion is shown for small masses and large masses respectively. The low mass Spec-
trum shows the same tendency to a forward turnover as the NAL counter experi-

ment, whereas the distribution for large missing masses seems to be quite linear.
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2. Pion Diffraction Scattering

The first systematlc study of high energy pion-proton collisions has
been reported by the Berkeley-NAL ecollaboration working on a 205 GeV/c Wfp
exposure of the 30 WAL HBC.155’13u Their results are briefly outlined below.

They have analyzed the exclusive process

- - 4 -
TP ST TTP

and claim to have an event sample with less than 25% background. They see
strong evidence of the pion diffracting into 3w, and the target proton diffrac-
ting into a (Im+w7) system, Figs. 150 and 151. The cross-section for both
these processes is estimated to be 1.5 mb.

In addition, the diffraction of a W’—éﬂ%, shown schematically in
Fig. 152, has been studied using the same technique as in the p-p HBC experi-
ments. The pictures were scanned for events in which a slow recoil proton
could be identified by ionization. This selection works well for proton momenta
up to 1.5 GeV/c. The missing mass distribution obtained from these events is
shown in Fig. 153. A low mass peak is observed, extending out to M2 ~ 20 GeV2,
associated with the diffractive excitation of the incoming pion.

The mass dependence is shown in Fig. 154, where over a substantial
range of masses, the data are consistent with a l/M2 fall-off.

In Fig. 155, the composition of this low mass diffractive peak by
topology is presented and as in the p-p studies, one remarks that only the
lowest multiplicities contribute to the peak. Again, the central value moves
to larger masses as the multiplicity increases. The mean multiplicity in the

s . : ch d
diffraction peak is about half that of the overall multiplicity’((ng arge ~h

2
harged

<nall>c BTEEA . 8) and increases with ME.
The differential cross-section, da/dt, is shown by topology in Fig.

156 and for two different mass regions in Fig. 157. No turnover in the forward

direction is observed, nor any sizable mass dependence of the slope.



In all these features the pion diffraction data show the same trends
as the proton diffraction. Below, the invariant cross sections for ﬂrp —>X_p
+
and pp —» pX are shown with a relative normalization set to compare the x

distributions. (See Fig. 158.) Again good agreement is observed.

3. Multiplicity in Inclusive Collisions

As we noted earlier when discussing the structure of the low mass
diffractive peak, these events are characterized by a smaller multiplicity,
12
n, than the average. The NAL HBC experiments 2 report that the mean diffrac-

tive multiplicity, (nd) is about half the total mean multiplicity, i.e.
1
(nd) 5 <na11>

A similar study in the "75 205 GeV/c bubble chamber experimentSh finds the
diffractive multiplicity, (nd) = 3.8 + 0.2 while the total multiplicity,
<nall) = 8.02 + 0.12. The frequency distribution is given in Fig. 159. At
higher energies, the CHIM groupl26 at the ISR report that the mean charged
multiplicity (n} is 2.8 + 0.5 for x > 0.99, while for x~ 0.8 it is
measured as (n) ~ 6.7 + 1.0, in good agreement with the NAL bubble chamber
conclusions.

Both the p-p and 7 p HBC groups at NAL have found an interesting
correlation of multiplicity with energy available in the collision. They plot
the multiplicity for diffractive reactions as a function of the mass squared
of the excited system.

They then plot the mean charged multiplicity of the entire reaction
as a function of available energy in the center of mass, and find both sets
of data fall on the same curve. The results of the pion experiments are
shown below in Fig. 161, but the proton experiments at 100, 200 and 300 GeV/c

exhibit the same behaviour.

The implication is that the final multiplicity depends on the avail-
able energy but not on whether the initial state consisted of a pion and a
proton or of a Pomeron and a proton.

While discussing the multiplicity distributions it is interesting to
ask what we can learn of diffraction from their frequency distributions end
their correlations.

For diffractive processes, we expect to find a large rapldity gap
pvetween the leading particle and the fragments of the excited system. (Rapidity
is defined as y = % In[{E + pL)/(E - pL)], where P 1s the longitudinal
momentun of & particle and E 1is its energy. A useful variable which approxi-
mates y for high energy particles is n = 1n tan(6/2).) We would therefore
expect to find a "typical diffraction event” to look like Fig. 162 in rapidity
space. Other inelastic processes are expected to be characterized by rather
uniform distributions in repidity space, on average. (See Fig. 163.)

The Pisa-Stony Brook collaboration155 at the ISR have studied the
multiplicity distribution in high energy p-p collisions, measuring the angles
of each charged particle in a large counter hodoscope system. They group
their events according to the total multiplicity, and characterize each event
by two numbers-~-they throw away the largest and smallest rapidities and then
calculate a mean rapidity and a dispersion, for what is left. The two vari-
ables are defined

1= Z(n;/n-2)
_ i(n; - P)°
s(n) =\ —5 =5~

We may now expect diffractive events to show large values of ﬁ and
a small dispersion about this ﬁ, while the other inelastic events should be
centered at ﬁ = 0, and with a broad dispersion.

A three-dimensional presentation of the same plot for two energies--
the lowest and highest available at the ISR, ¥'s = 23.6 and 62.8 GeV--1s shown

in Fig. 165. Again, for low multiplicities the diffractive component (ﬁ




large and sharp), is seen to dominate over the non-diffractive component. As
the multiplicity increases their roles reverse. As one goes to larger energies
the diffractive component contributes to larger and larger multiplicities.
These correlations plots are a nice independent verification of the presence
of the diffractive component and a confirmation of several of the properties

derived from the magnetic spectrometer studies.

4. Single Particle Inclusive Studies at Low Energy (i.e. p < 50 GeV/c)

The high energy single particle inclusive experiments from NAL and the
ISR have shown the existence of a large energy independent cross-section for
the production of a low mass peak. This process is assumed to be diffractive
excitation of the target or projectile and has a cross-section almost equal
to the elastic scattering cross-section (i.e. Oaier 6 mb). At the highest
energies this low mass peak in fact includes rather large masses--up to 7 GeV.
The low mass peak is made up meinly from low multiplicity channels and the
mean charged multiplicity is about half the total charge multiplicity for all
processes. The multiplicity inereases with increasing mass. For recent review
see Ref. (13).

It is interesting to see what can be learned in similar processes at
lower energies. Two groups have presented such data in the last year--the
CERN-Serpukov collaboration89 on the missing mass studies at 25 and Lo Gev/c
for 7 and K  beams, and a CERN bubble chamber experiment136 on v+p -
anything at 8, 16 and 25 GeV/ec.

The x distribution (where x = pll/pﬁx) for the 7 &t all three
energies from the CERN HBC experiment156 are shown in Figs. 167, 168 and 169.
One can clearly observe the build up of the diffractive x =~ 1 peak as the
energy increases, but it is interesting to notice that the peak is fed only
by the 2 prong and the I prong topologies. They show that indeed only three

exclusive reactions make up ~ 80% of the forward pesk cross sections--

+ + +
TP -onwm
+ + 0
TP - PT T

+ + o+ -
TP -TATTP -

The x-distributions for these processes are shown in Figs. 170 and 171 where
events were selected to emphasize the diffractive phenomena, by choosing only
those in which the wf is the only particle going forward in the c.m.s. and
all other particles are going backwards. These contributions are shown as the
heavy lines in Figs. 170 and 171. The shaded area in Fig. 171 represents
events in which the proton is the only particle going backwards in the c.m.;
these events correspond to dissociation of the incoming pion.

The sum of the contributions from the proton diffraction dissociation
in the three excluslve reactions studied above, is compared to the diffractive
peak obtained in the ISR p-p scattering experiments in Fig. 172. The ISR data
were extrapolated to low transverse momenta (where the HBC data exists) under

the assumption that 2
-B(x)p].

3
E E_% = A(x) e
dp
and then integrated over the entire p, range. (The ISR data was taken for
0.7<p <12 GeV/c.) They further assumed factorization of the diffraction

dissociation process and scaled down the p-p cross-sections by

T \2

to compare to the W#p cross-sections.
The errors associated with these extrapolations are large and indicatec
on Fig. 172 as the hatched band. The data indicate that within 20-30% one
can observe scaling of the forward peak in energy range, s = 31 to 2000 GeVE.
This scaling conclusion is also verified by the CERN-Serpukov experi-
ment.89 The missing mass spectrum for 7 p collisions is shown in Fig. 1753.

Production of peaks in the Al’ A2 and A regions are observed but no furthe

3



2
narrow high mass structure is seen. The invariant cross-sections 4 o/at ax
and du/dx are compared in Fig. 174. The cross-sections scale (i.e. are seen

to be independent of s for a given x) and the ratio

do
= (25 Gev/e)
do

- —— for -0.90< x < -0.75
29 (ko gev/e)

is given as 1.01 + 0.03. Also the slope of the cross-section in t is observed
to be independent of energy--see Fig. 175.

The same apparatus was used in the study of the reaction K-p -aX_p
at 25 and 40 GeV/c. The missing mass distribution is shown in Fig. 176. The
Q region is the only structure observed. The shape of the cross-section in
t 1is observed to be energy independent and very similar to the ﬂrp distri-
bution {the dashed line)--see Fig. 177. The question of scaling was also
addressed for the X experiment and the invariant cross-sections are shown
in Fig. 178 as a function of x. The scaling hypothesis holds well for this
reaction, too. ‘The dashed line represents the invariant cross-section for the
pion data and lies somewhat about the K  cross-sectlon. However, if factori-

zation is assumed then the 7 and K data are observed to be in good agreement--

T

do - -
ax (7p) Gincl(v ?)
do - =77 -
& Kp) oK p)

1.20 + 0.07 1.18 + 0.0k

Another interesting measurement from Serpukov has been done by
Derevshchikov et al.137 who have studied the proton diffraction region from
high energy pions--

v_p ST X for 0.9 <x<1.0,
end for pion momenta of 42 GeV/c and 51 GeV/c. The invariant cross-sections

are shown in Fig. 166 where the sharp diffractive peak at x ~ 1.0 is seen.

The date exhibit the same general behavior as pp scattering. It will be
interesting to see higher energy data from NAL, to see if the s-dependence

matches that of pp scattering.

