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MULTIPARTICLE PRODUCTION PROCESSES AT HIGH ENERGY

Edmond L. Berger
CERN - Geneva

INTRODUC TION

1.1. Qualitative summary

Operations of the NAL accelerator and of the CERN Intersecting Storage
Rings have provided new data which extend our knowledge of many facets of
hadronic production from the centre-of-mass energy of Vs = 8 GeV, available
previously, to ds = 62 GeV. Events of the past year have changed our outlook
on high multiplicity hadronic reactions considerably. New directions have
been established in theoretical and experimertal research by the observation
of rising proton-proton total cross-sections, of inelastic diffraction scatter-
ing of fast protorns, and of reasonably strong yet short-range inclusive corre-
lations among copious secondaries produced with relatively small momentum in
the over-all collision centre-of-mass system (the "central region"). In these
lectures, I attempt to exanmine critically these new data and corresponding
theoretical developments. The focus here is restricted to recent progress.
This is neither the place, nor does it seems to be the right moment, for yet
another comprehensive review. For subjects not treated here, and for other
points of view, the articles listed under reference 1) may be consulted pro-
fitably.

I concentrate almost entirely on the inclusive approach to multiparticle
physics, because as yet too little high energy information of a more different-
ial character is available. The desirability of greater insight into the topo-

logical structure of individual events is very apparent, however.

After a very brief survey of kinematics, notation, and sum rules,
I catalogue some empirical regularities of multihadron production whose
validity is confirmed and extended by measurements at NAL and the ISR. Next,
a list is given of the past year's new observations which must be incorporated
into an over-all phenomenological scheme. After this introduction, in Section
2, I discuss the concept of dominant short-range order as an asymptotic uni-
fying theme. The implications of this hypothesis for single particle inclu-
sive spectra are compared with available data, particularly with regard to

energy independence of a central plateau in rapidity space.



Two more explicit phenomenological frameworks are then described in
Section 3 as a basis for making further guesses. One of these is the Amati-
Bertocchi-Fubini-Stanghellini-Tonin model 2) which is, in fact, the prototype
of models from which the hypothesis of short-range-order is abstracted. The
second i1s the fragmentation 3 concept, in which both short and long-range
structure is found. These view-points suggest radically different topological
structure of individual multiparticle events, but may be made to agree in
their "predictions" of an asymptotic energy independent central plateau in
the single particle inclusive rapidity distribution. From the inclusive
approach, two-particle spectra can discriminate between these models, as
discussed in Section 4, where data are also examined in detail. The dominant
short-range order alternative is favoured by data in the central region, but
more precise experimental investigations of the energy dependence of two-
particle spectra is clearly called for. 1In contrast to one year ago, when
the experimental picture was consistent with either fragmentation or dominant
short-range order models, correlation data appear to favour the latter alter-
native. Several features of data suggest, however, that there is significant
cluster formation, an aspect of hadronic phenomena emphasized in the fragment-
ation approach. One way to imitate data is thus to imagine a multiperipheral-

4) 4)

like emission of clusters of pions. A mean of four pions per cluster is
suggested by the correlation data. Cluster formation and its parametrization

are described in detail in Sections 3.2 and 3%.3.

Evidence for long-range correlations is present also in ISR and NAL data.
A striking example is the inelastic diffractive peak observed in the inclusive
proton longitudinal momentum Spectrum 5). Further experimental study is also
necessary here, but present indications support a peak which is energy inde-

pendent at fixed x = 2pL/Vs. Here is the final proton's longitudinal

b
momentum in the centre—of-mass frame. LData and theoreticesl understanding

are described in Section 5. As energy increases, states of ever-increasing
mass are excited diffractively. Multiplicity rises accordingly. The cross-
section in this inelastic diffractive peak may rise logarithmically, and thus
be associated with the observed growth with s of the total cross-section.
This association is discussed quantitatively in terms of triple-Regge models.
On the basis of this approach, predictions are made for the single and two-
particle inclusive spectra in raridity space expected for particles recoiling

from the inelastic fast proton.
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1.2. Notation, variables and sum rules

Although necessary, this section can be kept short because several

treatnents are published 1),6) on the choice variables and no great advances
in the subject are evident. I specialize to proton-proton collisions, since

much of the NAL and all the ISR data are of this type.

In an inclusive single particle process,

bhb — b %

one 1is interested in the differential cross-section for production of particle
h, with four-momentum (E,p), regardless of whatever else ("X") accompa-
nies h. An implicit or, even, explicit sum is made over states with various
quantum numbers which comprise X. The Lorentz-invariant inclusive cross-—

section, denoted

- - dv
'ﬂ‘(/“, ") =k Aa,? (1.1)
is a function of the total energy s = (pa+pb)2 and of the momentum 5 of
produced hadron h. Here Py and Py are four-momenta of the incident
protons in the collision. The factor E appears in (1.1) in order to

(partially) remove inessential kinematical effects.

In a two-particle inclusive process, pp — h1h2X, one studies

EE, d'T -
36, &%, S bk

According to the definition of f(s,?), one count is registered

(1.2)

in a counter subtending element dBp/E of phase space for each time a hadron
of type h falls into the counter. It is then clear that the integral of f
over all phase space gives the mean multiplicity of hadrons of type h, times

the cross-section.

) dr s
-;(A,_’A\J) _(iE_t _ ﬁ A‘:\ :<mk>q— (1.3)
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In (1.3), termed the "multiplicity sum rule", we may employ either the
total, the inelastic, or some other cross-section (J ; the meanings of

< n, > change accordingly. Obviously, an alternsative expression for < n, >

is

U’<m\> = Z/Y\U; (1.4)

where EEI denotes the partial cross-section for production of n and only

n hadrons of type h.

Another useful sum rule is that expressing energy conservation. Since
(qu(s,g) can be thought of as a number density, the product U’-1Ehfh(s,3)
(d3p/E) is the fraction of energy deposited in phase-space element (d3p/E)
by hadrons of type h. Upon summing over hadrons of all types and integrating

over all phase space, we obtain

2 e hep (pfe) = =T -

Expression (1.5) is especially relevant in attempts to assess the implications
of a rising cross-section for the s dependence of inclusive cross-sections.

This is treated in Sections 2.4 and 5.

The reader can easily supply other sum rules expressing conservation of

charge, baryon number, and random other quantities.

For a single particle process, with spin ignored, there are three inde-
pendent kinematic variables necessary for a specification of pp — hX. Three

popular choices, dictated by differing physics considerations, are :

oA, Tl b

2)’6’\_‘;“7"&'
DA, ko, M

X
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In all three sets, s = (pa+pb)2. In sets 1 and 2, an attempt is made
*
to exploit the observed fact that the distribution in transverse ) momentum

p_ is a rapidly decreasing and roughly energy-independent function. Thus, in
some sense, all the physics goes on in the single longitudinal dimension. In
set 1, Py, is the longitudinal momentum in some chosen rest-frame (e.gey

centre-of-mass, stationary target frame, beam frame, etc.).

The Feynman scaling variable is defined as

—_ .6
X ‘Z'PH//Q‘S 5 (1.6)
where here Py, is the centre-of-mass value.

*)

*
In set 2, rapidity

E+b _ Qo% E;él. (1.7)
T

with

‘m’” = {>_|. + MA (1.8)

One advantage of rapidity as the choice of longitudinel variable is

well known. Under a longitudinal Lorentz transformation from one rest frame

to another,

Y —> yl+ coms faut

Thus, distributions in y are easily shifted from one frame to another.

Inverting (1.7), we write

E:MW%’

T
(1.9)

0 e e e s S e s G e o . o S S . e oy S e o S S o S S o o e e S " . S e D i e o e oy o —— -

*
) Transverse is defined with respect to the longitudinal axis given by the
incident particle direction in the over-all centre-of-mass frame.

*%
) Throughout this paper, log means natural logarithm, i.e., to the base e.



/FL = M Nk \&, . (1.10)

The full kinematic range of x 1is obviously

o< <1

independent of s, Whereas

| |
-7 <"'& < 7 Y 3 Y-_- QO%(—;)‘—; (1.11)

Por future reference, a table is given here of various momenta, energies,

and the corresponding full interval Y in rapidity.

Momentum on a Momenta of ISR s Vs
stati;nagivjirget coli;dlgivﬁiams (GeV)2 eV Y/2
30 58.2 2.1
70 ' 1233.4 2.5
100 189.8 2.7
200 377.8 3.1
300 565.8 3.3
11 2%.2 3.2
15.4 30.4 3.5
22 44.4 3.9
26.7 527 4.0

The third set (s,t,Mi) will be used primarly in Section 5.

Expressed in terms of the three variable sets, the inclusive cross-

section is

dT I aT dr — dT (1.12)
mdy dpr xdt dM*/s)

bR L
il
li
[ T
=
|
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Because it expands the region of phase space in which pécm) ~ 0,
y 1is a good variable for displaying pion inclusive spectra, whose cross-
section is largest at small y cm (or small x). By contrast, the physics
of proton inclusive spectra is such that < xp >~ 0.5 ; and EdO‘/dBp
peaks near xp ~ 1, as will be discussed in Section 5. Thus plots in terms

of x seem to be better wher final proton spectra are displayed.

1.3. Ancient history

Having disposed of kinematics, we turn to revered old facts whose range

of validity is extended by observations at NAL and ISR.

1.3.1. As discussed eloguently elsewhere 7), measurements of the
total 8> and elastic 9 pp cross-sections at ISR have produced their sur-
prises. However, it remains true that inelastic production accounts for the

bulk of the total cross—section, with a roughly energy independent fraction

of 80% :

Wt /-: 0‘8 W‘
vead ke
1.3.2. Although larger at large Pp than perhaps expected, the dis-
tribution in transverse momentum duz/dp% is largest at small P and falls

precipitously as increases. A very crude parsmetrization 10) over the

P
T
range 0.1 < pp <1 (GeV/c)2 is

E dy/c):‘l? ~ exp (-6p.) (1.13)

Surely this form is not appropriate all the way to pT =0 28). Moreover, the

parameter 6 is subject to some variation with x, and with the type of

hadron observed.

For Pp > 2, the scaling form

Sin/Bp 4/



12)

is suggested by some theories 11) and appears to fit data sy With

%“g'PT//B) ~ exp 26 f)/v/‘s:_\ | (1.15)

Nevertheless, the integrated cross-section for Pp > 1 (GeV/c) 1is on the
order of tenths-of-millibarns. Thus, to a good approximation throughout the
ISR range, the mean < pT > has the "small" value ® 350 MeV and ié inde-
pendent of energy. Transverse momenta are "limited" for the great bulk of

“‘;’

inel®

Some recent data are shown in Fig. 1.

1.3.3. An interesting compilation of mean multiplicities from pp
collisions has been published 13) by the CERN-Bologna group ; it is repro-

’

duced here as Fig. 2. Representative fits made to the mean number of charged

hadrons per collision give 13)’14)

<Mg> 2 14 dogp- 1. (1.16)

~ . § /lo.a (1.17)
6.4

— (1.18)
A-'L

%= 1.9 logA-3.8+

Although these functional forms differ, they show that < n > grows

ch
much less rapidly than the maximum possible rate of growth (< n

> ch >ﬁax =
~ -Vs). With "minor corrections" for differing leading particle energy

fractions, multiplicity data from Tp, Kp, and 5p reactions fall on
roughly the same curve as the pp data 15).

1.%3.4. Inasmuch as the energy available does not go into transverse
motion (point 1.3%.2.) nor fully into particle production (point 1.3.3.), its
influence is most obvious in altering the longitudinal momentum dimension.
To first approximation, the mean centre-of-mass longitudinal momentum grows
in proportion to Vs :

<’r,_> = th .

(1.19)
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The constant of proportionality kn differs for different hadrons h.

Statement (1.19) is related, of course, to the hypothesis of Feynman scaling.
If

'F(?C, 0 V3) -—»-F (%, bs*) (1.20)

then, obviously,

<¢k> — kh (1.21)

For final protons, k :~%. This relatively large value of kp emphasizes a
result known for years from cosmic ray data thet the final baryons carry away

on the average a substantial fraction of the collision energy.

1.3.5. Scaling in the fragmentation regions. For the sake of defini-

teness, I limit the fragmentation region to the kinematic region Ix] > 0.1,

Because

A QXP [—-(‘j—%&—’j)‘ N (1.22)

fragmentation covers roughly two units of rapidity from the kinematic edges
of the y plot.

In this fragmentation region, as discussed at length in earlier reviews 1),
inclusive distributions of Tti in pp collisions show a remarkable independ-—
ence of s from Pigp = 10 to 30 GeV/c, when plotted versus the scaling
variable x. Thus, for pp — 'Wik, whereas EdYT/dBp = f(s,x,ps) is in
general a function of three independent variables, the dependence on s Seems
to drop out. ISR data extend the region of experimental validity of this

/
statement to A's = 53 GeV. I defer further discussion of new data to Section

2.2,

Not all single particle inclusive spectra scale in the 10-30 GeV/c
interval, to be sure. Some (e.g., pp — KX) rise and others fall with s.
A systematic experimental study of the question of approach to scaling through

the Serpukhov and NAL energy ranges would be very valuable.
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1.4. New developments

As a result of data accummulated during the past year, new items to be
included in the grand design are : (1) the rise with s of the total cross-
section 8) H (2) the tehaviour of the elastic differential cross-section 9)
4Y/dt as a function of s and of momentum transfer t ; (3) scaling and
non-scaling behaviour of single particle inclusive spectra (a+b—»h+X) H
(4) the dependence of these spectra on momentum of the observed hadron,
including the emergence of a plateau in rapidity 16) ; (5) correlations 17)-19)
seen between hadrons in two-particle inclusive processes (a+b—*h1+h2+X) H
(6) the behaviour of the cross-section 20) Crh for n charged particles
(prongs) as a function of n and s ; (7) the remarkably large hadronic
inclusive cross-section at large transverse momentum 12 Pp and, last
but far from least important, (8) salient features gleaned from more dif-

ferential, exclusive analyses of events.

This itemization is arbitrary to a certain extent. Category (7) could
well be included in (4). It is separated off just to point out that there
may be different physics dominating the low and high Pp parts of data.
Next, the nebulous subject of "diffraction dissociation" could well be listed
by itself, but I include it in (3) and (4) ; in later pages I will treat it sepa-
rately. The listing is also by experimental topics, rather than according to
such theoretical concepts as short-range order, long-range order, cluster form-
ation, diffraction, factorization, particle exchange, fragmentation and so
forth. However, some of these concepts emerge as simplifying themes and are

emphasized throughout the text.

Elsstic and total pp cross-sections are discussed in detail by

others 7), so I can dispense with my categories (1) and (2), and concentrate
on inelastic multibody phenomena. The growth with s of (rkot will of
course still affect our- discussion.

Because it is still unclear how to integrate large Pp phenomena

into the whole picture, and because of lack of time, I do not treat this
topic here. Multiplicity distributions have generated a vast literature

of their own during the past year 21). I will avoid increasing this volume.
There is little to add. It seems necessary now to develop a view-point in
which an explanatior of both the inclusive spectra and <T£(s) emerge

together.



LX)
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2. SHORT-RANGE ORDER AND SINGLE-PARTICLE SPECTRA

2.1. Statement of the hypothesis of short-range order

Although I risk biasing the presentation, I think it is useful to

22)

serves well as a putative asymptotic unifying theme. It is a principle which

introduce the hypothesis of short-range order at this point, because it
can be abstracted from a broad class, but by no means from all reasonable
models. Furthermore, as will be discussed, it is consistent with much expe-
rimental data from ISR, in particular data on the behaviour of pions which
are relatively slow in the over-all centre-of-mass frame. On the other hand,
there is at least one class of events which does not seem to satisfy the
hypothesis ; this is the inelastic diffraction class which is treated in
Section 5. It is important to keep in mind from the start that the appro-

ximate domain of applicability of the hypothesis must be specified carefully.

Beginning on a purely infuitive level, it is perhaps easy to swallow
the casual remark that if particles are far enough apart in phase-space, then
they behave in an uncorrelated manner. Such a remark is true enough of gas
molecules in a room. Can it zlso be true of hadrons, where for them rapidity
difference is the measure of separation ? It is surely not true of fairly
low multiplicity events, where momentum conservation, if nothing else, pro-
vides strong correlation. Nevertheless, various models, the prototype of

which is the multiperipheral ansatz 2) and, more recently, inclusive Regge

23)
b

(Mueller) analysis suggest the validity of a short-range order (SRO)

hypothesis for inclusive spectra at asymptotic energies, as defined below.

We begin with an n particle inclusive rapidity distribution

" T. _ ¢ .

As usual, Yy and y, are centre-of-mass rapidities of the incident (beam)

particles : |ya] = |yb| = Y/2. By Lorentz invariance, f(n) is actually
function of rapidity differences [;.g., (yi—yjil not individual rapidity

variables. The number n may be 1,2,..., etc.

Suppose we group rapidity variables into two sets

(Y5 %oy o0 Y
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ana

(%kn S %m 3%b> )

where I is the largest rapidity of the first set, and Yy i1 the smallest
of the second set.

The hypothesis of SRO states that if the rapidity difference

yk+1-yk is large enough, then fn(yj) does not depend on this difference

and factorizes into a product of terms :

(™)

-F (?_1 —> 3’ (%a.)\an >\$k% (‘Jk,,v' \&M)g}zz)

The functions g and gb are not specified generally, but in strong versions

a

of SRO, each factor is itself a separately measurable inclusive cross-section.

()

\\} —_—
ob

(2.3)
(n-k)

(k) -f
o . N ’
S\f“(lta)‘ﬁl,'”,“k)'ﬂ) m(ﬁ)ykuﬂ“;yw/ gb)
The strong version carries an additional postulate about the functional form
and normalization of the factors. The strong version may not agree with data,

whereas the weaker form has experimental support.

To have a measure of distance in y space, we introduce an energy
independent correlation length k . We can then rephrase the hypothesis :
if yk-yk+1| >>x , then (2.2) follows.

The hypothesis itself does not provide a scale of distance but models
agree that ~ 2. This value is found from inclusive Regge analysis 23),
since A= (CKP(O) - CKR(O))—1;: 2. In models in which behaviour at small
rapidity differences is dominated by resonance-like behaviour (fragmentation
models, cluster formation models, etc.), )\: 2 1is dictated essentially by
kinematics, and by the mean transverse momentum (or Q value) of the decay
(cf. Section 3.3). Data from ISR are consistent with the value A ~ 2

(Section 4).

'z
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The SRO hypothesis suggests a division of the inclusive rapidity axis

into three regions :
1) target fragmentation, length A about Yy 3
2) projectile fragmentation, length x about Yo 3

3) central region of length Y - oA.

R Y N

<—->| L}
-~ \\‘ | Te———a
S~
\ | —
~— | \\
— | T
\ _\
' '~
T~ | —
" | a

T T
IRENE Gy byt
Particles within a distance A from y, (or yb) are possibly highly

correlated among themselves. Central regiorn particles should be uncorrelated

from those near y,_ and/or y,.

Existence of a central region requires Y = Y= Yg > 4, 1if ?\ ~ 2.
Thus, it is meaningful to discuss the possibility of a physically distinct

central region only if bp,_ ., > 30 @eV/c (cf. the Table in Section 1.2).

The hypothesis of SRO is primarily a statement about (the absence of)
correlations. As such, its predictions are most useful at the level of two
and more particle inclusive processes. However, the hypothesis makes test-
able assertions also about single-particle inclusive spectra in various
regions of phase space. It is well to examine how well these agree with data

before proceeding to more complex situations.

2.2. Implications of SRO for single-particle spectra in the fragmentation

regions

The single-particle inclusive distribution EdU’/dBp = 'W_1d2 U'/dydpg
is a function of three variables Yy, ps and s. The dependence on S can
be reexpressed as a dependence on Y = 1og(s/m}2)) =y, -Y,- Thus, in terms

2
T

and (y-v,)-

of p° and rapidity differences, the three free variables are pg, (y—ya),



- 14 -

If y is in the fragmentation region of b, then Iy-yb| is small
and the difference Iy-—yal ~ Iy-Y[ is large, provided that s is high
enough. According to the SRO hypothesis, dependence on ly-yal drops out,

and

‘Y‘ (Ld’/d)‘z:) — ‘F(p: , l}j‘ %b}) (2.4)

Because x ~ exp[}(yb-yZ], a function of (y-yb), only, is a function of
x only. Thus, SRO gives

'f‘(ﬁ. A, Pf) _— -((x, d;Tl) (2.5)

Expressions (2.4) and (2.5) are alternative statements of the famous scaling

law of ABFST 2) and Wilson 22), rediscovered by Feynman 24), Yang 3) and
Mueller 23).

The hypothesis also predicts an energy independent flat central plateau
in y for single-particle spectra, as discussed in the next subsection.
Observation of scaling in the fragmentation regions and/or an s independent
central plateau does not prove SRO, of course. There are models, without
dominant SRO in which both predictions emerge naturally. The observation is
a first consistency check. Note, furthermore, that no energy scale is
provided. For different produced hadrons h, we are not told a priori the
energy value at which non-asymptotic terms should be negligible. For the

latter, we need more detailed models.

For comparison of scaling predictions with data, I will confine myself
to spectra with Pp < 1 (GeV/c)Z. At larger Ppy &1 increase of f with s

is observed in the ISR range.

Beginning with the fragmentation regions, and restricting attention to
0.2 < X < 0.8 for the moment, we observe in Figs. 3.a-c that for all prectical
purposes p, T¢ , and K  inclusive distributions are all energy independent
(scale) within the ISR range 25). Data on 1(4] Kt ana p Spectra show simi-
lar behaviour 26). Eneygy independence for pions (TEi) seems to extend down

27), beginning somewhere in the 10-30 GeV/c PS range.

to much lower energy
The PS/ISR comparison demonstrates that KT spectra rise somewhat as energy
is increased, K~ and p spectra grow even more dramatically, and the p
rate falls. As remarked above, these statements apply to the region 0 <« Pp <

<1 GeV/c and 0.2 <x < 0.8.
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For x > 0.8, where only protons (and, perhaps neutrons) are observed,
we encounter the intriguing question of whether the leading proton peak scales.
ISR data 5), confined to a few Pn values, are shown in Fig. 4. This topic

will be treated again in Section 5.

2.3. Single-particle spectra in the central region

When both Iya—y| >> >\ and be-y| >> )\, the SRO hypothesis
assures us that f(y-—ya, y-yb, pg) can depend only on ps. Thus, an

energy independent, flat rapidity distribution is predicted in the central

region.

_dr_
dy Sy

One immediate implication is that of an asymptotic log growth of < n >

—> .F(()Tz) (2.6)

inasmuch as

<n>V = J”ﬁ{(ﬁ? &%&kf —%ﬁoépf?(ﬁ,’)d/f\t A @

Constant A arises from the s independent contribution of the fragmentation

regions to the integral.

The coefficient of log s 1is given by the plateau height divided by
cross-section @ . This log s growth is characteristic of an effectively
one-dimensional phase space, the single-dimension arising because Pp is
sharply limited. An incremental increase of energy goes into expanding
the longitudinal dimension in the uniform manner specified by SRO. Note that
the log prediction is not necessarily expected to hold below P1ap X 50 GeV/c,

i.e., until there is reason to have a plateau in y.

Experimental tests of (2.6) and, more generally, the question of the
existence of an energy independent plateau in y, are beset with unnecessary
confusion. Three types of data exist. By far the best are data on particles
of well defined type (e.g., T, p, K, 5, etc.) whose y and Pp values are
both specified. The two-dimensional distribution dQUZ/dydpg is given as a
function of s. Second, some data on particles of a specific type are given
only in the integrated form dT’/dy versus s. Finally, the most difficult
data to interpret are those in which the distribution d(r/dn , for all
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charged particles combined, is given as a function of s. Variable
= log tan(9/2) is an approximation to Yy, and involves a necessary
average over pT. Angle © 1is the ISR frame or centre-of-mass frame

scattering angle of the charged particle.

Bubble chamber data on d¢/d for T production at 200 GeV/c at
NAL 28) are compared with 28.5 GeV/c data 29) in FPig. 5. An approximate
plateau covering ln | < 1 is seen in the NAL data, whereas no such plateau
is visible for p,, . < 30 GeV/c. At least a %0% increase of dO"/d'Il at

d’: 0 1is seen from 28.5 to 200 GeV/c.

A summary of some ISR data on the s and y dependences of
dzﬂz/dpsdy for pp — % X is given in Fig. 6. Qualitatively similar
results are true for pp — T X. The British-Scandinavian 30) (BS) and
Saclay-Strasbourg 31) (s8) data at y = O are consistent. The BS data
at Vs = %0.6 and 52.8 GeV show that the invariant cross-section at
fixed p, and fixed s increases by ~ 15% as y changes from 1 to O.
Thus, even at Js = 52.8 GeV, there is not a flat plateau, but, rather,

a bulge in dJ/dy near y = O. The magnitudes of the slopes in y
decrease, however, from 0.18 + 0.01 for T« and 0.15 #+ 0.01 for Tr+
at s = 30.6 GeV to 0.13 £0.01 and 0.12 £ 0.01 at Js = 52.8 GeV,
consistent with a gradual approach to a flat plateau in the central region
at infinite energies, for small P (< 1.0 GeV/c). This aspect of the

SRO prediction is therefore supported for -pions.

Turning next to s dependence, two observations may be made. For
fixed Pps it appears from Fig. 6 that data at different y and Y = log s
are consistent with lying on a universal curve which is a function of the

difference ¥y = (ycmﬁ-%Y). If this were true, then knowledge of the ¥y

dependence atp§2ied s would give us directly the s dependence at fixed

Y om® The 15% increase of dqg~/dy from y = |1| to y = 0 then translates
into an 8% rise of the "plateau height" dVﬂ/dy|y=o from As = 30.6 to

Js = 52.8 GeV. However, experimental uncertainties in energy calibration of
flux monitors are unfortunately sufficiently large that this rise cannot be
30) cautions therefore that the TC

production cross-section, integrated over the measured range of Pp and

asserted strongly. The BS group

over the centre-of-mass system rapidity range O to 0.5, shows an
increase between the two energies of 8 % 7%. Saclay-Strasbourg data 31)
on 1ti production show perhaps a 10% rise of EdVﬁ/dBp at x =0 and

/
0.3 < pT < 0.9 GeV/c as ANs changes from 22 to 30 GeV. Over the range
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Ans = 30 to ws = 53, no furtiier increase is uiserved within the 5% system-

atic error set by limitations on luminosity measurements.