5. Conclusions

In conclusion, the single particle inclusive studies have shown the
existence of a large energy independent cross-section for the production of a
low mass peak. The process is assumed to be diffraction excitation of the
target or projectile and has a erogss-gsection almost equal to the elastic scatter-
ing cross-section (i.e. UD ~ 6 mb). The peak extends up to quite large masses
(for exsmple, at ISR energies, it extends up to 7 GeV), and seems to have &
M-2 fall off. This diffractive peak is made up mainly from low multiplicity
events, the mean multiplicity in the peak being about half the mean multi-
plicity for all events. The multiplicity increases with the mass of the
diffracted system. The s-dependence of the cross-section for the peak is very
slow, exhibiting a small component with s_l/2 behavior, which causes ~ 20%
fall in cross-section through NMAL (50-400 GeV/c), but which is less than a 10%
through the ISR range (200-2500 GeV/c). The momentum transfer behaviour of
the diffraction peak is consistent with an exponential fall off, in which the
slope decreases as the mass of the diffracting system increases. (This behaviour
is very reminiscent of the exclusive diffraction reactions.) Very similar
properties are observed for the diffraction of pions and for protans.

Finally, the reports from London bring results from Cool et al.'9158
measurements on pd — Xd through the energy range of NAL. By observing the
recoll deutron from a deuterium gas jet target, they assure I = O exchange
in the proton excitation. They study the diffraction scattering region for
x > 0.93.

As in the pp — px experiment, discussed in Chapter IV above, they
observe structure at small missing mass, but for M ~ 2 GeV they find the

spectrum falling off like M-2. They also find the cross-section independent

L2




of energy, namely,

(for M > 2 GeV).

{ flat in s

flat in M

The region below 2 GeV they estimate has a total cross-section at
300 GeV of around 0.75 mb, compared to ~ 1 mb at 20 GeV. This resonance
diffraction region exhibits the flat energy dependence we expect.

For the data above 2 GeV, integration over t gives a cross-section,
o~ (0.7 mb/Mg), and now integrating over M, they find ¢ ~ ln s, with the
single diffraction cross-section at 305 GeV, GSD ~ 3 mb.

If they subtract off from the inelastic cross-section, the diffractive
component indicated here, the resulting non-diffractive inelastic cross-
inel = QUSD - GDD = constant

as function of s. So in addition to the other properties defined above, this

section is flat through the NAL-ISR range, i.e. ©

new NAL experiment gives more weight to the suggestion that the rise in the
total cross-section observed in the ISR region is due to the expanding phase
space of the diffraction process, and the constancy of the cross-section at

each individual mass.
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VII. TRIPLE REGGE PHENOMENOLOGY

1. Which Terms are Important?

Analysis of the single particle distributions at high energies may be
done through the application of triple-Regge theory. One wants to calculate
the cross-section for processes of the type (a) in Fig. 179. Applying an
equivalent of the optical theorem in 2 —2 body scattering, the total cross-
section is then given by the square of the forward scattering amplitude--so
for processes of the type (a) we square the forward amplitude by multiplying by
itself, shown disgrammatically in Fig. 179(b). This is then approximated by
the triple-Regge diagram--Fig. 179(c).

The cross-section obtained from this exercise is then written as

= = M
2
at au 1,2, ° ve

o (t)+a,(t)
2o . ngi(t)<s>l % 20,(0)

; l1—055(0) © . al(t)+ot2(t)—a5(o)
= % (= R =
1,2,5<s> 123 <M2>

It is supposed that such a description should be valid for (s/Mz)
and M2 large.

One then tries to fit the data as a function of s, M2 and t with
an appropriate selection of the trajectories @, & and a5 (see Fig. 179).
For Pomeron exchanges, P, a(0) is taken to be 1, and for Regge terms, R,
®(0) is taken to be 1/2. Excluding interference terms, there are four lead-
ing terms to be used in fitting the data--PPP, PPR, RRP, and RRR. The s-de-
pendence for fixed x and Me-dependence of each is summarized in Table XVIII
and in Fig. 180.
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If the PPP contribution is not zero, it is expected to dominate at
2

large s and large M . Fits to the ISR dataluo show that the data is compatible

with substantial PPP coupling, but important contributions from the other tra-

jectories are also required and the fits are by no means unique.



The most systematic attempts to study the triple-Regge question have

130,141

been performed by the Rutgers-Imperial college Group at NAL, and the

140,20
’ Fox5 has recently given a critical review of this

CHIM group at the ISR.
field (recommended reading). In the meantime, we will follow the work of these
two experimental groups with the single "Fox caution" kept in mind--it is prob-
ably not a good approximation only to keep the four leading terms--appreciable

interference effects should be expected.

The Rutgers-Imperial College data spans a large range in the important

variables:
2
100 < s < 750 GeV
0.1 < t < 0.38 Gev2
5 < s/ < 12.5

and has already been discussed (in Chapter VI) with respect to the scaling
behaviour of the cross-section. The wide energy range available in this experi-
ment allows & clean separation of the energy dependent terms, PPR and RRR, from
the energy independent terms, PPP and RRP.

The data was divided into four t intervals~-0.lk < t < 0.18, 0.18 < t
< 0.22, 0.22 < t < 0.28, 0.28 < t < 0.38 GeVE, and fit to the triple-Regge
cross-section formula given above, with the couplings being left free in each
t interval.

Five fits were attempted:; (1) in which the four leading triple-Regge
terms were used with o% =1+ 0.25 t and 0% = 0.5 + t. This fit was quite
poor, not reproducing the dip structure for x ~ 0.88. It is interesting to
note that the PPP term exhibits a dip in the forward direction with a maximum
at t ~ 0.2 GeV2--see Fig. 181; (2) which uses the same trajectories as in fit
{1) but only fits the data for x > 0.84, This fit is much better but still
not very good. The PPP term still shows the forward turnover; (5) in which the
trajectory of the RRP terms is taken to be « = 0.2 + t (after Miettinen and

1h2
Roberts) to allow for the effects of lower lying trajectories. This provides

a much better fit to the data, but ncow the PPP term has no forward turnover--
see Fig. 181; (4) is very similar to fit (3) but an explicit parametrization
is used for a 7P term (due to Bishari)luﬁ, together with the four leading
triple Regge terms with conventional trajectories. This gives a rather good
fit to the data, and no forward structure to the PPP term; (5) in which the
RRP term is replaced by an exponential e_cx, as suggested by Capella et al.luu
This provides the steeper x-dependence required by the data and indeed this
parametrization gives the best fit. Again, the PPP term shows no forward turn-
over--see Fig. 181.

It is interesting to note that despite the uncertainty and variation
in the PPP term between the several fits tried, the energy dependent term--PPR--
seems very stable, gquite model independent and rather well determined.

In summary, a clear separation between the s-dependent and s-independent
terms has been observed. For the s-dependent terms the RRR contribution is
small and negligible, while the PPR contribution is well determined. The energy
independent part requires both the PPP and RRP terms, and no unambiguous iscla-
tion if the PPP coupling seems possible at this time. Fits with conventional
trajectories yielded a PPP coupling which peaked for t ~ 0.2 GeV2 and turned
over in the forward direction, while better fits to the data {with modified
trajectories) had & quite structureless PPP t-dependence. Therefore not much
light can be shed on the question of whether Zppp vanishes at t = 0. To
make more progress in studying the triple-Regge phenomenology and in particular
to identify unambiguously the PPP contribution new data extending further into
the diffraction peak, to x values nearer 1, are urgently required.

Sens®0 fits the CGHL group data, which is characterized by:

s = 1995 Gev’ 0.5 < x < 0.8 0.7 < Pp<l.2 Gev/c
= 551 Gev2 5 < W< 30 GeV2 A5 < By < 1.25 GeV/e
= 930 Gev2 7 < M2< 50 GeV2 hs < B < 1.65 GeV/c




The medium x data at s = 1999 GeV2 were Tit assuming that by this
high an energy RRR components had died out, and only one term is dominating
the cross-section, namely, the RRP contribution. This may be justified by
jinspection of Fig. 182, which shows s-independence in the medium x region
(0.5-0.7), from Js = 23 GeV to Js = 5% GeV. Terms like RRR, or interfer-
ence terms way be expected to be small, or at least to contribute less than 20%,
to the cross-section.

For this one term we may rewrite the triple Regge relationship:

dBU o] < 5 M2
B+ == = ——— . = ==
dp5 l6Tr25 fop( R M2 > < M%

where f is the effective meson trajectory in the RRP term.

zaf(t) ap(O)

2
Teking M) =1 and %(o) = 1.0, this reduces to

fop(t) <M2 >l-2af(t)

ap’ 1647 s

2
The data at s = 1995 GeV , when fitted to this form,give

ozf(t) = 0.45 + 0.75 t,

and the results are plotted in Fig. 18%. The dashed line gives the sensitivity
of the data to the more usual unit slope of the meson trajectory.

At high x, the data is a mixture of diffraction dissociation and high
momentum fragments from the pion production region. This is especially true
in a poor resolution situation. Sens subtracts out the high momentum fragments
assuning they are well explained by the RRP term just determined above.

The Mg—distribution is shown in Fig. 184 and the extrapolated fragmenta-
tion component under the diffraction peak is shown as the "background" curve.

The mass spectrum falling like M_2 (see Fig. 184), and the s-indepen-

dence of the cross-section for x ~ 1.0 shown in Fig. 185, suggests that the
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peak may be dominated by the PPP term. See Table XXVIII for M2, x and s-
dependence of the different terms.
Sens then assumes only the PPP term, which gives

d50 ¢ (t) <M2>l—2ap(t)

E . —
dp5 1617'2 s

Fitting the data near x = 1, and making sure to remove the elastic
scattering contamination of the data, allowing for the momentum resolution of

the spectrometer and subtracting the high momentum fragmentation "background"

using the RRP term, finally yields the Pomeron trajectory

ap(t) =1 + 0.2t

shown in Fig. 186.

This trajectory was compared to that derived from a study of elastic
scattering assuming Pomeron dominance of the two-body reaction--
20 (t)-2
= = f{t)'s P
Using elastic scattering data at s = 551,930 GeV2 they find good agreement wit
this Pomeron trajectory (shown as crosses, (x), on Fig. 186). This is also in
good agreement with the best overall fit to all elastic pp scattering above
s = 100 GeVz, which gave o' ~ 0.275 GeV—e. (See Chapter I1.)

This analysis shows that the triple Regge framework allows a consistent
description of the data, but as Fox5 points out, there are are so many paramete

end the correlations in the data are so strong that it is difficult to learn

anything at present.

2. Decoupling of the Triple Pomeron Term &s. t - 0.

The question of the vanishing of the triple Pomeron coupling as t -0
is always of interest, and should be addressed before leaving the triple Regge

chapter.