Thus, the picture which emerges from measurements of s dependence of
aT/dy for 1ri near y = 0 and 0.1 < pTv< 1 GeV/c 1is one of a factor of
2 or so rise from the 20-3%0 GeV/c EBNL-PS enérgy range to the ISR. Within the
ISR range of ~s = 20 to -fs = 53 GeV, the data are consistent with an
energy independent inclusive cross-section d<r/dydp§ at y = 0 and
0.1 < Pp < 1 GeV/c, as would be predicted by the hypothesis of short-range

order.

Data on antiproton production are given ir Fig. 7. The cross-section

integrated over 0 <y s < 0.5 for fixed P shows an average ircrease

from Vs = 3%30.6 to 52?8 GeV of 25 + 7% for 5. At fixed s and fixed P s
d(Y/dydp% increases by 42 + 8% as Yoms chenges from |1] to 0. Thus,
neither a plateau nor s independence is apparent for p production even

in the ISR energy range. Validity of an SRO hypothesis for 5 inclusive
production would require energies perhaps an orcer of magnitude higher than
aveilable at ISR. A comparisorn of Ed(r/dzp for 5 and X~ production at
y =0 and pp = 04. GeV/c gives (p/+w) ~ 1/15.

For proton production, pp — pX, the BS group 30) reports an energy
independent flat inclusive distribution in y from 1 > {ycm] > 0, and

0.2 < Py < 1.0 GeV/c.

The final figure on the plateau situation is Fig. 8. These data from
the Pisa-Stony Erook ISR collaboration 52) are plots at different energies
of the distribution “_;;eldvn/dvl sumuied over all P and over all types
of cherged particles (including béckground). As suggested by the P-SB
authors 32), the M and energy dependences shown by these data cannot be
taken entirely at fgce value because of the background problem and neglect
of certain experimental corrections. However, in Section 4, I discuss cor-
relation data at different energies published by the same group. The s
dependence of these correlation data is given experimentally in terms of the
s dependence of the single particle spectra. Because s dependence of the
correlation éata is a much more crucial test of SRO than single particle
spectra, it is important to see what s derendence is present, for whatever

reason, in the P-SB single particle spectra.
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Figure 8 shows good scaling of the distribution (T'_1d<f/d in the

fragmentation regions. However, the very rough plateau in the central in-

/
terval | l < 1 rises with As by 20% or so over the ISR energy range.
Combining this with the 10% rise of <. we see a net increase of &~ 30%

inel’
for duvﬂrvly&n, which is & far greater increase than is seer by BS or SS.

The P-SB data are, of course, of a very different type from those of
the BS and SS groups. The P-SB results include production at both larger Pp
and at smaller Ppe Directly produced charged particles as well as converted

neutrals are accepted. It is unlikely tlhat energy dependent large data,

Pp
with small cross-section, can account for the discrepancy in s dependence.
Curious s dependent, background-related phenomena at low Fpo where cross-

sections are large, could be the problem.

To summarize, the BS and SS collaborations present what seems to be
compelling evidence for the existence of a central, energy independent plateau
in y, for pions, extending over at least -1 <y < +1 at ISR energies. The
rise with s of other inclusive spectra in the central region (e.g., pp — BX)
suggests that there are still important threshold effects in the ISR range for
production of heavy secondaries. The strong energy dependence of dT/d
seen by the P-SB group is of concern for conclusions about inclusive correla-

tions, discussed in Section 4.

2.4. Implications of a rising total cross-section

The total cross-section is a function of s, or, equivalently, of
(ya-yb) : q;ot(ya-yb)' Applying the SRO hypothesis naively to this function,

we expect that

T

Aot —_— Q,GM‘TG-W‘: (2.8)

inasmuch as |ya—yb] >>-7\. Thus, the rise of (T;Ot over the ISR range
shows a violation of SRO or, at least, that there are important non-asymptotic

effects in this energy region.

It may be argued that the SRO statement should really be made for the

ratio

Ta;: 4" Wﬂ/d\&! cedyL
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which is, after all, a density. Such a procedure would be suggested by some

33) .

proponents of gas/liquid analogies On the other hand, it is not clear
that dynamical models from which the SRO hypothesis is abstracted support the
suggestion that the ratio is the appropriate quantity. For example, We may

3)

take the inclusive Regge (Mueller) approach 2 , and introduce cuts or other

singularities to reproduce the rise in ‘rtot. Then such effects will presu-
mably be present also in inclusive spectra. However, these dependences on S

generally need not cancel out in the ratios <Tr1d(n)<rydy1dy2,...,dyn.

I will consistently apply the SRO hypothesis to inclusive cross-sections

and not to ratios. Purely empirically, the 10% rise of @, over the ISR

tot
range can then be used to estimate the extent to which we should expect the
constant plateau and the scaling predictions of SRO to be valid in this

energy range.

Sum rules give us further insight, but they do not solve the problem.
As we will see below, it is possible for most inclusive spectra to scale

perfectly, simultaneously with a rising CT; It is a very intriguing

nel”
experimental question to ascertain precisely where the rise of (T;nel

really comes from. Theoretical models suggest different possibilities.

Rewritten in terms of other variables, the energy-conservation sum
rule (1.5) takes the forms

2T =¥ [ (4 ) »

and

sV, = %3 f%f*&: M Cashy —;‘g—:&-{; e

We note that if all hadronic spectra scale perfectly [?h==fh(x,p§) in
the integrand of (2.9I], and if none has singular behaviour near the end points
of integration (|x| - 1), then Bq. (2.9) requires (rinel
the rise of (rjnel over the ISR range demands that at least for some h, fh
has residual non-scaling dependence on s, and/or that some fh behave in

singular fashion as |x| - 1. As an example of the latter possibility, the

= constant. Thus,

triple-Pomeron Regge formalism discussed in Section 5 gives
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-1
'g‘"‘?(%) oc (4’7‘) (2.11)

as x— 1, with an upper cut-off x = 1—M§/s. With this form

x‘
f":"—:(’c) M o« /Q'O%/L (2.12)

34)

which is then the basis for & theoretical suggestion that the rise of

inel comes from inelastic diffraction. The experimental credibility of
this idea is examined in Section 5.

The sum rule clearly allows that some spectra (e.g., TN spectra in
the fragmentation region) may scale perfectly. As discussed above (Section
2.2), T and K dsta in the region |x| >0.1 do seem to satisfy this
possibility. On the other hand, the pion spectra may rise with s for
Iyl < 1. It is worth whils to see how imuch of the rise of Crinel can be
associated directly with a rise of the central plateau height for pions and

other hadrons.

Beginning with Eq. (2.10), let us make the simplifying assumption
(criticized later) that there is a *ull pion plateau, for -Y/2 <y «< Y/2.
Thus,

R = h(i).:) (2.13)

J—-S- U‘w\’i — <W\T> Jg Jr Abz L'(}rz) E—'}.';')—[E H (2.14)

and

Av_\r& __<mD M H (2.15)
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A -1 . - e 2
Experimentally, H‘Iinel ~ 0.8 to 1.0 for T: ’ _and <mp >= <A +Pp >
~ 350 MeV. Taking equal contributions from = , w and 1TO, I multiply

(2.15) by 3, and find

/
! [;L4
AVM& ~ . (2.16)
Vit H
T

Thus, an 8% rise of the pion plateau height H implies directly an 8% rise
of T, .
inel

sctual data are integrated over y, not the full plateau form I used. This

A more careful analysis should be done, of course, in which

will reduce the right-hand side of (2.16) by a correction factor which

I estimate to be > 0.5. A net rise is left for T, .

production perhaps as large as 8%, based on the British-Scandinavian numbers,

due to central pion
of 8i7%, (and perhaps zero, also !, such are the experimertal errors).

For the rise of (rinel attributable to antibaryon production in the

central region, a similar exercise gives

‘ l .
\ Tw/i “H,F\Q—M}j—g (2.17)

On the right-hand side I have included a factor of 2 to take into account
unseer. n production. This is cancelled by other numerical factors in the
computation. As described above, experiment gives ([;H/H)g ~ 25}7% from
VS = 30 to 53 GeV, and H5 ~ H1t'/15' Thus, from antibaryon production,

S B AL TR VAL g
vMi— H}_‘_;\ Hw-\q.v;)<zfﬁ7o

from ~S = %0 to 53 GeV. This is a 1 mb, or so, increase - and so may account

(2.18)

for about 1/% of the observed rise of trinel' It would not be correct to
multiply this number by 2 on the grounds that E'S are produced as baryon/
antibaryon pairs. Data show no increase of the proton flux at y = 0,
meaning, in this context, that an increase with s of the proton's d{F/dy
due to production of p from (Ep) pair formation is offset by a decrease

coming from some other source.
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It is not easy to sum over all produced hadrons in the central region

to obtain the net increase of tr. due to central production. .For

inel
example, one must decide how to treat KO, /\, and production. Are they
effectively included already inasmuch as we have looked at inclusive spectra
of W's, p's, E's, etc., into which these other particles decay ? Such
questions aside, the sum rule argument certainly supports sn increase of
<r’inel

region, except p, are consistent with an increase with s over the ISR

over the ISR range. All observed inclusive spectra in the central

range (the p spectra are constant). In the fragmentation regions, all
spectra are essentially s independent over the ISR range. The sum rule

(2.9), (2.10) will then show a net increase of (Tlnel over this same range.

From central production alone, I estimate an increase 1mb < (T; < 3mb.

nel

TWO EXPLICIT MODELS

Crucial predictions of the SRO hypothesis appear only at the level of
two-particle inclusive spectra and inclusive correlations. Indeed, the impli-
cations of SRO for single-particle spectra are not unique to models with only
short-range order. Correlations are treated in Section 4, but first, to pro-
vide a more concrete idea of the short-range order concept it is useful to
introduce a specific, if idealized, model embodying short-range order and,
further, to contrast such a model with the fragmentation view-point E , which

hes both long-range and short-range structure.

2.1. ABFST reviewed

We begin with the traditional Amati-Bertocchi-Fubini-Stanghellini-Tonin
multiperipheral model 2), in which the amplitude for pp — (n+2) hadron final
state is sketched below. The inclusive spectra are obtained from this model

after an appropriate integration and sum is made over unobserved particles.

(-

>
.
>
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The amplitude is large only when all momentum transfers ti along the multi-
peripheral chain are small. For our present purposes it does not matter very

much what specific particles or Reggeons 0((ti) are exchanged.

Analytically, the amplitude is represehted as
m

( 2 T o)

Alr —mi2) = J Il s,

i=o /A"“

j {(/ﬂ) (3.1)

Here £(t;) falls off rapidly as Itil grows.

35)

Detailed analyses may be found elsewhere but here I will simply

catalogue some predictions of the approach.

@ <m> = 9" log 4
(3.2)
—<m> m
w T=T e <m>/ ml o (Pissen foun)

(3.3)

der

(e) QAN

d\k, is s independent and flat. (%.4)
(d) dxnm The single-particle spectrum from an n particle

dq%, final state is s independent and flat for each n. (3'5)

The sum :ZFJ-n = ‘J;nel is an energy independent constant. What
emerges is a picture in which particles are expected to be produced with a
roughly uniform spacing in y. Each event has the plateau structure of the
inclusive sum, except, of course, for statistical fluctuations. The density

of particles along the repidity axis, < n > /Y, is given by gg.

%.2. Cluster formation

In the summary above, I imagined that individual hadrons are emitted

along the multiperipheral chain. This need not be the case. Indeed, if

all exchanges are pions, then obviously G parity forbids emission of single
pions. That the objects emitted should be resonances or, at least, clusters
of several hadrons is theoretically possible and, moreover, SeemS phenomeno-

logically required.
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Three facts argue against independent emission of single hadrons along

the chain.

(a) Important resonances are known to exist. There is no reason to suppose
that they are not formed in multiparticle events. Duality arguments,
in which resonance formation is presumed to be represented by a sum of exchange
terms, are not quantitatively reliable at small invariant mass. Resonance-like

effects should be present explicitly in a production model.

(b) The parametrizations of <mn_, > given in Section 1.3 suggest that for

the total number of hadrons
m> ~ blg o

with b~ 2 to 3. Thus the mean spacing ﬁ&y' of particles along the rapidity
axis is only Ay ~ 0.3 to 0.5. Because

<M > 2<m Sexp (3 By (5.5)

the mean invariant mass of two produced hadrons is of order 500 MeV, well
within the resonance region. Thus, strong correlations should be expected

among produced hadrons, not independent emission.

(c) A direct measure of correlation is the parameter

'
f, = nm-n> = <> (5.7)

Shown in Fig. 9 is a compilation of data for negative tracks (i.e., n = n_).

Note that f2 grows increasingly positive for Piap ; 50 GeV/c. The inde-

pendent emission Poisson distribution, BEq. (3.3), gives f, =0, for all s.

Moreover, energy-momentum related effects in an independent emission model

42)_

would depress f to negative values Thus, the positive f2 suggests

2
clustering, as discussed more explicitly below.

We imagine, therefore, that a possible imitation of nature is one in
which clusters of hadrons are emitted along a multiperipheral chain .

The mean number of clusters < N > grows as

N> = %z’ jo% A (3.8)
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In an (over) idealized model, the number of clusters produced may follow a

Poisscn law

N /
| N
U-N = U ﬁx?(— NS | <N>/l\“ (3.9)

Thus, if there is an average of <« K > hadrons per cluster, the net mean

number < n > of produced hadrons in the final state is

<m> = <K> \/"1/\) = <K> 32‘ ’Ag/‘l’ (3.10)

and

(3.11)

' \
r KK-DD
/ ~.
4: _— </“(Nﬂ—f):> - <2M:> — = <54ﬁ’)
2 <K>
Parameter f2 will be naturally positive if <« K(K—1) > > 0.
According to our multiperipheral ansatz, the distribution of clusters
in y space (yc) = 1/(T(dtT7dyc) will be esymptotically uniform and s
independent. o pass from this remark to one about the final distribution
of hadrons requires a study of the distribution in rapidity of hadrons from

cluster decay.

%3.3. Cluster decay

Resonance behaviour implies many things - Breit-Wigner line shape,
phases, spin-related decay characteristics and so forth. What I shall most
like to emprasize, however, is the idea that decay particles from resonances
occupy neighbouring regions of rapidity. Since the parent resonance inva-
riant mass is relatively low, decay particles have small by [;f. Eq. (3.6I1.
For my purposes, then, the idea of resonance 1is solely that cross-section
is enhanced at small invariant mass, and therefore that small Ny is also
enhenced. Clearly this effect is strongest where gquantum numbers allow reso-

nance formaetion.
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Although some clustering very likely results physically from resonance
formation, in order to stress the proximity of particles in rapidity, and to
avoid other connotations of the term resonance, I use the word cluster to
label the phenomenon of closer than average spacing of particles in rapidity
space. The search of cluster formation in individual multiparticle events

36)’37). N

at NAL and ISR energies is only now beginning Efforts in this di-

rection deserve the strongest encouragement.

The parametrization of clusters and of their expected contribution to
inclusive processes is straightforward. Begin by defining an average decay
distribution in the cluster rest frame D(E). Next, a transformation of
variables is made to a set including rest-frame rapidity, namely the set
(q,7,8) where q is the magnitude of three momentum in the cluster rest
frame. We easily obtain exactly

d Ck(&c.obe

____1&.__ — \S (3.12)

C,a&\a'\d. 2

and thus
dsﬂg _ dq? dd &‘5(

W0 ey o % (3.13)
with (*)2 = k{‘+ q2 ; QL is the decay particle's mass. If one is interested
only in the final decay rapidity distribution, he may integrate so as to
derive 36)

~2 -

dd / “ad D (F)

__.&....____% — (\C&b\\é) c!(k A (?5 . (3.14)
In general, D in Eq. (3.14) may depend on cos®é (i.e., on y). However, .
let us meke an assumption that the cluster decay distribution is isotropic in

36) . -

the cluster rest frame : D(q) —» D(q). Then setting r = g/< g >, we get

2 o
_Skl = -2'1‘—5;——0 f dn D(/,_) , (3.15)
L
-

with lower limit

'
Amhy \ 2
Ll = ( <Q‘>% (3.16)
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In (3.16), < g > is determined by the energy available (Q value)
of the cluster decay. Empirically, the observed <« Pp > determines this
scale, and for pions, Q/Q:q > is small. For small y, then L — 0, and

the decay spectrum

R
Yy

The function cos h “y is in turn well approximated numerically by a

-2

< <:C4rb&\ Hb) (3.17)

Gaussian exp(-yz/zsz) whose dispersion 5 ~ 0.9. Corrections owing to
L £0 in general reduce by & small amount, but are relevant only for
larger y where the Gaussian has fallen substantially from its peak. Dis-

persion is independent of both cluster mass and multiplicity.

Properly normalized to (integrate to) univy, the isotropic decay dis-

tribution in rapidity of a single cluster may then ke given as

4(y) ~= “‘37—1;——; e«&Hz/zs‘) , (5.15)

or as

(3.19)

_ -2
¢ (y) & 0 ceah y
(Note that the two approximations differ by ~ 10% at y = 0.)

Suppose, next, we have some production model which specifies the
dyriamical distribution of clusters in y space. Call this distribution
?(yc) = 1/(r(d<T/dyC). Obviously, the inclusive rapidity distribution

for decay particles is then

I\

T &\és :—j&%c f(’d—c) mh (gc) %(%”%,) (3.20)

Function n(yc) is Jjust the average multiplicity of decay particles of the

type h whick come from a cluster located at Voo Note that

L dv
<mh> =\ j -?Li' &h& = \[A‘t"f(%) N“ “*") (3.21)



In very similar fashion, we write the two-particle inclusive v distri-

bution for identical hadrons h as

:r i%‘T&tL — f%c g(%c)(mh(m‘\-\)\)%‘ Y- Ye) %("pl{;c)
(3.22)

[y B, 004 P0G g o) G

A mg\ (sza) h(%cz) )

There are two terms, corresponding to situations in which btoth particles
decay from the same cluster end in which they arise from different clusters.
In the integrand of the first term as the right-hand side of (3.22),

n (nh-1) > stands for twice the mean number of pairs of hadrons of type
h in the decay cluster of a cluster located at Yo+ In this integrand, the
simplifying approximation is made that two decays from a given cluster are

independent, i.e.,

81(%”‘41 )lé‘:) — /%!\%c) % ¥z, g/ .

Surely this guess must be corrected at least for energy momertum and charge
conservation effects in a more sefious treatment 4). In the two cluster
term, the second integral an the right of (3.22), I have explicitly made the
assumption that the distribution for two cluster formation S? 2(y01,y02)

fectors to give

Pu = 90 Pl

as would be the case for independent production of clusters. Again, this
guess would be modified in more careful treatment of the effects of energy
4)

momentum conservation in, say, & Monte Carlo computation The second

integral therefore gives (T_2(dCTh/dy1)(dCTL/dyz).

Defining a "correlation function"

Sl U S

%
) =T g~ S I

(3.23)

?



- 29 -

we see that C(y1,y2) is given by the first integral on the right-hand side
of Bg. (3%.22)

Cly,4) = f% pCye) Jﬂb(mk—a)%c 3-t) Glp-8) om0

The integral

ne A

g = JJC(%; %L) % &ﬁ(z = J%; )O(j%c)(mh i‘/"k")%r_ (3.25)
= (’“MW-‘DL - <ma>l :

The above arguments are re: .conably general, independent of the forms
chosen for ?(jb), nh(yc) and < nh(nh—1) > The only (and serious)

- approximations involve cavalier treatment of kinematic correlations connected
with energy momentum and charge conservation, as I indicated above. I now
turn to specific models for the rapidity distribution and multiplicity
content of clusters, to see what these imply for VT_1d(E/dy, C(y1,y2), f2

and so forth.

*
Z.4. Multiperipheral emission of clusters )

For exercise, we can take both n(yc) and ‘9 QQ) as (both s and Vo

independent) constants : <K > and B respectively, whereupon

Ty ek
i =Y ,B‘-

* .
) Much of the work I discuss in this section and in Sections 5.6-5.7 was done
in a long-range collaboration with G.C. Fox during the past year. See also
Ref. 4).
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As can readily be seen, when y << 7Y, (iq}fﬁy - J <K >B, which is just
the energy independent flat distribution in repidity, indicated by data and

to which so many models aspire.

em > T = T <«K>B ﬂog/d—

(3.27)

With this same multiperipheral-like model, < nh(nh~1) > = < K(K-1) >
is independent of y, and s. We obtain from (3.24)

285V~ 4§

An alternative form is

A _KKK-DD e -9 | L
“(4n ) = 2§ Vw (K>T<3~‘3 Qx\’ 4 & >

The correlation function falls off in a Gaussian fashion as a
function of |(y1—y2)|. It is independent of energy s, 1f the single part-
icle plateau height is itself energy independent. The distance ;\ over
which C(y1-y2) falls to en1 of its peak value may be defined to be a

"correlation length"

)\=2Sﬁ/.5)

(3.30)

This correlation length is essentially identical to that given in inclu-

23)’38). In this latter approach,

sive Regge (Mueller) analysis
?\:: (dP-O(R(O))_1 ~2 if dR(O) ~ 4. The two approaches may differ, how-
ever, if the gquantum numbers of the two-particle system in question are exotic.
In thls case, it is not altogether clear whether inclusive Regge analysis is
appllcable ; if it is, then D( (0 < 0 and A< 1. It will be noted that the
Gaussian form in (3.29) is valld only for small |y1—y2|, where neglect of the

pion mass implicit in (3.17) is justified. On the other hand, the exponential
z8)

form for C predicted by Mueller analysis is correct only at large

|y1-y2 .
are all at small |Ay

The two approaches are in a sense complementary. The relevant data




- 31 -

The integral of C(y1,y2) [Eq. (3.29)] over all phase space gives

h) .
'ﬁ( — B(K(K—/)>Y (-V’: a2 <MD (s
2 T ' <KD
where Y = log s. The coefficient of log s 1is positive as long as the
number of particles per cluster N > 2.
(=)
> =
on negative particle production for

Taking f 20)

(0.740.1) <n_> as a crude parametrization of data
Py > 90 GeV/c, I find that hadronic
clusters produced in the multiperipheral chain contain roughly 1.7 negative
hadrons on the average. More detailed analysis (Section 4.3) shows this is a

slight overestimate.

Before leaving the multiperipheral approach and turning to an alternative
explanation of the scaling plateau, I should call attention to the fact that,
as I have developed it here, the multiperipheral cluster emission model cannot
describe a possible diffractive component in the data. Thus, in the model all
trh(s) -0 as s - ® . This is eguivalent to the statement that there are
no Pomeron exchanges in our multiperipheral chain. Data on the s dependence
on (Tn. are cconsistent with this possibility, but it may also turn out that
CTh(s) - C_, with all least some C_ >0 as s~ @®. A stronger indication
of the presence of a diffractive component is the observation of an inelastic
diffractive peak in the proton x spectrum near x = 1 (cf. Section 5). By
introducing an additional set of graphs in which one Pomeron is present in
the chain of exchanges, we can reproduce both the inelastic peak and obtain
<r£(s) ~ C, >0. This point is developed in Section 5. For the present, we
can regard the model discussed in the present subsection as a model for the
non-diffractive component of multiparticle data. For discussion of more
theoretical points associated with the multiperipheral cluster emission

approach, the papers of Hamer and Peierls may be consulted 39).

3.5. Fragmentation models

The constant assumptions 9 (yc) - B and n(yc) - < K > made in
Section 3.4 are not the only way to generate a plateau in y for the single
particle rapidity spectrum. As a second example, I may cite the nova frag-

mentation approach 3),40)

in which production of a cluster of mass M 1is
postulated to have production cross-section dXJ/dM ~ CE/MZ, and decay
multiplicity n(M) ~ KOM. Only one or at most two clusters are produced

per event.
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For simplicity I will use these formulas over the full interval
!
1.0 <M < As. Thus

o=V dvdmam = <
T"“i j\' / ° (3.32)

> = g Ko g A

The kinematic relationship between Yo and M 1is kyc\= log(ﬂs/M).

Therefore,

l AT AM \
Q(WJ = =F I ";“%f- = A (3.33)

and

/V\(lé-g) == Ko M = ({o }/-5 ,Qbﬁé (-l\%c() . (3.34)

The important result is that the product

my.) 'P(’g},_) = ot = K (3.35)

‘o

This guarantees the single particle inclusive plateau, as in Eq. (3.26).

Although hoth models can be made to agree on the existence of an
asymptotic s indeperdent central plateau, the fragmentation and multi-
peripheral cluster models are seen to differ in a spectacular way wher one
looks at their very different expectations for the evolution of dynamics
with energy. The differences are seen most clearly upon examination of
idealized individual event structure.

Below = 30 GeV/c, the two models are in essential agreement.

b
lab
Both expect one or two clusters to be produced per event. Indeed, low

multiplicity, low mass clusters seem clearly present in data 41), but it is

possible that these effects are explained as a reflection of leading particle
effects. At these low energies, presence of clustering may also be inferred
indirectly from successful fits with cluster-dominated models to two particle
40)

inclusive spectra
42)

in contrast to the failure of independent emission

models
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As energy grows, and phase space opens, the fragmentation approach
restricts the number of clusters to 2. In the multiperipheral approach,
more clusters pop out of the vacuum. Their number grows in proportion to

log s, <N >~ B log s. Based on fits 4) to data,

B ~085 A 0%5 (3,36)

Thus, the mean distance between clusters in the multiperiphal approach is

!AY"{ v 13k 2

This interval is comparable to the intrinsic typical spread of 4& y =2 for

decay particles from a single cluster.

To fulfil the requiremert that < n >~ log s, the typical multiplicity
(mass) in a cluster of the fragmentation type must grow with s, In our
multiperipheral approach, the mean number of hadrons per cluster (~4) is

energy independent. For ;»100 GeV/c, typical events in the two models

P1ap
are sketched below in rapidity y space.

FRAGMENTATION MULTIPERIPHERAL

TR

Each vertical bar marks the position in y of a charged track.

New techniques of deta analysis must be developed to help in identi-
fying patterns of these tyﬁes in individual events. One possibility is the
measurement of the dispersion 81 of tracks in y space 36 s In
Monte Carlo simulations, this parameter shows good promise in distinguishing

4),36),37)

between the two broad classes discussed above Moreover, within

the multiperipheral class of models, one finds
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A
<% > = Cﬁ“"(j/i + d (3.37)
The value ¢ is sensitive to the number of particles per cluster 4)’37).

At the conventional inclusive level, discrimination between the (two-
cluster) fragmentation and (multicluster) multiperipheral view-points is
possible ?y studying certain features of the two-particle rapidity distri-

40),43)

bution The magnitude of predicted cross-sections at 74 ~ y2 ~ 0

as well as s dependence are very different in the two cases, with data
seeming to favour the first example.