1
Aberbanel et al. 9 have shown that the triple Pomeron coupling gp(t)
is given by

(167T)1/2.G (t)
R A,

(t) =
fp Voo - Vao/at g
where
d . . 1 s
B- ;; (diffractive) = e Gp(t) . M—2
and
20 (t)
s P a (o)
digdx = Gp(t)' % ) <'M'2'> - 0f) P

and vhere oy, da/dtlel are the asymptotic values of the cross-sections. (This
is strictly only true for Q%(O) =1.)

This may be rewritten in the following way

1 1 2
. . <1- .
e e gp(o) <1 ap(O)

The Abarbanel et al. paper points out that if the Pomeron is a factori-
zable simple pole, that the above triple Pomeron relation cannot be self con-
sistent unless ap(O) < 1 or GP(O) = 0.

Hence the interest in the question of whether PPP vanishes at t = O.

The data of Columbia-Stony Brook128’129

discussed in Chapter VI, and
shown again below as Fig. 187, show a dip at small t for 8 < M2 < 14 GeVe.
This dip is not present for larger (20 < M2 < 60 MeVe) or smaller masses.
The interpretation of this turnover as a zero in gppp may be justified by--
. 8 < M? < b GeV2 region is roughly optimal for seeing the triple
Pomeron term at this energy. At lower masses the PPR term is domiant,
while at larger masses the RRP term is important,
. the value of (dc/dthe) is non-zero for t = 0, but is in agreement

with many of the fits for PPR and RRP contributions. (See Fox's

review of all these fits.) However, away from t = 0 there seems to

be & need for an extra contribution to the (PPR and RRP) to fit the
data--is this an indication of the presence of the PPP term?

Before accepting that gppp 50 as t -0 as fact, we should notice several

other points:

Py First, if we use the extrapolated value of the PPP term {going to

t = 0 with an exponential) from the Sens analysis,zo and put GP(O)
into the formuls derived above, we find

1077

T

P

- ap(0) 2 55 {0)
which implies for 0.05 < a' < 0.5, the Pomeron intercept must lie in the range
0.99 < ap(o) < 0.999

Clearly this is not too serious a departure from alo) = 1.
This means that the self-consistency equations do not demand that the
triple Pomeron coupling have a sharp turnover as t - 0.

If fact, if we write

otp(t) =1-¢e+ cxp(o)'t

then for a' = 0.25 GeV_z, e > 2.10-5. This changes the definition of the

cross-section
1420 (t)-¢
o

d - 5
o - ° ©- 6p(t) - <_MQ_>

For small values of €, as those indicated, the scale breaking is very
-2
small. For e < 10 the cross-section is still well approximated by a
logarithmic growth. Indeed the s_€ factor contributes only a 2% correction

between s = 200 and 3000 GeVQ. Therefore, the cross-section increases

with s in this energy range.
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We may also take the PPP term obtained in the Sens fit,go and extra-
polate to the t-range measured by the Columbia-Stony Brook experiment

at I\II—\L.129

Sens has attempted this comparison, adding to the PPP terms
his RRP term (to account for high momentum fragmentation protons). The
result is shown in Fig. 188.
2
For 5 <M < 30 GeV2——the region of Sens high energy fit--the agree-
2
ment may be interpreted as confirmation that down to t ~ 0.056 GeV'
there is no sign of G (t) turnover.
PPP
Finally, what do the bubble chamber experiments say on the question of
the forward dip? (This question was reviewed in Chapter VI in discussing
the t-dependence of the inclusive scattering.)
The 200 GeV/c er and pp experiments looking at du/dth see no sign
of a forward turnover for small masses--{i.e., the 8 < M2 < 1 GeV? region
studied in the Columbia-Stony Brook experiment). The data are repeated below
in Figs. 189 and 190. The pp experiment does observe some flattening of the
; R s ME 2
t-distribution for above 25 GeV .

145

Vander Velde, in a summary of all four pp experiments (102, 205,
303, 405 GeV/c) reports that for the broad hump region (i.e. 0.9 > x > 0.5),

the do/dt 1is exponential with a slope of exp(-B.SPg), and the region of large

mass in the diffraction peak (x > .9 but M2 > lOGeVg) is also quite exponential

with slope exp(—?Pg). However, in studying the four prong data they do observe
a dip in the forward direction for Pi < 0.k GeV2 for M2 < 10 GeVE. Beyond
Pi ~ 0.05 GeVE the data are exponential with a slope of exp(-lOPg). See
Fig. 191.

The bubble chamber data do not help to clarify this guestion. It is
important to establish the existence of the dip firmly, and then by studies

of its s- and Me—dependence attempt to associate it with one of the triple

Regge terms contributing to the process. In this way, we may see some progress

on the question of whether the triple Pomeron coupling vanishes as t = O.
As mentioned before, unambiguous determination of the triple Pomeron term
needs experiments measuring s-, t- and M?-dependences well inside the diffrac-

tion peak for x nearer 1.0.
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VIIT. IMPACT PARAMETER ANALYSTIS OF HIGH ENERGY SCATTERING h)

Summary of Data

o5 increases by (10 + 2%) in NAL-ISR energy range.

i

Teq increases by ~ 10% in NAL-ISR energy range. )
Uinel is responsible for most of rise in GT’ it grows by A ~ 3.3 mb
(0,507 = 323 + b mb at J& = 23.4 Gev and 35.6 + .5 mb at 53 GeV).
Real part of elastic scattering amplitude at t =0 changes sign around
p ~ 300 GeV/c crossing from negative to positive values.

3)
Small t slope of do/dt (i.e. [t] <0.15 GeVQ), is steep ~ 12 GeV_z,
and grows like 1n s. Parametrizing this shrinkage in terms of a Pomeron
trajectory yields a' = (0.27 + O.OS)GeV_Q. 2.

The slope of do/dt changes rapidly by &b ~ 2 (}eV_2 around
t ~ 0.15 GeV2. The cross-section for larger t values shows weak

energy dependence.

The break in do/dt observed in the 10-30 GeV/c energy region for

t~ 1.3 GeV2 develops into a beautiful diffraction minimum, at high energy.

Production of a low mass peak in inelastic scattering with an s-inde-

where T

The multiplicity in diffraction scattering is lower than for other pro-
cesses--typically the mean diffractive multiplicity is about half the
total mean multiplicity. This multiplicity increases with the mass of

the diffraction excited system.

The differential cross-section, dga/dM?dt, is pesked and consistent

with an exponential behaviour where the slope is a function of the

mass of the diffracted system, dec/dM?dt < exp(—b(M2)~t). The slope,
b(M?), falls from a value close to twice the elastic value for low masses,

to ~ b GeV™° for the high mass tail.

*
The properties of pion diffraction, (7 > ), and proton diffraction,,

*
(p »p ), are observed to be very similar.

Elagtic Scattering Analysis

Tn Chapter I we discussed diffraction scattering as the shadow of inelastic

processes and through s-channel unitarity arrived at the relation--

In Tfi = Gel * Ginel

. is the elastic amplitude and G_., G. the elastic and inelastic
fi el’ Tinel

overlap functions.

From the measured data on do/dt for pp elastic scattering one can

determine Im bel(s’t) and Re bel(s,t). Most simply one can assume pure

pendent cross-section; the peak extends up to masses of about 7 GeV at

ISR energies and seems to behave like M_e.

imaginary, non-flip for the elastic amplitude and solve for TIm bel(t) directly

t).

The cross-section for the inelastic diffractive process is found to
grow like 1n s, and to account for a substantial part of the rise in
the total cross-section; (one experiment indicates that the inelastic
cross-section minus the single and double diffractive contributions is

a constant from NAL through ISR).

from the data. The next stage in sophistication is to attempt to find Re bel(
The real part is known only at t = 0, ut a reasonsble estimate of the phase
is obtained by assuming that the imaginary part of the scattering amplitude
vanishes for t ~ 1.3 GeV2 dip, and the measured cross-section gives the real
part at that t-value. Using smoothness to connect, one may estimate Re bel(t).

(Tt turns out not to be at all sensitive to the phase assumed.)
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Given the elastic amplitude, one may use the s-channel unitarity equa-

tion to find G, . (t)--see Fig. 192.

inel
Here we see the inelastic overlap function changing sign as a function
of t, for t~ 0.6 Gevg, and a second zero for t ~ 2.2 GeV2. The change of
sign shows how importent are the phases of the many open channels, in making
up the inelastic overlap function.
Perhaps one sees more clearly what is going on, if we Fourier-

Bessel transform the Im bel(s,t) and Re bel<s’t) into b-space (i.e. impact

parameter space). We may then find Ginel(s,b) from the relation

1 2
Inm bel(s,b) =5 |bel(s,b)| + Ginel(s,b)

Figure 193 shows the result for the total, elastic and inelastic over-
lap functions using the ISR pp scattering at J;-z 5% GeV. (This is from the
analysis of Pirila and Miettinen,lé’17 but all of the analyses are in falrly
good agreement.) The "plackness" of the proton is observed to be ~ 9hd of
the unitarity black disc limit, and the inelastic overlap looks like a gaussian
with average radius a little less than 1 fermi. On closer inspection, Ginel
flattens out near b = O, and has a long tail.

This long tail of the Ginel(b)’ (or Im bel(b)—-as for large b they are
the same), is directly related to the sharp break in do/dt at t = 0.15 GeVE.
There is much discussion as to the origin of this tail--27 contributions,
dissociation, etec.

The dip at t ~ 1.3 GeV2 is related to the flattening of Ginel as
b — 0, but the corresponding effect in the elastic amplitude is very difficult
to see. (Remember, the cross-section at the dip is between six and seven

decades down from dc/dt so it does not take a big change in the elastic

o’

amplitude). It is also interesting to note that if Ginel(s,b) did not level

off near b ~ 0, it would violate unitarity. This suggests that absorptive

effects are at least partially responsible for the small b flattening.

It is of interest to study the s-dependence of the overlap function--
the same analysis was performed for Jg =21, 30, 4l and 53 GeV. The results
are shown in Fig. 194, where we see that the radius grows ~ 5% through this
energy range, but that the absorption at b =0 stays constant at 9h% of its
unitary value. So the protons are getting bigger not blacker.