In the fragmentation case, with n(M) = KOM, as stated above, we
have n(M)(n(M)-1) ~ K . Thus, the product

S)(%c) <mb(mh._|)>% ~ KolM:‘ Koz\ré QK&(‘ L&o) (3.38)

For the single fragmentation component, with one cluster per event, the

correlation function is i;

r— "T,
G4 = S o e Ty

‘—\\J

+ f% (4 14, 9,9

_y L_ .- "L_‘
Togq ) = op| ¥ §) = (4:¢)

After some algebraic manipulation, we can re—express this as

O]
Q(”,,%): — + /s gti)‘ (9‘;5{) P((y’ 4}4) (3.39)

The function F(0O,logs) is approximately constant. A second contribution

02(y1,y2) with similar structure arises from the double fragmentation component,

having two clusters per event.

N
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We observe several features of this expression.

(o) Por (y +y,) fixed, it has the same Gaussian fall-off in (v4-v,) as
does the multiperipheral example (3.29).

(B) However, it displays explicit dependence on (y1+y2) which the multi-
peripheral-like exanple did not. It is not a function just of the

difference (y1—y2).

(¢) It shows a growth with s proportional to Js at y,; =y, =0, when
}%{: the height of the single-particle inclusive spectrum in the model
is constant. Again, this is in contrast with (3.29) which shows no
s dependence.

17)-19) seem to favour (3%.29), although there is some doubt

Data
(cf. Section 4). 1In fact, the hint from data that correlations are s
independent in the central region and a function only of the difference
(y1—y2) is confirmation of much deeper ideas than those which are apparent
in either of the crude examples treated here. We return now to the short-
range order hypothesis which gives these effects in a model independent

manner.

INCLUSIVE CORRELATIONS

4.1. Apology

The measurement of correlation is after all a major part of what
physics is all about. Short of an article on the subject by itself, I could
not attempt a complete treatment even cf all the two-body correlation mea-
surements presently made or desirable for theoretical reasons. I will there-

fore only mention in passing data on neutral-charged particle correlations in
multiplicity distributions *4). Likewise, owing to Scanty data, I will not
treat the intriguing question of inclusive correlations between hadrons as a

function of angle @ Tletween their respective transverse momentum vectors.

17)

Experimental hints that such correlations are positive and of long-range

in y deserve detailed investigation. Since I have set aside any treatment

of large Pp phenomena, neither will I speculate here on the character of

events which give hadrons with large Pp 11). Collective phenomena, such as

clustering, require new methods for statistical analysis of data 36)’37)’41).
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My focus will be restricted essentially to inclusive corrclations in
rapidity between two hadrons. There are important theoretical expectations

and relevant data on this interesting subject 45).

4.2, Two-particle rapidity correlations

The two-particle inclusive cross-section is a priori a function of five
independent variables i 8, ¥,y Jo» |pT1|, |pT2| aﬁd g, where g is the
angle between the two transverse vectors pT1 and Ppoe I will henceforth
neglect the @ and Pp dependences, concentrating only on y dependernces.

Therefore,

“&‘6‘——&1{1 - G<%"(’6=~/A) 1)

In this sectiorn, I will discuss in detail only correlations observed

between hadrons which are both in the central region. Correlations found

when one or the other hadron may be outside this central region are summarized
well by Sens 1). Obvious long-range correlations present whern one or both

protons have |x| > 0.2 are treated in Section 5.

If both observed hadrons are in the central region, then !yi—yal > j\
and Iyi—ybl >ajk. As bvefore, vy, and y, are the rapidities of the inci-
dent protons. According to the SRO hypothesis, in this central region, G
cannot depend on Iyi—yal or Iyi—ybl. The only remaining rapidity variable

is |y1-y2|, The hypothesis predicts therefore that

Lodj, 7§

In other words, the two-particle cistribution should tend to an egnergy inde-
pendent function of z;y. [if, further, it were kinematically possible to

nave (0Ay) >N, with both y; still in the central region, then g — const.
This latter prediction seems to have little practical significance even at ISR
energiele The hypothesis does not predict the magnitude of g(y1—y2) nor

its functional form. For this, we rneed explicit SRO model, such as that dis-

cussed in Section 3,4.
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An alternative to the simple prediction (4.2) is provided by fragmentation
models, in which one finds both long-range and short-range structure, Explicit
fragmentation predictions were cdevelopea in Section 3.5, where, we saw that a
Ns growth of G(y1,y2,s) was expected, in contrast to (4,2). Purthermore, in
fragmentation models, depencence on the variables Iyi—yal and Iyi—ybl does
not dror out.

19)

I now turn to er examination of available correlation data from NAL ’

17)

and from the Pisa-Stony Brook 18) and CERN-Hamburg-Vienna ISR collaborations,

A1l these data are expressed in terms of

Cy, 42)
R(%,,‘é;) <—'—-YL£&I ar (4.3)
WM ‘5“4\ -—J‘:h

This ratio is simpler to determine experimentally than C(y1,y2). To the

extent that (T-1dcr/dy is independent of s and y, the denominator is

a constant, and conclusions about R(s,y1,y2) bear directly on C(s,y1,y2).

The eyxistence of a scaling plateau is best established for pion product-
ion at fixed small pT : 0.1 < Pp < 1.0 GeV/c. Thus, inclusive correlations
between pions ('n+'w_, 1r+1v+, TT_Tf_, 1€Q“o) in the central region, with
0.1 < Pp; < 1.0 GeV/c for both pions would offer the greatest opportunity
for a clean investigation of new phenomena. Unfortunately, all present central
region correlation data are aversged over all Ppe Moreover, in the Pisa-=
Stony Brook experiment 18), correlatzons are observed between any pair of
charged particles, without regard to sign (&) and particle type (7,K,D,
etc.), In the CHV study 17), correlations between a 7( ray and a cherged
track are studied. Finally, in the NAL and ISR experiments, the approximate
rapidity variable 7] = log(tane/2) rather than y is used for charged part-

. t . . .
icles., TFor these reasons, results are not as precise as one might like,

In Fig. 10 results of the CHV collaboration 17) are showrn for Js =22
30, 45 and 53 GeV. Presented is

‘({( - d\) . Nt dq/&ﬂx&‘dch _ (4.2)
%U% (aq..//&\dc{)(&q/%&) 4ot
versus y for y_, ®O (open circles) and Vop © =245 (dark circles).

The point ~ -2.5 falls outside the central region. Thus those predict-

y
ch
ions of SRO developed above do not apply to the data shown in dark circles,
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Concentrating on the data for which Yon ~ 0, we see that R(0,0) is

positive (¥ 0.65). R 1is essentially independent of s from ,/s = 23 to 53,
for all |y ¥
[of. Bq. (3.28]] with correlation length A ~ 2.

< 3. The function R(y, ,0) is well fitted by a Gaussian

A compendium of Pisa-Stony Brook charged-charged correlation data 18)

appears in Fig. 11 for /s = 23 and 63 GeV. The function R( 1,7'12) is
it
i

plotted versus ’Y’ 5 for several fixed values of ’71. For small |
and that the maximum

is clear that R(q?1"'\2> is largest at ’)71 ~ M,
value R("),I “'7 2) X~ 0.65 is & independent. An energy independent
function of (”)1-1)2) is certainly in accord with dominarnt features of these
data, but some deviations are notable even at |'7?l| < 2. In particular,
while the average correlation length >\ is A& 2, the plot with ’71 ~ 0
shows that this length is effectively larger at +ls = 63 than it is at

A/s = 23. Some dependence on I')i.'}a,b| (i.e., on |'Vl—%log s|) may also be

discerned in the plots.

Data on charged-charged correlations from an NAL bubble chamber

19)

experiment at 200 GeV/c are portrayed in Fig. 12. These results are
plotted versus l’fl1—")2] for two lfixed values of '7? 4 The maximum occurs

at '71 = ’VI'Z’ where R = 0.6 + 0.1. A correlation length of 2 is also
appropriate here. Similar results for ¢ T correlations show R(0,0)} ~ 0.3

with large errors.

It would be heartening to be able to conclude from these data that
the principle of short range order is in perfect accord with data on two-
particle inclusive spectra, and that the fragmentation alternative in the
central region is dead. However, the crucial issue of energy dependence is
still unresolved. As will be reca’lled, the CHV and P-SB groups observe a
healthy 20-3%0% rise of their U‘-1 ar/dy over the ISR energy range. There-

fore, their true correlation functions

0= R (T dnlby ) (7 47 4g.)

rise by 50% or more. In a sense, this rise splits the difference between
the zero growth and \/s growth predictions of pure SRO and pure fragmentation,
respectively EEqs. (3.29) and (3.39[[.

v/
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Partisans of either view can have their way. One may speculate that
whetever causes the rise of (T_1dv7ﬂy and Vr—uivﬁ/dy1dy2 in the CHV
and PSB experiments properly cancels out in the ratio R(?71,172), and there-
fore, that R rather than C represents unbiased reality. This will remain
a speculation until clean data on pion-pion céntral region rapidity correla-
tions become available, with Pp of both pions in the range 0.1 < Pp < 1.0

GeV/c (where the pion scaling plateau is established).

A summary of rapidity correlation data in the central region follows.

(a) Strong positive correlations are observed ; R(0,0) = 0.6 to 0.7 for

the charged-charged configuration.
(v) The correlation length k is roughly energy independent ; A ~ 2.

(¢) The magnitude and shape of R(‘771,122) is roughly the same for V

charged and charged-charged correlations.

(d) PFor In_fﬂvz| <2 and I77i| <2 R(M,, 2) shows dominant depend-

ence on the difference |711-”72|, in accord with expectations of pure
SRO.

(e) R(0,0) is energy independent. With uncomfortable reservations, this
suggests that C(0,0) may be approacking the s independent limit
predicted by pure SRO.

4.3. Implications for models

The issue of s dependence of C(0,0) is crucial for two-fireball
models 46). The particular fragmentation example discussed in Section 3.5
provides a ,/s growth of C(0,0). While somewhat weaker [e.g-s (log s)% or
s1/4] behaviour night be obtained in other versions of the two fireball
approach, growth with s seems inescapable. Qualitatively, the reason is
simple. Since a fireball by definition occupies a finite spread in rapidity,
its cerntre yF must be located reasonably near y = 0, 1in order that we
observe its decay particles in the region near y = 0. In a one or two
fireball event, the kinematic relationship yF ~ log(VS/MF) holds, where
M is the fireball mass. Therefore, the firetall mass N&,ocfds. Inasmuch

B
as multiplicity grows with mass (n > log M), the fireball providing par-

ticles near y ~ O will have multiplicity of order (log s)? or s9,
where powers p and gq depend upon assumptions made about fireball decay.
Given a hadron near y = 0, the chance of finding another is proportional to

the multiplicity of the fireball from which the particles come. Thus
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((o0) = 4(” 5 | (4.5)

where function f(s) grows with s.

Qbservaiion of a scaling C(0,0) would seem therefore to eliminate
the entire two fireball class, not just the specific realization discussed

in Section 3.5.

There is, of course, other circumstantial evidence against two fireball
models. For example, it has been argued that with two fireball models it is
impossible to obtain a simultaneous numerical fit to both the plateau dCT/dy

47). A successful fit to

for pions and the NAL prong cross-section data
(rg vs, n at large n forces a dip in dJ/dy near y = 0. A judgement

here depends, however, on the cleverness of the person fitting data. I know

I cen overcome this particular objection, and several others, but the result-
ing model is not what everyone would consider most natural 48). In particuvlar,
the use of non-asymptotic terms and of elongated (multiperipheral—like) decay
distributions iﬁ the nova or two fireball arproach begins to beg the issue of

what a fireball or nova is meant to be.

In the minds of many people, a multiperipheral or short-range order
dominated model is emerging as the most natural explanation at hand for des-
cribing phenomera in the central region. The approach easily provides an
energy independent plateau for single particle spectra, energy independent
short—-range correlations, and prong cross-sections (rh which fall off as
(n!)-1» for n><n > all in gualitative agreement with data. If the
objects emitted along the chain are hadronic clusters (cf. Sections 3.2 and
%,4), then many quantitative aspects of data are also reproducibleT Diffract-
ive effects, discussed in Section 5, are easily accommodated by inclusion
of grephs in which a Pomeron link is present in the multiperipheral chain.
Geoffrey Fox and I have performed a specific calculation along these lines 4)
Por details of the parametrization, consult Ref. 4), Spectra were evaluated
with a Monte-Carlo program in which all energy-momentum and other constraints
are fully respected., A sample of results is presented in Figs. 13, 14, 15
and 16,

y !
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Charged particle multiplicity data 20) from 50 to %00 GeV/c are well
reproduced (Fig. 13). Rapidity distributions at several energies 49) are
shown in Fig. 14. Scaling in the fragmentation regions and the eventual
appearance of a plateau at ISR energies are apparent. The general shape and
energy dependence (including the rise at y = 0 versus energy) are in accord
with data 28)’29)’49)’30>’31). Our results for R(y1,y2) are given in
Fig. 15 (a,b). We see that R is energy independent over the ISR renge for
y1 ~ 0, For a value of v4 which is outside the plateau, R rises with
energy to its limiting form as a function of (y1-y2) only. These features
all agree with data discussed earlier in this section, as does the rough

shape and, in particular the zero in R seen at ¥4 ~ 0, |y2| F 3

Although diffractive effects can in principle and do affect correla-
tions in the central region (cf. Section 5.7), our analytic calculations
and Monte-Carlo results both indicate that essentially all ccrrelation in

the central region is of a short-range character. Thus,
R(o,o) ~ 0.1 + st (0, 0) (4.6)

/ s

1 d¥;
R (9,0 = C, (0,9 ( (4.7)
SR SR V§& = ’
3 =0
with Cqp given by Eg. (3.29). The constent term (0,1) in Eq. (4.6) is

the net long-range contribution. It is associated with diffractive effects,

Here,

as discussed in Section 5.7 [its magnitude is controlled, of course, by
the net cross-section ‘rD associated with single inelastic diffraction,
Our results for (rD agree well with information available from NAL and
ISR on the magnitude and shape of Ed&f/d3p for pp — pX at large xp H
cf. Section 5.]

From Egs. (4.,6) and (3.29) we deduce that

CKK-1)D
207§ LK

Cl SR (4.8)

|
v;& ‘9“'3 g‘-‘o

& 0,5’5(
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An average <K > = 4 pions (of all charges) per cluster decay fits both
the correlation data and correlation moment f2. Other more complicated

50)

correlation data from ISR Lave also been examined, and so far, we find

good agreement. (In our approach, <K> is s independent. )

The dispersion of tracks in rapidity provides a good model independent
measure of the extent of cluster formation in individual events 36). Its
measurement would provide an independent check on the approximate validity

of the idea of multiperipheral emission of clusters.

For each event, we deflne

Y = ZW 2 »
54('#) == {7’ 7 Z (Y, “‘EJ)} i

where the sum runs over the £ particles obtained by removing the leading
particle (farthest away in rapidity) from an (4+1) charged particle final
state. Our model, as in all multiperipheral models, predicts a logarithmic
rise in 8lh(y). The prediction is shown for two multiplicities in Fig. 16
as a function of Pigp’ At 300 GeV/c, we calculated 5 from this cluster
model, from a simple multiperipheral model with production of single T 's
(not in clusters), and from the nova model. Both the nova model and the
cluster model agree gqualitatively with the experimental dispersions at this
energy 37). [@he Monte Carlo program indicates that these modeis would be
distinguishatle at 300 GeV/c if true rapidity and not the approximation
_log(taneproJ/z) were used.] Data on 31 at ISR energies should be
forthcoming soon from the Pisa-Stony Brook group. It will be instructive

to see how the experimental results compare with predictions of Fig. 16.

Data on 331vs. n will provide an independent estimate of the mean
number of particles per cluster, which can be compared with the value
<K >= 4 we obtained from inclusive rapidity correlation data. It is not
obvious a priori that the two estimates should agree, because 8 ; measures
clustering seen in individual events, of fixed multiplicity n, whereas the
magnitude end shape of C(y1,y2) are influenced in part by the over-all
multiplicity distribution (T; vS. n. [@his last point is evident from

the relationship

w5 = [SC 40 4% -]
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Llthough I am admittedly too close to the effort to be entirely object-
ive, this is one of the few analyses I krow of which attempts a description
of all known aspects of inclusive data. TFor Piap > 50 GeV/c, we tfied
to accommodate knowledge of the x, ¥y, pT and s dependences of single
particle spectra, the prong distributions 20) J (s), the systematic
change with multiplicity 28)’51> n of d'CI"n/dy,n and the two-particle
inclusive correlation data. Thus, our successful description of the

inclusive correlation data was not tailored to this purpose alone.

To be sure, obvious improvements are needed on several fronts, but
the reasonable agreement between our model and experiment for most important
attributes of multiparticle data at small pT provides support for the
input clustering and multiperipheral-like matrix element. Having in hand
a simple framework which successfully imitates the more striking features
of NAL and ISR results allows us to estimate the dynamical significance
of other observations, in particular those not interpretable directly by

23)

fully inclusive (Mueller) analysis

At p < 30 GeV/c, where the nova model is particulafly success—

lab
ful 40)

, our model and the nova model are very similar. At these energies,
we produce only one or two clusters, just as in the nova model. As s
increases, the number of clusters grows in our model, rather than remaining

fixed at one or two.

The evolution of dynamics with increasing energy may be portrayed asg in

the following crude sketch.

Pigp< 30 GeVlic P g =300 GeVic

P qp = 1500 GeVic
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As I haye drawn them, clusters always decay into 3-4 particles.
However, a broader distribution about the mean of 4 is certainly to be
expected. The end clusters, in fact, are sometimes to be replaced by a
single diffractively scattered proton, The ratio of diffractive to non-
diffractive scattering is an important parameter, which nay be determined
by careful fits to the inclusive proton spectrum EdKr/d p (cf. Section 5),
Data in the fragmentation regions are observed to reach their asymptotic
form at relatively low Pygpe In the model, this would mean that the
clusters at the end of the chain attain their asymptotic llmltlng character
at low s. PFurther increases in energy allow these two end-clusters to

separate in y space. New clusters are generated in the intervening space,

INELASTIC DIFFRACTION SCATTERING

5.1+ Qualitative remarks ; long-range correlations
Y T ™ ™

In the last sections, I emphasized the r6le and magnitude of short-
range correlations among hadrons in the central region of rapidity. There
appears to be evidence in ISR data also for important long-range effects,
These can manifest themselves in several ways. Obvious long-range correla-
tion would be present if the inclusive ccrrelation functign is enhanceé
when the distance Ay between two hadrons is large. This is an inclusive
long-range correlation between two hadrons. A second and more general type
of long~range correlation is one in which global information about an entire
gxggg is gained simply from an observation (e.g., momentum measurement)
made on one particle in the final state 52). [?y contrast, recall that if
only shdrt—range correlations are present, a measurement gives us information
ebout inclusive spectra only in the immediate neighbourhood (A,y_s 2) of

the first observat ionﬂ

Both types of long-range correlation seem to be present in the ISR
data associgted with singlebinelastic diffraction scattering of one of the
initial protons 5). The process may be sketched below, where, for the
momentQ I intend absolutely nothing of dynamical content in drawing the wiggly
exchange line. By the line I mean only that after entering a collision, a
protan departs essentially alone in the final state with a small loss of
energy. The energy loss is converted into mass M of the recoil system.

Kinematically,
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The recoil system is the result of "dissociation" or fragmentation of the

other proton,

Use of the word "diffraction" is in some ways unfortunate, since 1t
has had many imprecise meanings to many people over the past 10-20 years,
However, in the NAL and ISR ranges, it does seem finally possible to discuss
a component of inelastic data which shows an energy (in)dependence similar
to that of elastic scattering date. Thus, an attempt at more precise defi-

nition can now be justified, perhaps.

Along with single inelastic diffraction, it may be kept in mind that a .

process such as sketched below probably also contributes at some level. As

> — >

b (4
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double-arm spectrometer experiments are developed at NAL and ISR, it will be
extremely interesting to study correlations in the (xp1,xp2) plane, as a

function of multiplicity of the system of mass tL indicated above.

- )(

W e s ) (17D (5.2)
Obviously very large correlation (:xp1 = -xpé) is present at low multiplicity,
owing to momentum conssrvation. However; as multiplicity rises, one may or

may not see a residuaiﬁdynamical long-range effect 53).

Pinally, a third process is double dissociation, in which two clusters

are formed, in some appropriate diffractive sense.

- //-\ ~1’P

‘ ~

4 A

- \
7 —

Whether this process can pe definad precisely and kinematically isolated is

not yet clear.

I will confine my remarks here to single inelasiic diffraction, or

single "diffraction dissoclatioz", as defined above.

In the Following yages, I first summarize present data on single ine-
lastic diffraction and then discuss theoretical interpretations. The varia-
bles I use are mass-squared M2 of the recoil system and invariant momentum
transfer + from the incident to the fast outgoing proton, as well as x,
defined in Eq. (5.1).

5.2. Summary of data

It is useful to begin with some crude idea of what region of phase space
is populated by protons which are directly scattered inelastically, without
having "decayed" from some cluster or resonance. To this end, suppose a
resonance-like object, with mass ¥ is produced at Xy and with momentum

transfer +. As a result of the decay M¥ -» pT, for example,

fxi,r = OC'M#(MP:/M*) <08 Xyw (5-3)
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Thus, the chance of seeing direct scattering is enhanced if one looks at

xp > 0.8, and small t. The notion of "diffractivg" scattering adds the
requirements that the differential cross-section d T/dx 4t should fall
off reasonably sharply in t, and aave a dependenoe on energy which is more

or less as independent of s as that of d<rel/dt.

54)

Relevant data have been obtained by the Rutgers and Columbia-

Stony Brook 55)
tioas 96)957)558) 4 1?0, 200 and 300 GeV/c, and by the CERN—Hol]).and-
5 53

and Aachen-CERN-Harvard-Genova-Toriano groups

groups at NAL, the NAL pp bubble chamber collabora-

Lancaster-Manchester
at the ISR. The reaction 11’_p - pX at 205 GeV/c has also been studied
by the NAL-LBL collaboration 59) The picture is far from complete, but

nevertheless very intriguing. Several points can be made.

5.2.1. x _dependence

At fixed s, there is a sharp forward peak for x > 0.9 in the

invariant Edqﬁ/dBp plotted versus x. This peak is present for a broad

range of Pp values. At the larger values a valley appears between

p
T
the peak near x ~ 1 and a broad secondary maximum in the range x < 0.8.

These points are illustrated in Fig. 17.

5.2.2. Scaling in x

At some fixed,values of Pp it has been possible to obtain data at
several values of +s. Because of a non-zero lower bound on the scattering
angle, fixed by the apparatus, the Pp values accessible at all +s are
unfortunately rather large, where cross-section and physical interest are not
at their greatest. However, present measurements at ISR are consistent with
an s independent Edﬂf/dBp at (all) fixed x and fixed pp+ These data

54)

are illustrated in Fig. 4. At lower energies both scaling and non-scaling

components can be identified.
The scaling properties of Ed‘r/dBp for x > 0.8 are of great interest,
as will be discussed below. More precise data over the widest possible s

and Py range are awaited anxiously.

5.2.3. Mass dependence

Mass dependence mixes s and x dependences. Because

' aq/&x AWs) = AT// Y,

(5.4)
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s independence of Edfr/d;p ‘at fixed x, implies that

4 dv [AM®

s s independent at fixed (M2/s). That is, aq/dM’ = s 'g(1°/s).

The traditional view of fixed mass diffraction holds that a particular
mass region or resonance [%.g., N*(16882] is produced with an energy

independent cross-section

T
‘%ﬂ* = canmhoact

Note that perfect scaling in x all the way to the kinematic limit

Yo, = 1= M'/s

may be incompatible with this tradition, Experiments with excellent mass

Mey

resolution are needed to examine carefully the s and M2 dependences of
cross~-section in the region MZ P 5 GeV2. Spectra from NAL and ISR are shown

in Figs, 18 and 19, respectively.

5¢2¢4e & dependehce

Data on the t dependence of inelastic diffraction are available at

57)

several energies. Bubble chamber data from 200 GeV/e pp collisions

are shown in PFig, 20. The‘ slope ‘B in a parametrization of the form

__(;.i%x_— ~ exk; (pt) (5.5)

varies swmoothly with M2, as shown in the Table below

57)

n

. B
<5 341 £0.7
5w 10 8.0 £ 141
10 - 25 6.1 = 0,7
25+ 50 5,8 £ 0.7

These data show no evidence of any turn-over, 4ip, or vanishing of aJ/at
near t = O, Thus, these bubble chamber results, which should be reliable

at small |t|, coatradict some NAL counter data 55) at 200 GeV/c, in which
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a dip in a\¥/dt aM° is seen at small |t], for M° < 20 GeV®. Because
the t dependence at small ltl is very interesting theoretically (see
below), more experimental work seems in order. Owing to the minimum
scattering angle limitation mentioﬁed aboveé ISR data are confined to a

range of t values with It] > 0,1 (Gev/c)%.

For pp scattering, the slope ésel of d(S;l/dt is about ﬁ3°l ~ 12
(GeV/c)-z. Combining this with dﬁrD/dt ~ exp(-6|t|), and using factorization,

we see that there appears to be no t suppression associated with the coupling 3

The double dissociation process would appear to suffer from no strong
t dependence, therefore, and may grow very rapidly in importance as s '

. 60
increases ).

5.2.5. Cross=section

The cross-section for single inelastic diffraction is easy to estimate,
but it is hard to define precisély. In analyseS»of'NAL bubble chamber results,
different groups make different assumptions about the "background" to substract
from the observed missing-mass distributions d(T/dMg, in order to reduce
these to proper cross-sections d<T/dM2, differential in mass-squared of
a cluster recoiling from a free proton. Next, there is the question of how
high up in M2 one should integrate. These ambiguities result in different
answers 56)?57)'58)'61). Nevertheless, most groups agree on a cross-section
somewhere in the interval 5 to 8 mb, for energies in the NAL and ISR range.

At Js = 23,2 and Js = 30.4 GeV, estimates by the CHLM collaboration 61)
give EYI)z 5.441,0 and 5.0+1.0 mb, respectively, These numbers result
from summing cross-section for |x| > 0,94, after an extrapolation is made

in t with the help of NAL data,

5¢246, Multiplicity

The structure of the recoil cluster and the manner in which its decay
particles populate phase spacg are two areas well worth investigation. The
mean charged multiplicity n(Mﬁg) ??? ggin obtained from NAL data on pp — pX
a ? 9

as a function of missing mass ‘A compilation is given in Fig. 21.