In addition, if we look at where Ginel changes between 53 and 31 GeV,
we find that the increase in the inelastic cross-section comes from a narrow
region, a ring around 1 fermi. Perhaps it is not so surprising if we remember

that the increase in the elastic cross-section comes mainly from the small t

region--ie. for large impact parameters. (See Fig. 194, )

3. Inelastic Diffractive Scattering: Impact Parameter Analysis

The measurements of the inclusive proton spectra at NMAL and the ISR
show that at high energies inelastic diffractive scattering and non-diffractiwve
scattering populate different regions of phase space. This suggested that it
may be useful to consider their contributlons %o the elastic scattering sepa-

rately. Hence the inelastic overlap may be split into two parts--

G (t) =

inel () + op(t)

Gprod

Rewriting the s-channel unitarity relation, we have--

ImT,. (t) =G

o1 t) + GD(t) + Gprod(t) R

el(

where Gprod(t) is the shadow of the non-diffractive particle production pro-
cesses and GD the same for the diffractive part.

The analysis closely parallels the elastic study above, except now have
to take into account spin and helicities in the inelastic scattering while "no
flip only" was taken in the elastic case. Sakai and whitelu6 have done a care

ful analysis of this case--they assume that as the mass of the excited system

rows, the spins involved grow quite rapidly.



They also assume that the diffraction scattering conserves helicity in
the t-chamnel. (The data discussed in Chapter V showed that the date favour
TCHC over SCHC, but still shows some violation. However, Miettinen points out
thet the impact analysis is not crucially dependent on rigourous TCHC, but
merely demand substantial SCH flip--which the data certainly confirms.)

Sakai and White fit the (d2c/dM2dt) for the single particle spectra and
find that the diffractive shadow GD(s,b) has a peripheral profile, and that
diffraction occurs at the edge of the absorption region around b ~ 1 fermi.
See Fig. 195. (Note that if SCHC had been assumed, the impact profile for
diffraction would have been central. TFurther note that the large b tail is
dominates for

ascribed to central inelastic amplitude in this model. Gin

b < 1f and for b > 1f,)

4. Slope-Mass Correlation

This association of the diffractive production with peripheral impact
paremeters allovs a very natural explanation of the observed correlation of the
slope of the diffraction pesk with the mass of the system. The production from
a ring at large impact parameters will contribute a term (eat JA%(R‘Jrg)) to
the differential cross-section, dgd/dMedt, where A\ 1s the helicity flip in-
volved in the scattering and where the exponential accounts for the smearing
of the edge of the ring.

When the mass is close to threshold, the spin (J) is low and the con-
tribution of helicity flip amplitudes are small. For this situation the shape
of the amplitude is given by JO(R'JjE), which for R~ 1 fermi gives a zero
at t - 0.2 GeVE. This would mean that the very steep slope for the low mass
diffraction is caused by‘a zero at small +t values in the dominant helicity

amplitude, and not by a large value of the exponential slope, a.

As the mass of the system increases, this zero becomes washed out by
contributions of the flip amplitude, and/or real parts--as the mass increases
the spin increase and the helicity flip amplitudes grow--flattening out the
cross section, do/dt. See Fig. 196.

Tt will be interesting to see inelastic diffraction data from NAL at
small mass and over large enough a t region to convincingly see this structure.
At these energies the real parts should be small enough that if this is really
what is going on, we should see the characteristic JO structure in the dc/dt.

There is some confirmation of this suggestion,from two bubble chamber
experiments--one on pp —?pmr+ at 19 GeV/clu7--see Fig., 197--and the other on
np —apwfp at 12.5 GeV/c79--see Fig. 198. For small masses of the diffractively
excited (Nw) system there are signs of small t structure.

However, for the moment only & hint.

5. Rise of UT

In the summary of the data, we found that the rise in g, comes from

T
Ginel mainly, and that 1t originates for large impact parameters--from a narrow
ring around b ~ 1 fermi.

We have also argued that the inelastic diffraction is peripheral and
comes from a narrow ring around b ~ 1 fermi.

Further we have several experiments which indicate that the diffractive
cross-section increases like 1n s, and could account for the increase in the
total cross-section.

It is very tempting to tie all of these points together; to be sure we
would like to have GD(§,b) at several energies to find where the increase in
diffraction comes from. This is a necessary precaution, because one can
imagine a situation where the increase is due to a central contribution but

which produces a peripheral increment to the total amplitude.

Consider the case of o,

inel being constant, but the elastic differential

cross-section shrinks. This causes G to fall at b = 0 and go up for

inel

large b. If, as the energy increases, we add a new central contribution then
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the new total Gin at the higher energy could be compensated such that Gin

el

has not changed at b = 0, and the difference of the two Gi would peak

nel

at ~ 1 fermi (i.e. have produced a peripheral increase in Gin from a new

el
central piece, plus a shrinking elastic amplitude). See Fig. 199.

6. Conclusion

Finding the reason for this phenomenon of rising total cross-section

is one of the most interesting questions in particle physics. It is clear that

the rise is not due to the saturation of unitarity (Froissart, Chen-Wu), but

el

which of the several other possible mechanisms nature is using is far from clear

Is it due to an expanding core?, or to an expanding ring around the edge of
the absorption. region?, or to an increasing blackness of this outer ring?
(or something else?). Defining the specific amplitude and mechanism for the

growing cross-section is a very tantalizing and fundamental question!

. CONCLUSIONS

Having completed a review of the data on diffractive processes, we now

collect together some of the questions raised in the preceding chapters.

1.

Total Cross-sections--what is the asymptotic behaviour? Do they continue

to rise with increasing energy or do they approach a constant value at high
energy? See Fig. 200.
Some useful insight on this matter will come from:

-study of the "early rising" K+p cross-sections through the NAL energy range;

-good measurements of the magnitude of the real part of the forward scatter-
ing amplitude in p-p scattering at highest energies of the ISR;

-watching for changes in the s-dependence of Gel’ oel/atot’ b (the slope
of the forward cross-section) for all processes through the NAL energy
range;

-watching the energy dependence of the difference in total cross-section
for particle and antiparticle processes through the NAL range, to see 1f

(and when), the Pomeranchuk theorem will be satisfiled.

Elastic Cross-section--are there really two components to the Pomeron?

There are three interesting areas to watch here:

-study of the s-dependence of the small t cross-section, especially for
the K+p system, though NAL energies. (Do we find diffractive amplitudes
with upward curvature at small t7)

-study of the s-dependence of the larger t cross-section and of the diffrac-
tive dips, to provide more imformation on the "central collisions." (Do
K+p, T =9, wip reactions show deep diffraction dips? If so at what
t-values and how do they move with energy?)

-the determination of the real part of the elastic scattering amplitude at

10k

all t values--see Davier's lectures.



Inelastic Diffraction Scattering--here we have quite a long list of interes-

ing questions:

-understand the two components of exclusive diffraction (the threshold kine-
matic emplitude and the diffractive production of resonant states), and
their relationship to each other;

~-from studies at NAL energies of low mass exclusive diffraction, determine
whether the slope-mass correlation is caused by a zero in the amplitude
at small t (which gets filled in as the mass grows and spin structure gets
more complicated), or is due to a real shrinkage of an exponential cros;-
section as masses go to thresholad.

~understand the anomalous nuclear absorption in diffractively produced
systems, wherein the absorption cross-section for (3m) and (57) states
is the same as a single pion, (Kww) like the X and (Nmr) like the
nucleon. (See the lecture of B. Gobbi.sz)

-where are the meson resonances, which correspond to the diffractive N*
production? Hoepfully, with new tools becoming available;Ol we will be

able to study Al and Q production in non-diffractive channels--
- -+
Kp —»AlA, QA
mw - Q A, AqA
+ - -
e e —)ﬂAl, KQ .

-is the inclusive diffractive amplitude peripheral? Is the increase in
this amplitude, with increasing energy, peripheral or central? Does the
increase in the diffractive cross-section account for the observed rising
total cross-section?

-1t we think of the proton as an almost black disc with an edge contribution,

are the disc and the edge both growing with energy? If so, how fast? Does

the edge get blacker?

-for a better understanding of the triple Regge picture experiments cover-
ing a large s- and t-range and measuring x-values from x ~ 0.8 right up
to almost 1.0 are required. Such studies should also allow a better dis-
cussion of the question of the decoupling of the triple Pomeron coupling

at small t values.

4. Factorization--we know from studies of two-body processes around 10 GeV/c
that secondary processes (cuts, absorption, double exchanges, etc.) are impor-
tant, and further the rising total cross-sections observed at high energies ex-
clude a simple pole description. These observations lead us to expect a break-
down of factorization. It would be interesting to have good experiments, with
a few percent accuracy, to observe this breakdown and attempt to follow any

s-dependence of the violation,.

5. Comment on the s-Dependence of the TImpact Structure of Pomeron

Since s-channel unitarity relates elastic and inelastic behaviour at a

given impact paramter through the equation:

In T (s,p) = fel(s,b) + finel(s,b)

1

ve have to be prepared for the impact structure of Pomeron to change with
energy, despite our prejudice as to its constancy.

We know that the total inelastic cross-section is flat (slowly rising-~
but maybe if take out the diffraction dissociation contribution, then it would
be flat). But we also know that there are different reaction chanpels con-
tributing at any two energies 8y and 85, being driven by quite different
mechanisms. For example, at 10 GeV/c we have mainly quasi-two-body processes,
which are very peripheral, while at 1000 GeV/c it is not mainly guasi-two body

and I do not think peripheral--i.e. although the total inelastic cross-section

is flat, the distribution in b-space will probably change--therefore the diffrac-

tive b structure must change (since one is the shadow of the other).
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Perhaps there is a neat collaboration in the turning-on of the diffrac- TABLE I

tive dissociation piece, which is peripheral and inelastic, and which feeds the "OLD" REGGE POLE PARAMETRIZATION

Pomeron such that it picks up what is disappearing as the Regge two-bod To- -1/2
P ? PP & 88 vE 21.3 + 17.6 p l/ mb

o (7 p)
cesses die out with increasing energy. (I think this is unlikely given the + -1/2
ct(Tr p) =21.%3 + 11.2 p

respective energy dependencies.) 1/2

o't(K_p) - 17.1 +17.1 p
ot(K_n) = 17.1 + 11.45 p'1/2

At any rate, a study of the change of the impact parameter structure of
17.1

bl

+
0, (K'p)
the Pomeron, and of the inelastic processes which are coming in or dying out,

Ut(K+n) 17.1

]

may allow a deeper understanding of what diffraction is and how the proton is - _1/2

o (Pp) =37.k +50.7 p

built up. -1/2
ct(pp) =37k + 7.k p 1/

o (rp) = 9k.1 +79.9 2

ct(‘rﬂ) 94,1 + 53.6 P_l/z

TABLE IT

THE VALUES OF THE PARAMETERS A AND n RESULTING FROM THE FITTING OF
THE TOTAL CROSS-SECTION DIFFERENCES ABOVE 3 GeV/c TO THE FORMULA

-0
Ao = Aplab .