It would be valuable to investigate the t dependence also -n(Mx,t),
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Observe that n(Mi) appears not to depend on energy S. It grows
2
slowly with M;. Two curves are drawn on Fig. 21 to provide a basis for
comparison. Neither curve is in any sense a best fit. I took Lthe coeffi-

cient b = 1.4 in the parametrization

<m My = 0, 4+ b leg M (5-6)

directly from my fit to the s dependence of over-all pp charged multipli-

city 14)

{m®> = 0 + b log A

No attempt is made to reproduce threshold effects for M2 < 10 GeVQ. As will
be seen, the rate of growth of < n(Mz) > with log M° is consistent with

being the same as the rate of growth of < n(s) > versus log s 62).

58)

The linear curve

MY = 0.bM + 2 (5.7)

is not an unreasonable parametrization at low M, but begins to fail for

M2 > 50 Geve.

Theoretical interpretat;on of these multiplicity data is not altogether
40

direct. The nova approach is predicated on a linear increase of multi-
plicity with mass of a properly defined recoil cluster. In fits to low

energy data [blab < 30 (Gev/c)] with this model, the form

<md£M)> & \,4(M-m") (5.8)

was found appropriate (for charge multiplicity) 40). The rather small coef=-
ficient (0.6) of the linear term found in NAL data would appeér‘to contradict
nova model parametrizations, even at low M. This objection is not as strong
as it might be, however, because the missing mass in NAL experiments is not
identical to recoil cluster mass of the model. Likewise, direct interpreta-
tion of the logarithmic £it [Eq. (5.6]] in terms of multiperipheral-like
models is ambiguous inasmuch as a unique or clean exchange situation is not

obtained in the data unless appropriate selections are made on M2 and t.
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On a purely gqualitative level, the fact that the same coefficient
b~ 1.4 is found in fits <n(s) >~ b log s and < n(Mg) >~ b log n°
suggests that what is important for determining asymptotic multiplicity is
the energy available Q in whatever system or subsystem one is dealing

63) .

with One might hazard the guess that this remark is both model inde-—

pendent, and invariant to changes of parametrizations of Nop vs. Q.

5.2.7. Correlations

The actual distribution in phase space of particles whicin decay from

the single dissociation cluster is intriguing to contemplate. There are,

of course, some limitations imposed purely by kinematics. If the fast
proton has a given xp, then the mass of the cluster is M2 = s(1-xp). The

position in rapidity of the centre of the cluster is

[yl = Joa (s1M) = 7 Jeg (A-bef) . (5-9)

Thus, if X, 0.95, then the recoil cluster is centred at y = 3/2.

The manner in which decay particles distribgte themselves about Yo
is a question of dynamics. Two (extreme) alternatives are provided by the
isotropic cluster assumption, on the one hand, and an elongated bremsstrahluag
picture on the other. If the decay is isotropic, then the distribution in ¥y
has dispersion of about one unit [cf. Eq. (3.18)]. A bremsstrahlung pictire
allows a roughly uniform spread of pions extending from y = - log M4—yc to

y =+ log M-y .

Taking s = 2000 GeV2 and x = 0.95, again, log M

1

2.%. The two
extreme pictures would predict very different behaviour at this value of s,
for x_ ~ 0.95.

p = 5

. ' 2 2 A ~

With xp‘z 0.99, and s = 2000 GeV™, M~ = 20 GeV and log M = 1.5.
Thus, for x ;-0.99, the two view points lead to pretty much the same
(largely kinematic) conclusion at ISR energies : a tight cluster moving

directly opposite the fast proton.

A sample of available data is shown in Fig. 22. The CHLM group has
a series of counters placed in various locations about an ISR intersection
region enabling them to record a charged particle signal in coincidence

50)

with the fast proton in their small angle spectrometer . The auxiliary
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charged particle counters record only a rough angle measurement, not momentum,
charge, or mass, As shown in Fig. 22, detection of a charged particle in or
near the central region (counters at angles 90i14O and 117,5&12.50) “has a
considerable effect on the shape of fp(x). The inclusive cross-section

shows a dip rather than a peak as x — 1.

These data therefore give direct evidence for negative long-range two-
particle inclusive correlations. They suggest also that events providing a
proton with large x (|x| > 0.95) are events in which the remaining pro-
duced hadrons are to be found primarily in the opposite hemisphere. This
result, partly of kinematic origin, is evidence for the second type of collect-

ive long-range correlation mentioned in the opening paragraphs of this section.

and

More correlation data obtained by the CHLM group are published 50),

other groups are also undertaking analyses of correlations associated with
diffractive events 53)'64). As data become more detailed, their full under-
standing will undoubtedly require development of phenomenolagical models
realistic enough to accommodate most gross features of data., These correla-
tion date will then probe further features of models and help in identification

of new dynamical aspects heretofore buried.

- 5434 Theoretical games
. ASRAN i

Perhaps the most obvious theoretical guess to make is that the system
of hass M recoiling from the fast proton is produced with an s independent
cross-section d(f/sz = f(Mz). Attempting a power-behaved structure for
f(M2), we write

dv % -

—;—!‘X{- = (M (5.10)
The total cross-section associated with this phenomenon, which I label an’
is then

L

T, = M é‘p\l (5.11)
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where Mo and Mc are the lower and upper limits some dynamical model would

assign for the region of validity of (5.10).

Taking Mc =™ s, we find the following choices for the s dependence
of U-D :

A-A
comfork — A 2>

Q;ﬂ% (55/ cch&*Gth) A=A
A-2A

A A<

The possibility 'A < 1 1is ruled out asymptotically inasmuch as it implies a

violation of the Froissart bound.

Because of the kinematic relationship

dr _ dT
st dWs)y T Ak &y

(5.10) implies

-2 A-2 -
AU A M 2 A () (5.12)

Perfect scaling in x of the proton inclusive spectrum then requires >\ = 1.

3 3)

The choice ?\ = 2 made in diffractive excitation models , produces a nonr

scaling form

do A \

T o< T (-0 (5.13)

whose falling s dependence seems in disagreement with ISR data, unless

resolution problems are playing curious tricxs. (For similar reasons, any
)‘>1 is inappropriate.) Thus, the ISR results are most simply interpreted
as requiring ?\ = 1. This latter choice is, in fact, that suggested by the
triple~Pomeron Regge formalism, as I shall now describe. However, it is perhaps
useful to remark that the expressions d‘T/szm M—z, aT/ax ¢(1~x)-1 , and
WDoclog s  could well turn out to be in good agreement with data, while the

simple triple-Regge formalism may have to be abandoned.
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5.4. Triple-Regge limit

Specific Regge based predictions can be made for single-particle
inclusive spectra near the ''phase-space boundary'", where [x] - 1. Inasmuch
as only protons have substantial cross-section in this region, I limit my

remarks to them : pp — pX.

Consider the diagram drawn in Fig. 23%a in the limit s - ® , small
. 2 . 2 2
fixed ¢t = (pc—pb) , and, for the moment, fixed MX = (pa+pb—pc) . An
ordinary Regge limit is appropriate here as indicated in 23b. The cross-
section is .
2L (%)
2 T \V ]
A ﬁ (+ Ml) S_ | (5.14)
- % ' 2 :
dedmt T L TE M=l
where a sum is made over the different trajectories C(j(t) which can be

exchanged.

We now sum and integrate over the various contributions in missing mass
MX. The procedure is equivalent to Standing Fig. 23b on its head, and then
sewing together the unobserved missing mass channels, as illustrated in
Fig. 23%c. Summation in the X channel at fixed Mi is accomplished in the
usual fashion of unitarity sums. Wg obtain the Reggeon particle: ( Mja) total

cross-section

E)J. (1, M U;j (M) (5.15)

If M:2 is large, with (S/Mz) kept large, a Regge expansion in the

X channel gives

(o) 2%, (o)

B (hMt) = Y (0 MFT 8 M F (5:16)
§ t R

where CXP(O) is the t = O intercept of the Pomeron trajectory, 2and CY]R(O)
the intercept of secondary trajectories (? , 0, Ay f). This is illustrated
in Pig. 2%d. The end result is Fig. 23e. For the moment I assume that poles
are the only singularities we need to consider. Intercept O(P(O) is <13
with D(P(O) = 1, we obtain constant total cross-sections for all processes.
The complications and requirements of rising (T- will be addressed

tot
subsequently.
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2
Imagine that Mi and (S/M“) are both large enough to justify our

keeping only the leading Pomeron contributions. Assembling pieces, we obtain

) - (o)
- — 1) S/M . (5.17)
o & (W) P (211) v

Here ‘X P(t) is proportional to the function which describes the coupling

of three Pomerons (1). Transforming variables to the proton's scaled longi-

tudinal momentum X = 2pL/Ms T 1-u%/s, we rewrite (5.17) as

. /L
2 v -1- 2"t

Ao AT Y (1-9)
&b ™ dk d (WY(s) |
Because of the requirement s >§ M2 >>.Mih, this formula is meant to be valid

in a small region bounded by (1-x) << 1 or =x >x, and X << (1—M§/s).

(5.18)

Before proceeding to a comparison of (5.18) with data, let us catalogue

other important triple Regge contributions ; taking CX:R(o) =% in (5.16)

14
y

(1- %) —> combauk  (5.19)

N

|
P(\/\J P S (s (5.20)

=1y

| |
R R = (4'7()

(5.21)

Only the first two contributions survive for all x as s - ®.
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It will be particularly instructive to compare expressions (5.18) with
jdetailed data from NAL and ISR. Fits will require keeping some of the n%P-
Pomeron contributions (5.19)—(5.21) to be sure. Expression (5,17) is parti~
cularly interesting in that it specifies both the s dependence at fixed M2

and the M2 dependence at fixed s, in terms of the same ratio

(S/M2)2°((‘°)-°((0)_

At fixed ISR energy, for x > 0.9, analyses of experimental M? depend-

ence by members of the CERN-Holland-Lancaster-Manchester group 65)
able fits to (5.17) with (o4 P(t) ~ 1+0.2 t, To be sure, experimental errors
allow some variation of intercept CX:P(O)’ about 1 and of slope in the viecinity
of 0.2. The value & (0) ¥ 1 for x >0.9 should be contrasted with

X (0) ~ 0.5 which is obtained for 0.3 <x < 0.8 ; this latter region is

give reason-

evidently dominated by the RRP term.

5.5. Implications of the triple-Pogeron Eerm

Since the formula with O(P(o) = 1 is at least consistent with the u?
dependence of data, let us take it seriously and contemplate some of its impli-
cations., Expression (5.18) shows directly the prediction of & scaling (s
independent) peak in the proton x spectrum near xp = 1y, in qualitative
agreement with data. The apparent infinity as x—= 1 1is really not present.

The formula ceases to be valid there.

Other consequences of a finite coupling of the triple-Pomeron amplitude
are also interesting., We consider first its contribution to the total inelsastic
cross-section, and then proceed to a possible description of the structure of

inelastic events associated with the fast diffractively-scattered proton,

The cross-section vD is - given by

da

T = V Ak&\&t (5.22)
D

where the integral extends over the region in % and Mg < M2 < Mi e s in

which the PPP is dominant. In principle, [:< np > :ID and not just UD

should appear on the left=hand side of (5.22), However, I take < n, > = 1,

consistent with our interpretation of expression (5.17) in the intended range

of integration. Converted to x, and with the PPP term displayed explicitly,

(5.22) becomes



..57_

e A2t
T, =fc\XJ T @ “‘*) dx (5.23)
‘#Q r
As before, x_ = constant, and X, = 1—(M§/s).

If XP(O) is finite and 0(1; 0, we find

T o 9‘0% (1-.7(0) _ ,Qo% (__5_%%’5_)__ . (5.24)

This form of the PPP coupling therefore provides a log s increase of the

single inelastic diffractive cross-section (rD’

Before proceeding further, I should like to illustrate how this log s
increase comes about. In the top half of Fig. 24, I show the region of in-
tegration in x from fixed X, go Xqs at s2= Sy 3 and from X, to X5
at s = s2 > s1. Here X, = 1-Mc/si, with Mc fixed to be independent of
s, The increase [; §r5 as s 1s changed from s1 to S, arises because
at higher s, we integrate up closer to x = 1 along the scaling curve
fp(x). However, it is important to keep in mind thgt this extra cross-section
really comes from high values of excitation mass M . As shown in the lower
part of Fig. 24, the equivalent region of integration in M2 is from the
fixed lower limits Mg to a variable upper limit. The correspondence between
the x and M2 plots is simple. As energy is increased, more and more of

2

the M plot is squeezed up in x above our fixed lower cut-off x = x ,

(o)

Unless compensating terms are hidden, the log s increase of (TE
will result in & component of v;nel which rises as log s. Such a growth

34) nor experimentally contra-

is not, in itself, theoretically inadmissible
dicted, as discussed in more detail below. However, once the PPP coupling
is admitted, then graphs are also allowed in which an arbitrarily large number
of Pomerons are exchanged. As shown some years ago 66 vwith an exchange of

n Pomerons, we derive a cross-section

m-1

U ~ (L’gﬁ)

For n > 3, an asymptotic violation of the Froissart bound results.

»
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Because the PFroissart bound is by no means saturated in the ISR range,
a local growth of U"D faster than (log s)2 is presumably acceptable.
However, the problem of principle arises sooner or later. Considerable

theoretical effort has gone into the general question of Pomeron couplings 67)

The choices O' # 0 and/or (0) = 0 in Eq. (5.23) modify the
argument. Taking XP (t) = exp(bt) and W' # 0, we find

T, « ,Q.o% \i\;-\— Zo(/log <$/MC2)] ) (5.25)

This expression gives a slow log(log s) increase asymptotically, but, to the
extent that (2o'/b)log s << 1, we obtain here also a direct logarithmic

increase

Q!

y € "B h%/ﬁ (5.26)

over some range of s. With /' ~ 0.3 and b~ 6, the appropriate range
is log(s/M>) << 10. With > ~ 10 GevS, s < 100 GeV® is acceptable. The
theoretical problem of asymptotic violation of the Froissart bound is still

present.

If ™' #0 and q;(o) = 0, the cross-section Krb also rises, but
now to a constant asymptotic limit. Taking Xp(t) = t exp(bt), we find

dﬂocw 1)
0= j b - 2« 103(1~¥)]L

easily that

(5.27)

- K, - o
1+ 5 ﬂo%(s/m)

Vanishing of the triple-Pomeron coupilng )/ 0) 0, thus prevents an

unbounded increase of ‘r. and avoids eventual v1olation of the Froissart

bound.
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Data, however, seem to show no evidence for a zero at t = 0, at least
at 200 GeV/c (Pig. 20). It seems, therefore, that B'PPP(t==O)£ 0, and one
must look to some other method to achieve a consistent theoretical picture
in which the asymptotic bound U‘D < (1og 5)2 is satisfied. Much effort in

this direction is expected during the coming months.

The logarithmic rise shown in (5.24) suggests that we may attempt to
"plame the rise" of tr;ot observed in the ISR range on <Tb. As pointed
out by various people 34), the anumbers do in fact seem to work out, in the

following sense.

A fit by Capella and collaborators 34) to CHLM ISR data at Js = 23
and 30 GeV, where the covered x and t ranges are reasonably large,

gives

£ AT 2, exp (4654
&b (4-%)

under the assumption that CK£)= 0. Using the form

(5.28)

. v _ A, exb(B 1) (5.29)
& (1-2)

my eyeball fit to these data (Figs. 4 and 17) gives AD = 1.6 to 2.0,

BD = 4.5 to 6, consistent with Capella's numbers. Thus, the predicted

change h;‘J"D in inelastic diffractive cross-section from s = s to s =8

1
is easily seen to be

AV, = 2r ——%L H(—Z—T—) : (5.30)

>

The factor 2 in (5.30) arises from the fact that either proton may be diffract-
ively scattered. There are two graphs. I ignore diffractive scattering of

! !
both protons simultaneously. With 4s1 = 23, Msz = 53, I find

AT} = (3+ 07) mb . (5-31)
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Adding to this the experimental increase (r;1 ~ 1 mb, from the
elastic channel, we see that diffractive inelastic events may indeed fully

account for the observed experimental rise of (r; However interesting,

this conjecture is of course by no means proved. giist, it may be siressed
that, purely experimentally, it has not yet been possible to ascertain
whether ATD > 0. The experimental numbers 61) q;=b.4:l:1 and 5,01 mb at
Js = 2%,2 and 33%.4 show no trend because of the large quoted errors,

From Js = 23.2 GeV to «s = 30.4 GeV, the predicted rise of <rD based
on (5.30) is ATD = (1.00.3) mb, which is consistent with the data, in

view of the large experimental error. Direct experimental observation of a

rise of 'trb would be much more convinecing. Second, our previous dis-
cussion (Section 2.4) showed that the rise of U"inel is at least partially

accounted for by the increase of inclusive spectra in the central region. In

this sense, (5.31) is too large.

Obviously, data which should be forthcoming during the coming months
from NAL and ISR on the t and x: structure of inelastic diffraction will
allow a much more careful separation and determination of the various triple-
Regge terms, including PPP. How much of ZSUT is due to ﬁyQ‘b will
then be much better known.

inel

*)

5.6. Multiperipheral model for diffractive events

The suggestion that the exchanged Pomeron couples as a simple pole,
consistent with data on Ed‘ﬂ/d3p, leads to the possibility of constructing a
model for the full diffractive event 69). Indeed, because of the simple exchange

assumption, the amplitude “>1>-* anything in a multiperipheral-like approach

i

o S e S o S S S S G S S T oy B S S e S S P (o e S e o S Sy g W G e ST B o o oy T e e o e e T e e e ey T W s = e S

*

) The work discussed in this and the next section was done in collaboration
with G.C. FPox during the past year, Ref. 4). Similar work was done by
E. Rabinovici (private communication from H. Harari),
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should bear much similarity to that for pp — anything. For example, in
E>p-* M2, the produced hadrons should populate a rough plateau in rapidity

2
space of width log M~ and centred at

ly = bg (i) .

Therefore, at s = 1000 GeV an inelastic diffractive event - in which

x, = 0.95 (i.e., M° = 50 GeV2) should appear in y space as shown below.

‘jo»T | ﬂc | Hb

Given are both vertical bars, suggesting a single event, and a smooth curve

simulating the distribution of tracks in y which might arise after a sum

is taken over many events with xp = 0.95. At energy s, 1t would be of

great interest to measure the experimental quantity 08)

do AT .
<i)L? Ak'? dhék,ckk? a.ﬁk

where, here, xp and tp are variables connected with the fast proton, and

y 1is the rapidity of a pion from the system which has recoiled from the
fast proton. In the model we are discussing, (5.32) should look similar to
d‘r/dy for pions from pp — WX, measured at the lower energy s, = M2 =

= Sv“"xp)f

Lééking experimental data to the contrary, we continue to speculate.
The multiplicity n(Mz) in the model should be given by the same functional
form which fits the total multiplicity n(s). 1In particular, if

m(s) = @+ UogA | (5-33)

we expec m(Ml) _ O//-" b&% ML

(5.34)
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Here coefficient b is the same in both (5.33) and (5.34), but the constant
term may be different. Such a conjecture is at least consistent with NAL

data, Fig. 21, discussed above.

It is now a simple matter to integrate over M2 (equivalently, over xp)
to obtain the full distribution in rapidity space for pions from inelastic
diffractive events., By this I mean that we no longer single out the proton,
but ask rather just about the TU spectrum which our Pomeron exchange model

predicts.
The required analysis is formally similar to that done in Section 3.

Here, we begin with a cluster of mass M centred at Vo whose decay dis-~

tribution D(y,yc) is a plateau in y from y_ -logM <y <y +log M,

ey = [ D) dy = blgMt

The kinematic relationship between M and Y, is

il

I "}(_l fltm6 (=im) (5.35)

MY = A exp (2lyld)

or

i

(5.3%6)

According to our PPP formalism, the cluster is produced with a density dis-

tribution

Loant Mot g

(u(f-) = Tl — T 2 — - (5.37)
«)
9 T, d‘\tv T, dM T
Constant K is fixed by
M.’
1) . 2
Y];( = K| M*4mM (5.38)
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2
Setting Mi = s and M; = 1 we find (r£1) = K log s. The inclusive Yy
distribution for pions in conjunction with a proton which is inelastically

diffractively scattered (into the hemisphere x, < 0) 1is then

) |
?}\Z W—( ) j f('} ) J} D (‘3 Ye ) = Ul-)ﬁ)bf_'[(g,) d%
(5.39)

where I(yc) =1 if log]s >y > 2yc-long and is zero otherwise. Thus,

(1) |
%%f— = Kb (y+ lgz) (5-40)

This triangle shaped distribution is shown by the shaded area in the sketch

o Kb leg 4

below.

>
- MB o 103{3 Sm
Obviously, there is a second graph in which the other incident hadron is dif-
fractively scattered (into the forward hemisphere). Pions produced by the

latter process provide a distribution

(2
dy b( )
oy T Kol oy s
which peaks at y = -long. The sum of both cantriﬁutions is a plateau in

¥y extending (ideally !) from y = -logds to y = +logjs and whose height

rises in proportion to 1log s :

Sl
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The net diffractive pion multiplicity < ny > is given by

-A - 2
<mn> = v» S Kb %%A &3 = vb‘ K‘“(&"?)
wherev
L) (2) (1)
V, = V, +V, = 2V

<MS> = -‘i-]:) L%A | (5.43)

Three features of this last expression are notable. First, the multi-

plicity of the diffractive component is not constant, but grows with s
Second, the coefficient of log s, here (%b), is % that of the coef-
ficient of log M2 in the expression < n(Mg) >= b log M2, which was

input to our calculation 69). Therefore, owing to the singular nature of

the PPP coupling as x — 1, the coefficient of log s in the expression

< np > is one-half the coefficient of log s for the multiplicity provided
by non-diffracting graphs. E[f P' with 0( (0) ~ + were exchanged, rather
than P, there would be no singularity as x - 1, and dV’/szcr. 1/s. With
this assumption for ,(yc), it is easy to show that n(M2)oc. b log ¥°

results in n(s)ec b Tog s.]

Third, and last, the net multiplicity arising from both diffractive

and non-diffractive graphs has the form

Ve p
w> = <My <N e (5.44)

Here T = q;ID + v; If we were to take our model seriously as s — @,

we would find

b b
<m>°° oc <ml> A 'z b %/A (5.45)
whereas, at low energy, Wheré V;]D >§ V]')

<M> A <MM> ~ b Qo%/d (5.46)
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This would imply that the measured coefficient bexp of log s 1in fits of

the form

m> ~ &%rxy JLO(& A

should decrease as s increases. This is clearly in disagreement with data,

which if anything show an increase of bexp as s 1increases 13)’14). H

ever, it was at least implicit from the start that the model should be invoked

only in a limited region 34)’69) (ISR range ?) where Qrb << ‘r&D' At

OW-—

ND?
the prospect of non-negligible multi-Pomeron exchange. Thus I intend all my

energies at which Qrb ~ X" we would have to take seriously into account

remarks here about a simple multiperipheral model with factorized Pomeron
exchange to be restricted in validity to a region of energy encompassing NAL
and ISR. The really asymptotic properties of the model have not been worked
out satisfactorily * . (In this sense, and owing directly to the rising

nature of (I;ot with s, the ISR is not an asymptotic machine n.

Besides s dependence, several other aspects of our treatment are
obviously overly naive. First, the pure plateau assumption for the cluster
decay distribution needs to be modified with rounded-off fragmentation edges.
Second, use of the PPP term for the full range s Z»Mz > 1 GeV2 is outrageous.
Corrections to both, however, do not change the essential lessons of the dis-

cussion :

(a) that pions from the diffractively produced cluster may well reach the

*%
middle ) of the rapidity plot, and

(b) their multiplicity grows with s, perhaps logarithmically.

These results suggest that clean kinematic separation of a full "diffract-
ive component" is virtually impossible. Of course, an enriched part of the
component may be had by selecting events with one prl > 0.95 (say), but
this a biased sample which may not be trustworthy for reaching general con-
clusions.

) For discussions of a multiperipheral "perturbative" approach to hadron
production, see Refs. 34).

; that is,

*
) Note that the centre is reached whenever (y.-log M) <O
, M = 10 GeV,

whenever M > s1/4. At s = 1000 GeV2, and xp = 0.9
which is greater than s1/4 = 5.6.
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Our argument showed that diffractive events lead to a log s increase
of the height of the central plateau for pp -TX : d(rD/dy = %qu. It 1is
worth evaluating numerically how great this increase is over the ISR range.
We start from dJ/dy = dYTﬁD/dy+-d(rﬂ/dy. Taking differences, we find

A(% = %(AV;D)\D (5.47)

because d(TND/dy is, by hypothesis, energy independent. For pions of fixed
charge (i.e.) T, b~ 0.7 to 1.0. Thus, using Eq. (5.47),
|

Av

A/-— A 402 wh
\ aJ% 3=<> :

is the expected increase from Js = 22 to s = 53 GeV. Data from NAL at

200 GeV/c give 28)

éf[ &~ 26 wmb

éA& gczo
Thus, our diffractive contribution provides a rise of N4.5% in the plateau
height (integrated over ps). This number is to be compared with the increase
of (8+7)% quoted by the British-Scandinavian group 16), and so may fully
account perhaps for any experimental rise. Insofar as s dependence is
concerned, the remaining distribution <iv&D/dy would be in "perfect'" agree-

ment with the predictions of the short-range order hypothesis.

The British-Scandinavian data 16) showed also that the y distribution
was not flat at fixed Js = 53 GeV. Whether pions from the diffractive cluster
could cause the observed bulge at Yen ~ 0 is not obvious, but, in any case,
requires a less approximate treatment than can be given purely analytically 4>.
[it is very unlikely that the diffractive component could explain the rise of

the p inclusive rate at y = 0.]

5.7. Correlations in the diffractive component

That pions from the diffractive component may reach y = 0, and the
idea that long-range correlations are intimately associated with diffraction
make it imperative that we examine the structure of rapidity correlations

among pions produced in a diffractive exchange situation. I turn to this
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subject now and derive the form of dzﬁrD/dy1dy2, where 74 and y2 denote
rapidities of pions which have come from a system which recoils from a fast

inelastic proton scattered diffractively.

As we discussed above, if Xp is fixed, the recoil system of mass
1
M = [é(1—xpi12 behaves in our model just as would a final state of ,/s =M

in an over-all pp collision. Thus, if we fix Xp, and we look only at

pions from the recoil system, we expect to see only short-range rapidity
correlations, whose correation function Cxp(y1,y2) has exactly the same
form as that in (3.29) [éo long, of course, as both y; are in the allowed

kinematic range yc-log M<y<y,+logh 5y, = log(v%/MI]. Explici<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>