(The errors shown in the table have been evaluated taking into

account statistical and systematic errors.)

Cross-section

differences (mb) n
A(W;P) 4.0 + 0.3 0.32 + 0.02
A(K;p) 18.1 + 0.3 0.5k + 0.02
A(K;n) 13 0 + 0.4 0.67 + 0.02
A(p;p) 63 +2 0.64 + 0.02
A(p;n) o o+ 7 0.61 + 0.05
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TABLE VI

NEW ELASTIC CROSS-SECTIONS

P Gel
(cev/e) Group (mb)
25 CERN- THEP 5.35 + .06 ]
32.8 IHEP 3.91 + .22
35.4 IHEP 3.48 + .36
k0.0 CERN-IHEP 3.%2 + .06
42.0 THEP 3.25 + .10 FT D
45.3 IHEP 3.+ 19
48.6 THEP 3.22 + .12
5h.7 THEP 3.35 + .17 ]
205.0 NAL-LBL~Berkeley 3.03 + .50
25.0 CERN~THEP 2.4 + 03 _
40.0 CERN-THEP 2.35+ .03 |FP
25.0 CERN- THEP 8.7 + .2 ~
40.0 CERN-THEP 7.2 +.3 [P
TABLE VII
ENERGY DEPENDENCE OF ELASTIC CROSS SECTION
nét}
gxp
[Particle Ebcponer:t, n Range of Fit
T -0.25 + .02 (5-40) cev/e
T -0.28 + .06 (5-40) Gev/e
K -0.26 + .03 (5-40) Gev/e
k" -0.09 + .03 (4-15) GeV/c
) -0.k2 + .03 (5-40) GeV/e
P -0.26 + .02 {(5-30) GeV/c

TABLE VIII

BRATIO OF ELASTIC TO TOTAL CROSS-SECTION, (Uel/ctot)

Plab (Gev/e) Ratio
- 5.5 .188 + .005
i 55.0 138 + .007
7T+ 7.0 .192 + .00k
16.0 170 + .006
. 10 .140 + .003
K ho J126 + .01k
¥ 5 225 + .02k
K
15 196 + .0L7
6 294 + .006
o 60 .187 + .008
200 A7k + 005
1000 176 + .007
8.0 285 + .012
P 16.0 .185 + .010
ko.o 178 + 018
TABLE IX
RATIO OF M
o(Xp - Xp)

Ratio 5 10 Lo
R(r /7) 1.01 + .06 1.00 + .02 | 1.0+ .02
RK™ /&) 1.09 + .06 0.9% + .09 1.01 + .03
R(p/p) 1.26 + .06 1.19 + .04 1.05 + .11




TABLE X

RESULTS ON THE EXPONENTIAL SLOPE b IN ELASTIC PROTON-PROTON SCATTERING

AT THE CERN ISR.

THE ERRORS 1
RS INCLUDE AN ESTIMATE OF THE SYSTEMATIC 8T S lam
CONTRIBUPIONS TO THE ERROR 6 o|o o s o
DT) T R IR T
w O N
DA BN B
LaN . aY (ST QY] «© -
lt] < 0.15 Gev® [t] > 0.15 Gev®
P, + F, Js t-rjgge slope b t-range slope b AL B S
(Gev/e) (Gev) Ge -2 -2 O I R
( ) (cev ) (GeVQ) (cev™) a, % FIOHL] ED D] D
. ? SR I s
10.8 + 10.8 21.5 | 0.05 -0.09 | 11.6 + 0.3 | 0.14-0.2% | 10.k + 0.2 B Ay a|ya
—_ -Dm oW AN BNV} 3 g
15.5 + 15.5 30.6 | 0.05 -0.09 | 11.9 + 0.3 | 0.14-0.2% | 10.9 + 0.2 —2
0.015-0.06 | 13.0 ¥ 0.7 - S8
o
2.5 + 22.5 k.9 0.05 -0.09 12.9 + 0.2 0.1k-0.24 10.8 + X TN I
. . . . .14-0. . 0.2 Pla @ 5
0.03 -0.12 12.9 F 0.4 - \3‘5, FER I AR B
0.01 -0.05 | 12.6 ¥ 0.4 S IR AR R
— o O O o\ O
1 o] . - . .
06,5 + 26.5 52.8 0.06 -0.11 2.4 + 0.3 0.17-0.31 10.8 + 0.2 0 T |ERAA|ES
0.0k -0.16 | 13.0 ¥ 0.3 - = -
0.01 -0.06 13.1 % 0.3 — E
= w
31.4 + 31.4 62.6 0.01 -0.06 13.1 + 1.0 : 2 B|RRIR 3 B 3
e W [RA|RR|4K
ﬁ = P NNy LLANEE DY ow
TABLE XI Q
~ \O N = = 0
7 p ELASTIC SLOPES 2 S S1S oo
= ) +F +1] 40 FD L L HE
al 4 ON 4 @ N O
P - C oA QM Q
t-Range Slope, b E [NV IR B <" I VI Y SV o
(Gev/c) (cev?) (Gev™2) &
O
-
dg _ _-bt & A R R
dat € é o ol o ojo o
1)4 el +1 +1 +1 +t + +1
.05 < t < .78 7.7 + .03 & 58 & & o
55 05 <t < .53 8.8 + .2 a o on|© ® |y o
205 0% <t < .60 9.0 + .7 o
da ~bt-ct? % 3 o olo ol o
[EE“ € ] & 513 Rl 3 8218 %
gl oy a1y
3.0 7.61 + .11
.7
3 05 < t < b 7.60 + .12 o
.0
5 7.66 + .09 Q-‘E & N Sia 9
6.0 7.70 + .08
1ik.0 05 <t < .78 8.26 + .10 1 ‘
2 - S M sl
1 <t< .6 9.07 £ .32
ko 9.63 + .31

TABLE XIII

t-DEPENDENCE OF SHRINKAGE IN ELASTIC T p, K p, end pp SCATTERING

(24" Gev™2)

0.k (Gev?)
-0.08 + 0.06

-0.3
0.25 + 0.05

~0.2

-0.1

0.35 + 0.08

0.52 + 0.12

0.72 + 0.18

0.54 + 0.12 0.38 + 0.08 0.20 + 0.05 0.00 + 0.08

0.73 + 0.16

1.4+ 0.2 2.0 + 0.2

-1.0 =+ 0.1

+ 0.1

-1.1

-0.8 + @.2
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TABLE XVIIT

0 AND SLOPE PARAMETER b, FOR THE REACTIONS

CROSS SECTION (do/dt') .
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TABLE XX

- - + +
THE DIFFERENCE IN SLOPE FOR K p -»QPp, Kp ~»Qp

Elastic Scattering

TABLE XXI
ENERGY DEPENDENCE OF DIFFRACTION PROCESSES,

g« p 3 (5-20 GeV/e)

Mom. Slope Diff. Q, Slope Diff.
(GeV/c) (Gev‘2 ) (Gev'e)
8 2.70 + .16 1 o+l
10 2.05 t .13 1.8 + 1.2
(12-14) 1.7 + 0.k
1.60 + .10
13 - 1.1 + 0.4
A, Slope Diff.
2.0+ .9
15 1.5 +0.8
1.1+ .8

Process Exponent, n
k° 5 ¢° 0.59 + .16
k" -a” 0.60 + .05
K -»Q 0.30 + .10
T ”Ai 0.41 + .11
T ——»A; 0.57 + .2

N - Nr 0.5 + .1

N - N 0.k + .06

59

For Comparison, the Elastic Scattering
Energy Dependence is:

K+p ~ 0.1
K p ~ 0.4
N ~ 0.2
NN ~ 0.2




TABLE XXII

SLOPE OF DIFFERENTIAL CROSS-SECTIONS

Slope (Cev 2)

Process
T -p ~ 6-8
vr—aAl ~ 09-11
ﬂ'—aA3 ~ 9
K-Q ~ 5-7
K-8 ~ 8-10
N - (NmT)luoo ~ 10-11
N - (NW>1700 ~ 5

TABLE XXIIT

s-CHANNEL HELICITY-FLIP AMPLITUDE RATICS IN THIS FXPERIMENT

AND IN 7N SCATTERING FOR .18 < [t] < .80 aev®

Experimental Values
of Density Matrix Elements

For comparison, the elastic slopes are ~

Slope (GeV_2 )

Process
YN ~ 6
N ~ 7-9
KN ~ 526
KN ~ 7-8
NN ~ 9-10

Amplitude Ratios. 2.8 Gev L7 Gev 9.3 GeV Average
Photoproduction
ITOllg/iTlll2 ~ 00 -0l + .03 .07 + .02 -.0L+ .02 .018 + .01
|T_1]_12/IT11|2 ~ pi_l+ Im pi_l b+ .05 .11+ .05 -.02 + .05 .0k * .03
m Ty, /17, =2 e 0%y 16 + .05 .12 + .05 .1k + .02 .1b + .01§
wr /il 00 1 <06 % .05 -.05 .03 -.10% .02 -.08 % .02
7 Scattering
]Fi_l/IF?H_\ Isospin O Exchange 6 GeV/c .15 + .02

*
The nucleon helicities in the photoproduction amplitudes listed are

3 or- - 3.

. 23 {
g R R
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TABLE XXV TABLE XXVIII

FACTORIZATION TEST IN 7N AND REACTIONS
e . ENERGY AND Me-DEPENDENCE OF THE VARIOUS TRIPLE COUPLINGS
_olrp —)w-gz B
Rl ~ olpp - pp = 0.b3 s~dependence M2-dependence, {x-dependence)
0 Triple Regge Term (fixed x) (fixed s, t)
_ olmp - m(pm))
R, = 5 = 0.46 + .15
o(pp - p(pT)) PPP constant INe, 1/(1-x)
.- 3 3/2
R, - E(ﬂ:"’(ig_gl - 0.35 + .18 PPR 1/vs pe, 1/(1-x)
a 5
(pp ~ 8(pm 7)) RRP constant constant, (constant)
g i pmrm 1/2
R, = SR =045 + .15 RRR y 5 M, (1/(1-x)?)

o{pp - 8{pmm))

M2 = (1-x)s

TABLE XXVI
A FACTORIZATION TEST FOR 1p, mp, and pp REACTIONS
Momentum (GeV/c)
(6-10) (10-1k) (14-18)
_olrp 5 %)
R, = SR 0.053 + 0.0Lk 0.035 + 0.014 0.055 + 0.024
oyp mp T T )
R, = __EKER_:*_EEL__ 0.064 + 0.07 0.061 + .008 | 0.060 + 0.009
olpp »pp T T )
+ U$1r+2 —y1'r+2!
Ry = —— P 0.061 + .006 0.063 + 0.003
aolrp a7 prw)
- o{rp -7 p) ;
5 = o 0.052 + 0.005 0.059 + 0.00%
olrp»mprT )

TABLE XXVII
VALUES OF THE PARAMETERS R(H)
R(H) = —[LLT-LJ.G(EHHP_;HHEW P1ap
[GeV/c]
R4
R(m ) = 0.11 + 0.0 8
+
R(r ) = 0.11 + 0.(@ 16
R(K") = 0.10 + 0.02 10
R(p) =0.11 + 0.02 12
R(p) = 0.1k + 0.02 2}
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Fig. 1k.
Fig. 15.
Fig. 16.
Fig. 17.

Figure Captions

Schematic of several peripheral and central amplitudes, and how they

transform from impact parameter space to momentum transfer space.

Schematic of the effect on the scattering amplitude in momentum trans-

fer space, of adding extra partial waves.
Tllustration of the s-channel unitarity equations.
Relationship between the total, elastic and inelastic overlap functions.

-1/2
Plots of hadron total cross-sections versus (Plab) / . 'The straight
lines represent a Regge pole parametrization of the O data below

30 GeV/e.
)—1/2'

Plot of the photon total cross-section data versus (plab

+ 1 t
Energy dependence of the p , K, 7 cross-sections on hydrogen, up

through 65 GeV.

Energy dependence of Ap and An total cross-sections.

Total photon cross-sections up through 30 GeV.

Possible asymptotic energy dependence of the total cross-section.
Total p-p cross-section as measured at Serpukov and the CERN ISR.

The total pp cross-section measurements compared to the lower bound

obtained from studies of cosmic-ray data.

Energy dependence of the elastic pp cross-section.

"Energy dependence of the elastic ﬂfp, K p, and p_p cross-sections.

The energy dependence of the ratio of the elastic to total cross-

sections for pp scattering.

The energy dependence of the ratio of the elastic to total cross-

sections for 7 p scattering.

Differential cross-sections, do/dt, taken at (a) the ISR by the
ACGHT group, and (b) at NAL by the US-USSR collaboration.
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21,

22,

23,

. 29,

0.

Energy dependence of the slope of the elastic p-p differential cross-
. . 2
section for two regions of momentum transfer--(a) [t| < 0.1 GevV",

{v) 0.15 < |t] < 0.5 Geve.

Compilation of the s-dependence of the slope of the Pp scattering

2
cross-section for small momentum transfers (i.e. [t| < 0.12 Gev®).

The differential cross-section, dc/dt, in pp elastic scattering out

to very large t, as measured by the ACGHT group at the ISR.

The differential cross-section for pp elastic scattering from

(3-1500) GeV/c. The dashed curve represents the fourth power of the
electromagnetic form factor, G(t) = 1/{1 - t/pe)e, with ug 2

Normalized differential cross-sections for pp elastic scattering,
(du/dt)/(da/dt)o, divided by Gu(t) wvhere G(t) is the electro-

magnetic form factor.

Differential cross-section for np elastic scattering from

(13-21) Gev/e.
Comparison of pp and np elastic scattering cross-sections at 19 GeV/c.

Energy dependence of the slope for pp and np elastic scattering from
(2-30) Gev/ec.

Slope of the forward neutron-proton elastic scattering cross-section,
as a function of energy. The dashed line represents the behaviour

of pp scattering in the same t-range.

Production angular distribution for elastic Wfp and E_p scatter-

ing at 23 GeV/e.

The differential cross-section for = p elastic scattering at
14 GeV/e.

measurements at 15 and 16 GeV/c,)

(Also shown for comparison, are the results of previous

Differential cross-section for elastic Wfp, K_p and pp scattering

at 25 and 40 Gev/c.

Shrinkage of the differential cross-section for v_p elastic scattering.

= 0.71 GeV .

Fig. 31.
Fig. 32.
Fig. 33.
Fig. 34.
Fig. 35.
Fig. %6.
Fig. 37.
Fig. 38,
Fig. 39.
Pig. k0.
Fig. k1.

Two components of the forward elastic cross-section--an exponential
part usually associated with the Pomeron contribution, and a "JO"
Bessel function piece which may be associated with the peripheral
Regge contribution or with an additional peripheral part of the

Pomeron. This second contribution causes an upward curvature in

the cross-section at small t.

The differential cross-section for K+p and X p elastic scattering

at 5 gev/e.

The energy dependence of the slope of the cross-section (evaluated

+ + +
at t = .2 GeVE) for elastic 7 , K and p scattering in hydrogen.

The energy dependence of the slope parameter of the Pomeron contri-
+
bution in K+p scattering (shown as the shaded region) and 7 p

scattering (shown as the circles).

-7 scattering angle distributions in the dipion rest system (6)

and invariant four-momentum transfer squared in -7 scattering for
- -+ - - - ++

the reactions m+p - T 7T +n and Twp-7wT+ 7T +A . Note that

the scales for the sections of M(r) . are nonlinear.

- +
Elastic and total cross-section determinations for 7 - 7 and
T~ T scatiering as a function of the dipion invariant mass.
s + +
Differential cross-section for scattering of mw, X', p on protons

at 3 GeV/ec.

+ + +
Differential cross-section for scattering of m , K, p on protons

at 3.65 GeV/c.

L
Differential cross-section for scattering of n°, K, p on protons

at 5 GeV/e.

+ + +
Differential cross-section for scattering of mw , K , p on protons

at 6 Gev/c.

+
Preliminary production angular distribution for 13 GeV/c Kp and
K p elastic scatiering.

£



Fig. h2.

Fig. U3.

Fig. Wb,

Fig. L5.

Fig. 46.

Fig. W47.

Fig. 48.

Fig. 49.

Fig. 50.

Fig. 51.

+
a. Production angular distribution for p p elastic scattering at

10.4 Gev/e.

+
b. Production angular distribution for K p elastic scattering at

10.k Gev/c.

Differential cross-section for pp elastic scattering at 50 and 400
GeV, in the very forward direction, showing the Coulomb scattering

contribution.

Differential cross-section for pp elastic scattering at two energies
of the CERN ISR in the very forward direction, showing the Coulomb

scattering contribution.

Calculated energy dependence of the ratio of the real to imaginary
parts of the forward scattering amplitude in pp elastic scattering,
assuming the total cross-section stops rising at 100, 1000, 10,000
and 100,000 GeV, respectively.

The measured energy dependence of the ratio of the real to imaginary

parts of the forward pp scattering amplitude.

The measured energy dependence of the ratio of the real to imaginary

parts of the forward np scattering amplitude.

The measured energy dependence of the ratio of the real to imaginary

parts of the forward T p scattering amplitude.

6k
Two-component amplitudes from the model of Cheng-Walker-Wu,
6
Kane,8’9’lo B&rger-Geer—Phillips,65 Allcock-Cottingham-Michael.
The two contributions are associated with a central process and a

peripheral process respectively.

Two-component amplitudes from the models of Durand—Lipes,67
Chou-Yang, 8 Frautschi-Margolis.69 The two components are associated
with a pole term and a cut term respectively. The observed structure
in the angular distribution comes from the interference of these two

contributions.

Fit to the ISR pp elastic scattering cross-section using the optical
model approach of Durand and Lipes. 7
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63.

Schematic for the vector dominance model description of rho meson

photoproduction.

The decay correlations for Yp —9pop at 9.3 GeV, in the SLAC-Berkeley

experiment using polarized photons.
The energy dependence of the cross-section for yp —;pop.

The cross section for yYp — wp as a function of energy, also showing
X N

the natural parity (o) and unnatural parity (GU) contributions

at 2.8, 4.7 and 9.3 GeV.

The cross-section for the reaction yp — ¢p as a function of energy.

The differential cross-section for Yp —apop at 9.3 GeV.

Tae differential cross-section for Yp —;pop at energies from 9

to 16 GeV.

The energy dependence of the slope of the differential cross-section

for yp —;pop.

Comparison of the data on the forward cross-section for Yp —9pop

at 9 GeV.

. 0
(a) Fits of dg/dt of p~ photoproduction to sum of P and f

exchange, utilizing Dual Absorption Model. (b) P and f exchange

‘amplitude slopes as obtained from fits of dd/dt. The errors in

0 .
Yp =» p p are statistical only. The systematic uncertainties are
estimated to be + 10%.

The differential cross section for the reaction yp —wp at 2.8,
4.7 and 9.3 GeV(¢) and the natural parity contribution to the differ-

t
ential cross-section {-+-).
t

Reaction Yp —p¢ at 2.8, 4.7 and 9.3 GeV. Differential cross section

(2) 2.8 and 4.7 GeV data combined: (b) 9.3 GeV: {c) shows the exveri-
mental values for dc/dt for ¢ photoproduction at 12 GeV as & func-

tion of -t from 0.2 to 1.0 (GeV/C)Z.
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The differential cross-section for yp — ¢p for energies between

(2-12) Gev.

The slope of the differential cross-section for yp - ¢p as a

function of energy.

The energy dependence of the cross-section for yp —» ¢p at t = 0.6 GeVQ.

The elastic pp differential cross-section for momenta between 3 and

16 GeV/e.

Schematic representation of the amplitudes in the two-component
Pomeron model.

The energy dependence of the cross-section for TN - 7N,

The energy dependence of wN - 7{7l) where the I = 3/2 and 1/2

7N contributions are displayed separately.

The separate mass spectra for the I = 1/2 and 3/2 contributions
+ + +
to the reactions T p —7 (Nr) &t 8 and 16 GeV/c.

The mass spectra for the various exchange isospin and (7N) decay

.
isospin amplitudes in the reactions T P S{wr)m at 8 and 16 GeV/c.

The cross-sections for pp — N(Nr) as a function of energy. The

contributions for (Nm) with isospin 3/2 and 1/2 are shown separately.

The mass spectra in the reaction pp - N(NT), for I =0, 1 in the
t-channel, and (N7) with isospin 1/2, are shown for incident proton

momentum of 12 and 2k GeV/e.

The mass spectra in the reaction pp - N(Mr) for I =1 in the
t-channel and (Nr) with isospin 3/2, are shown for incident proton

momentum of 12 and 2k GeV/c.

(2) Invariant mass of the pp‘n'_ system in the reaction np —)PnW_Pp
at 12.5 GeV/c. The shaded histogram is for events with M(ppv") <
M(pn'rr ).

(b) Invariant mass of the pnTT- system. The shaded histogram is

for events with M(pnﬂ_) < M(ppwh).
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Mass of the va- system for K+n —)K+’7T—p at 12 GeV/C.

The differential cross-section, dg/dt, for three ranges of M(pr ),
(a) 1.1 < M(pr )< 1.3 6eV, (b) 1.3< M(pr ) < 1.5 GeV,

(e) 1.5 < M{pr ) < 1.7 GeV. The curves correspond to exponential
fits with slopes equal to 1, 8 and 3.5 GeV_E, respectively.

Slope-mass correlation for np — (pnTr- )pp. The slope b is determined
tl

by fitting the differential cross-section, do/at', to Aeb in each

mass bin, for t intervals ranging from 0.02 < t' < 0.3 Ge\fg near

threshold to 0.05 < t' < 0.6 GeV® in the higher mass bins.

Mass distributions (events per 10 MeV) for the pr system observed

with carbon, copper, and lead targets. The efficiency of the apparatus

vs. mass, shown by the dashed curve in (a), has not been unfolded.

Distributions in cos 6 and ¢  for the proton (pn) in

J
np — P, (pn';r }. 'The distributions are of the Cottfried-Jackson frame.
(a) -t'<o0.1 GeV*  and M(pnw)) < 1.k gev; (b) -t' > 0.1 Gev® and
M(pnv') < 1.h gey; (c) -t' < 0.1 GeV® and 1.4 < M(pnwr") < 1.8 Gev;

(8) -t'<o.l Gev® and 1.4 < M(pnw') < 1.8 Gev.

+ 4+ . -
The mass distribution for (w w7 ) and (pTr+7r ) from the reactions
+ T o+ -
Tp-7m T wp at 16 GeV/c. Below the ratio of the mass distributions

+ -
for the m p and 7 p reactions are also shown.

Mass distribution for (Mwrr) for 7 and K induced reactions. The

(M) shows familiar resonance structure at low masses.

*
Missing mass distribution in pp — pN for an incident proton energy

of 260 GeV/c.

The effective mass distribution for (PTT+7T-) from 200 GeV/c

- - -

TDPDPTwT .

(a) The effective mass distribution for (p1r+w_) from 200 GeV/c
+ - +

pp »ppr - (b) and (c) show the mass spectra for the pr  and

pTr— subsystems.

The cross-sections for the inelastic two prong events and for the
separated isoscalar t-channel, I = (¥r)/2 emplitude, as a function

of beam momentum.
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The mass spectrum for M(A'n'_) from the reaction Z-p —)Awr_p at Fig. 103.
24.6 GeV/c. The curve is a Monte Carlo calculation of the Deck
diagram in the figure. Fig. 10k
The cross-section for ’IT-p —)v_'rr—7r+p ags & function of energy. Fig. 105.
The (37) and (27) effective mass distributions from the CERN IHEP Fig. 106.
- - 4+ -
experiment on TP - T T W p &t 40 GeV/e.
. Fig. 107.
The effective mass distribution of (7 7 7 ) from 200 GeV/c
- + - =
TP ->TTTDP.
Fig. 108.
The energy dependence of the cross-section for v—p —yAlp where Al
is defined as 1000 < M(37) < 1200 MeV. L
> o7
- Fig. 109.
The energy dependence of the cross-section for w7 p —7A2p where A2
is defined as 1200 < M(37) < 1400 MeV. L_> -
- Fig. 110.
The energy dependence of the cross-section for 7 p —-)Aap where A3
is defined as 1500 < M(%r) < 1800 MeV. 1___> o
o 0+ - Fig. 111.
The cross sections for the process K_Lp -)KS'IT T p, and the subprocess
] (6]
KLp - Qp as a function of energy.
i + n Fig. 112.
The cross section for K p »Q p as a function of energy for six
regions of (Knm) mass from (1200-1500) MeV.
*
The mass distribution for the X 7 system from the reaction
+ *
K'p X (890)nF at 5 GeV/c and 8.2 GeV/c for I = 1/2 and I = 3/2
smplitudes separately.
. . 0 0, =0, =0
The ratio of the cross sections Kp »Qp and Kp->Qp as
a function of momentum.
The energy dependence of the 37 amplitudes in the A, region. Fig. 113.
The differential cross section for 7r~p —eA_p at 4O GeV/c. The
A. region is here defined as the 1t spin parity amplitude for Fig. 11k

1
1.215 < M(37) < 1.415 GeV.

The energy dependence of the 3w amplitudes in the A2 region.
The differential cross-section for TT-p —aAzp (Ae —>p1r) at 25 and

Lo Gev/c.

7L

The energy dependence of the 37 amplitudes in the A5 region.
The differential cross-section for T p -;Aip (Aj - fr) at bO Gev/e.
The energy dependence of the Kmwm smplitudes in the Q and L regions.

- o=
against M(Kmw) for Kpo-oKprm,
at 14 GeV/c.

Scatter plot of M(Km)
-0 - -0 -
Kopv TTO and K n7T+7T
The production angular distribution for low mass (Kwm) in

- - 4+ = - - -0 + -
Kp=-Kprw, Kopv 1ro and K nr m at 1l Gev/e.
Exponential slope parameter, b, averaged over the 1nterval

L <P < 12 GeV/c and plotted versus the mass of the K (890

beam
(squares) and the mass of the K (890) T (circles).
The mass dependence of the slope of the differential cross-section

in K p »Qpat 1k Gev/e.

+ - .
The differential cross-section for K p and K p elastic scattering

at 13 GeV/e.

The four-momentum transfer distribution, do/dt', for the reaction
+ + & -
TP — (7r T T )p in the pion-dissociation sector.

Differential cross sections for Kop - Qop (squares) and Kop —-)-Ciop

(circles) over the momentum range b to 12 GeV/c. The scale of the
ordinate is determined for

The curves result from the

neutral Q mesons decaying into Ks-rr 'n'—.

following exponential fits:

% (Qop) = 0.8% exp(5.9t') mb/GeV2,
g-'%r (_Qop) = 1.36 exp(9.7t") mb/GeVQ.

+ +
The differential cross-section for XK p » Q p at energies around

1h.GeV/e.

Reaction 7Yp —>p‘rr+7r_ at 9.3 GeV. Results of fits of the form

2 2 At
do” fatam =(dd /dthW)t:O e

in the interval 0.02 <t < 0.5 GeV2. The curve is from the 88ding

model.



Fig. 115.
Fig. 116.
Fig. 117.
Fig. 118.
Fig. 119.
Fig. 120.
Fig, 121.
Fig. 122.
Fig. 123,
Fig. 124,
Fig. 125.
Fig. 126.
Fig. 127.

Mass spectra showing the elastic peak and the threshold enhancement

for lnelastic diffraction, for 7, K, N and y reactions.

Plot of the slope of the differential cross-section, b, versus
2
1/(M2 - mi)’ where M is the mass of the 3w, XKgw or Nr diffractively

produced systems, and Mi is the sum of the constituent masses.
Schematic diagram for the peripheral production of p’IT+7T_ system.

Diagrams for the s-channel and t-channel production of (Nmrw)

systenms.
Mass spectrum for (Nm) in 7N - 77¥ at 16 GeV/c.
Mass spectrum for (Nmw) in KN - K(Nmr) at 10 GeV/e.

Mass spectrun for (Nmr) in K(Nmr) collisions; 10 GeV/c K~ and
0
(6-12) Gev/c Kp.

Density matrix elements for OO

at 9.3 GeV.

photoproduction by polarized photons

The momentum transfer dependence of the matrix element, Pyg? for
¢}
Yp 5p p at 2.8, 4.7 and 9.3 GeV.

the presence of a spin flip amplitude.

This matrix element indicates

The momentum transfer dependence of the flip and non-flip isoscalar

7N scattering amplitudes at 6 GeV/c.

Schematic dimgrams for elastic 7 , K and p scattering and diffrsctive
*
production of N (1690).

*
The ratio of the elastic cross-section to the N (1690) production
cross-section for incident 7 , K and p at 8, 16 GeV/e, as a function

of momentum transfer.

A schematic of diffractive reactions studied in a test of factorization.
The ratios R1~Rh refer to the ratio of the cross-section for the re-
actions when the top two vertices (pion and proton elastic scattering)
are joined successively to the bottom four vertices representing proton
diffraction into a proton plus zero, one, two or three pions respec-
tively, e.g.

R - o{mp - wp)

y - gmem) ofm s mem) g
o(pp - PP

fo = Slop ST

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

128.

129.

1%0.

131.

132,

133.

13k,

155.

136.

137.

138.

139.

72

A schematic of diffractive reactions studied in a test of factorization.
Te ratios R, , RE’ R5 refers to the ratio of the cross-sections when
each of the upper vertices (r -p, PP, T — 7) is connected with the
two lower vertices representing proton diffraction into a proton or a

(pwr) system, respectively.

+ -
Schematic diagrams for the diffractive production of (pm 7w ) systems

in mp = (prw)T and pp - (pww)p reactions.

The invariant cross-section for the process K_p —)pX_ at 25 and L0

GeV/c as a function of x.

(a) The invariant cross-section deg/dt dx, as a function of x, for
pp - pX. The cross-section exhibits a large hump for

0.2 < x < .B which is characteristic of the multiparticle production
region, then a minimm for 0.8 < x < .9, followed by a sharp peak for

0.9 < x < 1.0 vwhich is characteristic of diffractive quasi-elastic

the process

scattering shown diagrammatically in (b).

The missing mass distribution in pp -» pX at 100, 200, 300 and koo
GeV/c, as measured in the NAL HBC experiments.

The invariant cross-section for pp - pX as a function of x for the

100 and 400 GeV/c NAL HBC experiments.

The missing mass distribution in pp — pX at 200 GeV/c as measured in

the NAT HBC experiment.

The missing mass distribution in pp - pX at 200 GeV/c for each
topology as measured in the 200 GeV/c NAL HBC experiment.

The missing mass distribution in pp - pX at the ISR, as measured by

the ACGHT group.

The missing mass distribution in pp -» pX at 300 GeV/c as measured

by the Columbia-Stony Brook collaboration.

The invariant cross-section for pp - pX as a function of x, for
100 < x < 750 GeVe, as measured by the Rutgers-Imperial College
group. Data is presented in four t intervals.

R -1/2
The invariant cross-section for pp - pX as a function of s /

for x = 0.8% and 0.91.



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

140,

k1.

k2,

143,

14k,

1hs.

1h6.

147,

148,

149,

150.

151.

152.
153.

15k,

155.

The invariant cross-section for pp — pX as a function of x, for a
fixed PT = 0.8 GeV2. Data comes from the CHIM group at the ISR,
for Vs = 22, 31 and 45 GeV.

The differential cross-section, dc/dt, for pp - pX, as a function

of the missing mass. Data comes from the 200 GeV/c NAL HBC experiment.

The t-dependence for the production of the diffraction peak in
pp — pX at high energies.

Missing mass spectra for pp - pX as measured by the CHLM group at
the ISR at s = 930 GeV2 and for t = 0.35, 0.55, 1.05 and 1.75 Geve.

Missing mass distribution at fixed t for J;—= 5% GeV, as measured
by the CHIM group at the ISR.
1.4 cev.

Data is presented for t = 1.2 and

Differential cross-section for pp — pX for x = 0.87 and for s = 108
and 752 Gevg.

Differential cross-section for pp - pX for missing mass squared

2
~ ko GeV™.
Differential cross-section for pp — pX for 8 < M? < 14 GeVE.

2 -
PC  distributions for small missing masses in pp — pX. Preliminary

T
data from the 100, 400 GeV/c NAL HBC experiments.

(a,b) Pi distribution for large missing masses in pp — pX. Preliminary
data from the 100, 40O GeV/c NAL HBC experiments.

£ - -
The effective mass distribution of (7w w m ) from 200 GeV/c

- - -+
TP ST WTTP.

- - PR
The effective mass distribution for (pw+W') from 200 GeV/c TP oPTWW .

Schematic diagram for the pion dissociation process.
The missing mass squared distribution for T p - pX at 200 Gev/c.

The missing mass squared distribution for T p - pX at 200 GeV/c.

The missing mass squared distribution, topology by topology, for

7°p - pX at 200 GeV/c.

™

Fig. 156.

Tig. 157.

Fig. 158.

Fig. 159.

Fig. 160.

Fig. 161.

Fig. 162.
Fig. 163.

Fig. 16h.

Fig. 165.

Fig. 166.

Fig. 167.

The momentum traensfer distribution, topology by topology, for
7 p - pX at 200 GeV/c.

The momentum transfer distribution for 7 p — pX at 200 GeV/c
for M < 10 Gev® and 10 < M < 10 Gev®.

inclusive invariant
The relative

Comparison between x dependences for p
cross sections in pp interactions and wfp interactions.
normalization is arbitrary, o:s = 551 Geve, py ~ 15 GeV/c (cHIM) ;
w:s = 380 GeVe, integrated over p; (Berkeley NAL).

The charged particle multiplicity distribution for T p — anything

(solid curve), and for pion diffraction (dashed curve).

Schematic diagram for the diffractive dissociation of an incident

particle with a system of charged multiplicity, n, and mass M.

The mean charged multiplicity for all events, 7 p - anything, is
plotted against the square of the available center of mass energy,
while the multiplicity of the diffractive system in T p - Xp,

is plotted against the square of the mass of the diffractive system.
The rapidity spectrum of a "typical" diffractive event.
The rapidity spectrum of a "typical" non-diffractive event.

and 5(q)
(see text) for various charged multiplicities at C.M. energy
Js = 62.8 Gev.

points of eqgual density.

Behaviour of the density of events as a function of 1

The curves are polynomial interpolation of the

(a,b) Three dimensional representation of the density of events as
a function of ﬁ and S(ﬁ) for various charged multiplicities at

the two extreme ISR energies.

Derevshchikov et al. data on x dependence of the 7 p interactions
of two incident momenta and two p intervals. X:p, = = k2 gev/e,

0Py, = 5t Gev/e.

. + + +
The x-distribution for the fast forward w in 7w p -7 + (anything

at 8 GeV/c. The distribution is broken down topology by topology.



fig. 168. The x-distribution for the fast forward TrJr in 'n'+p - 1T+ + (anything) Fig. 181. Plot of GPPP and GPPR versus t for the five fits discussed 1n the
at 16 GeV/c. The distribution is broken down topology by topology. text. For all fits GPPR(t) lies within the shaded band. The shape

+ - 4 and magnitude of GPPP(t) depends on the fit assumption.
Fig. 169. The x-distribution for the fast forward m in 7 p -7 + (anything)

at 23 Gev/c. The distribution is broken down topology by topology. Fig. 182. 1Inclusive proton spectra at various ISR energies at fixed PT versus X.
#g. 170. The x-distribution for the forward 7 in the reactions 7T+p - p7r+1ro, Fig. 183. The effective meson trajectory obtained in a triple Regge anaslysis
+ +
ar'r’ at 8, 16 and 25 Gev/e. of the dsta on pp - DX &t s = 1995 GeV-. .
*ig. 171, The x-distribution for the forward Tr+ and backward proton in the Fig. 184. The mass dependence of the forward scattering peak in pp — pX showing
reaction 1T+p - 1T+7T-Tr+p at 8, 16 and 23 GeV/c. the decomposition into contributions arising from leading protons

and from fragmentation protons.
fig. 172, The invariant cross-section, da/dt, for the proton dissociation in

1T+P —,1T+ + (anything) at 8, 16 and 23 GeV/c. The ISR pp data are Fig. 185, 1Inelastic proton spectra at various ISR energies and fixed Pp at
also shown, after being extrapolated to small p; and adjusted for high x.

+
the difference in 7 p and pp total cross-sections (see text for
Fig. 186. The effective Pomeron trajectory obtained by fitting the PPP triple

details).
Regge term to the pp - pX data at s = 551 and 930 GeV2 (after
Tig. 173. ‘The missing mass distribution in 7 p —» pX at 25 and L0 GeV/c. correction for elastic contamination, resolution and the contribution
_ _ of fragmentation protons). The crosses (X), indicate the Pomeron
*ig. 174. The invariant cross-section as a function of x for w p - pX at 25 and trajectory obtained from an analysis of elastic pp scattering at the
and L0 GevV/c. same energies. )
Mg, 175. The slope of the differential cross-section for T p -—>pX- at 25 and Fig. 187. The differential cross-section for pp — pX for 8 < M? < 1 GeV2.

40 GeV/c as a function of x.
Fig. 188. The PPP cross-section obtained from ISR data at 0.15 < t < 1.25 GeVz,

Mig. 176. The missing mass distribution in K p —» pX at 25 and LO GeV/c. extrapolated down to t ~ 0.056 GeV2 and compared to the NAL inelastic
pp scattering data. The PPP term was obtained in the mass interval

ig. 177. The slope of the production angular distribution in K-p —>pX- at
5 < M2 < 30 GeVe.

25 and 40 GeV/c as a function of x.

- - Fig. 189. Th t i 3
Mg. 178. The invariant cross-section for the process K p —pX  at 25 and g 9 e momentum transfer distribution for 7 p -» pX at 200 GeV/c for
M < 10 Gev® and 10 < 1 < ko GeVE.

40 GeV/c as a function of x.

Fig. 190. The 4iff tial - f i

g, 179. The triple Regge calculation of the single particle inclusive cross- g 19 erential cross-section, do/dt, for pp - pX, s a function
f the mi . 2 HEC ) )
section. (a) is the forward scattering amplitude for the single ° ¢ missing mass Data comes from the 200 GeV/c RAL experiment

. X ; . 2
particle inclusive process, and (b) represents dlagrammatical]..y . Fig. 191. The PT dependence of protons from the NAL HBC experiments. O, 102,
the square of that amplitude, (c) is the triple Regge generalization 405 GeV/c for four prong or higher multiplicities and with 0.9 < x < 0.6; ®
X 2
of diagram (b). 102, 205, 303, 405 GeV/c for four prong events with W < 10 Gev.
"ig. 180. A qualitative map of the M2 and x dependence of the triple Regge terms Fig. 192. The inelastic overlap function calculated from the 1500 GeV/c proton-
for inclusive proton scattering. proton data
Th



Fig. 193.
Fig. 19k,
Fig. 195.
Fig. 196.
Fig. 197.
Fig. 198.

5% GeV. Fig. 199.
Shown are Tm hel(s,b) and the inelastic and elastic overlap functions

The "black disc limit" indi-

The impact structure of proton-proton scattering at Je =

extracted from the experimental data.
cates the maximum value of the inelastic overlap function allowed

by unitarity (i.e., 100% absorption).

a) Inelastic overlap functions calculated from the Js = 21, 31, 4k,
and 53 GeV ISR data.
b) Difference of the

(s,b), showing

Js = 53 and 31 GeV inelastic overlap functions,
AGinel that the cross-section increase comes from a rather

narrow region around Fig. 200.

1 fermi.

The decomposition of the imaginary part of the elastic scattering
amplitude into its components assuming t-channel helicity conservation

in inelastic diffraction.

Schematic illustration of the origin of the mass slope correlation
in the peripheral model of inelastic diffraction.

a) M? small. The non-flip amplitude dominates, faking a steep
exponential t-dependence in the small t region.

b) M? large. Several helicity amplitudes contribute appreciably.

The differential cross-section is much flatter than in the case a).

Differential cross-section for the process pp —9pnv+ at 19 GeV/c
for (n7') masses in the interval (1200-1300) MeV. The curves
illustrate the possible peripheral diffraction mechanismj; =~+---

is the contribution of the imaginary part of the non-flip amplitude
given by Aeat ]JO(R J-t)l2; t--- is the smooth background (Bebt)

vhich includes real contributions.

a) The differential cross-section, do/dt’, for np - (pr )p at
12.5 GeV/c for m(pr ) less than 1200 MeV. )

b) The differential cross-section, da/dt', for np — (pr )p at
12.5 GeV/c for four ranges of (pr ) mass--(a) M(pr )} < 1300 Mev,
(b) 1300 < M(pr ) < 1450 MeV, (c) 1450 < M(pr ) < 1600 MeV,

(d) 1600 < M(pr ) < 1800 MeV.

75

Illustrations of how central channels opening up may generate a
peripheral [Ginel(s,b). (a) The inelastic cross-section stays
constant but the elastic differential cross-section shrinks.

Ginel
(b) Same as for (a) but some new channels open up causing the inelastic

(s,b) decreases at b = 0 and increases at b > 1 fermi.
cross-section to rise. The new processes are central, and they com-
pensate the decrease of Ginel(s’ b = 0) due to shrinkege. As a

result the cross-section increase appears peripheral. (c) The

difference of the two overlap functions of (b).

The energy dependence of the total cross-section at high energy--

which way will it go?
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