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Abstract:
This project is devotedto updatingtheReggephenomenologyof inclusive reactionandcorrelation,with thehelp of the low Pr data acquired

over the last 5 years or so. The analysesover the fragmentationregion are largely basedon the Mueller—Reggeformalism. For the central
cross-sectionand correlation data, however, the Mueller—Reggeformalism is seento be inadequate;and the analysesare largely basedon the
multiperipheral clustermodel and theGribov calculus. The effort hasbeen to make the individual sectionsself-contained,at the cost of some
duplication. The important gapsremainingin thedata, as also in thetheoreticalinterpretationof theavailabledata,arebroughtout at theend of
therelevantsections.

1. Introduction

The Reggephenomenologyof inclusive reactions,like the Reggephenomenologyin general,has
virtually come to a halt since last five years or so. However, there has beena slow but steady
accumulationof inclusive reactionand correlationdata at low PT, over theseyears. Indeed,manyof
theseexperimentswere designedwith the purposeof Reggeanalysisandare qualitatively superiorto
the older experimentsof their kind. The time lag is simply the typical gestationtime of a presentday
electronicsexperiment,furtherstretchedin somecasesno doubt by the declininginterestin the field.
This project aims to update the status of the Regge phenomenologyof inclusive reaction and
correlation,usingthesenew data.

At the outset, of course,such a project hasto face the two questionswhich underlie the current
declineof interestin the S-matrix approach.Firstly, is therea useful role anymorefor an admittedly
phenomenologicalapproachlike the S-matrix, in view of the progressmadein a more fundamental
theory of hadron interaction in terms of quarksand gluons— i.e. QCD? Secondly,is thereanything
worth knowing in the S-matrix approach,which is not alreadyknown?To a good extent,we believe,
the answersto both the questionsare in the affirmative. (i) What one presumablyhas so far is a
perturbativeQCD theory,which is only applicablein the deepinelasticregion—i.e. largePT (~‘1GeV,
say) region.It is evident from fig. 1 that this region accountsfor an extremelysmallfraction of hadron
interaction.The bulk of the events are concentratedin the low PT (<1 GeV) region, where un-
fortunatelythe perturbativeQCD breaksdownt. Efforts at developinga nonperturbativeQCD theory
arenowhereneara stage,wherea meaningfulphenomenologyis feasible.In otherwordswe maynot
havea viable alternative to the S-matrix approachfor the low PT physics for a long time to come.
Moreover, a majority of the QCD expertsseem to share the hope that when a successfulnon-
perturbativetheory is finally developed,it will generatethe S-matrixobjectslike dualReggepolesfrom
the underlyingquark andgluon fields. In this case,of course,the S-matrixapproachwill continueto
play a meaningfulphenomenologicalrole for low PT physics.(ii) As regardsthe secondpoint, we shall
see in the subsequentsectionsthat thesenew data provide, for the first time, precisequantitative
answersto someof the long standingquestions.Moreover,therearestill a numberof significantgapsin
the dataasalso in our theoreticalunderstandingof the availabledata,which weshall try to articulateat
the endof the relevantsections.

The following sectionsdiscussin detail the inclusivekinematics,the Mueller—Reggeformalism,the
duality predictions and the predictions related to the Pomeron(i.e. Pomeron factorisation, f—P
proportionality andthe decouplingtheorems).Much of this is availablein the existingreviewson the
subject [2—9],in particular that of Roberts [81.The subsequentsectionswill be devotedto the

t Although somemodelsfor thelow p.rphenomenology,basedon perturbativeQCD,havebeenproposed[1],they areessentiallyempiricalin nature
and limited in scope.
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Fig. 1.1. The phasespaceeventdistributionfor theinclusive reactionKp—*K°X at 14.3 GeVIc [66].The figure is takenfrom ref. [8].

phenomenologyof the various aspectsof inclusive reactionand correlation.As indicatedearlier, the
emphasiswill be on the data, accumulatedover the last 5—6 years,much of which haveremained
unusedso far.For the sakeof perspective,andcompleteness,however,we shall alsocoverthe essential
featuresof the existinganalyses,basedon the older data.

Let us add a few words about the layout. The formalism developedin this introductorysection is
primarily for the single particle inclusive cross-sectionand the Mueller—Reggemodel. However, the
phenomenologicalanalysis of the subsequentsectionswill also involve two particle inclusive cross-
section, i.e. in correlation; and more importantly some alternativeRegge models like the multi-
peripheralcluster model and Gribov calculusmodel, as in the casesof the centralcross-sectionand
correlation.The additional formalismnecessaryfor thesewill be includedin the respectivesections.We
find this more convenient, as it minimises cross referencebetweendifferent sections.For the same
reason,the partsof the Mueller—Reggeformalism, relevantfor the subsequentsectionswill also be
summarisedin the respectivesections.This helps to makeeach sectionself-containedat the cost of
some duplication. The equationsand the figures for eachsectionwill be numberedseparately.In
referringto theequationsandfigures the section indexwould be dropped,exceptfor the rareoccasions
whena crossreferenceis madebetweendifferent sections.We feel that a reader,with somefamiliarity
with the field, can proceedstraightto the sectionof his choice.
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1.1. Kinematics

Considerthe inclusivereaction

ab-~cX,

wherea, b and c refer respectivelyto the beam,target and the detectedparticles. We have here4
invariants— the energysquareof ab(s),the momentumtransfersquaresbetweenbc(t) and ac(u), and
the missingmasssquare(M2). Of course,only 3 of these4 areindependent,since

s+t+u=m~+m~+m~+M2. (1.1)

At large s, the phasespaceof the final particle c can be naturally divided into 3 parts— the two
fragmentationregionsand the centralregion.The fragmentationregionscorrespondto the regionsof
finite t (b-fragmentationregion)and finite u (a-fragmentationregion). Intuitively, of course,c can be
lookedupon asa fragmentof b(a)whenthe momentumtransferbetweenthe two remainsfinite at large
s. Overthe b(a)fragmentationregion the reactionab—~cX is oftenwritten in the form b—~--* c(a—~—‘ c).
The central region correspondsto the remainder,i.e. where t and u are both target. Since identical
considerationsapply to the 2 fragmentationregionswe shall discussonly one (b-fragmentationregion)
explicitly.

For Reggeanalyses,the most convenientvariablesfor the b-fragmentationregion ares, t, M2 and
thosefor the centralregion s, t, u. However, the experimentaldatais mostlyavailablein termsof the
directly measurablequantities s and PL, PT — the longitudinal and transversemomentaof c. The
longitudinal momentumis measuredeitherin the lab. (pt) or the CM(p~)systems.In the lattercaseit is
usuallygivenin terms of the Feynmanvariable,

x =p~/p,~. (1.2)

The purposeof scalingthe variablewith the incidentCMS momentump
1~is connected,of course,with

the scaling hypothesisas we shall see latert. Let us simply note herethatat large s the entire phase
spaceof c is spannedby the rangex = 1 to —1, independentof s. It can therefore,be usedfor describing
the centralandboth the fragmentationregions. In contrastPL is only suitablefor the descriptionof the
target fragmentationregion. For a range of finite PL only spans the b-fragmentationregion as
s —÷~ — the centraland the a-fragmentationregionscorrespondto rangesof PL increasingindefinitely
with s. The2 setsof variables(x,PT) and(pL, PT) arerelatedthrough

1 1 1/2x= —— — ((mb+ Ea)~p~i+ K

2)”2 — PaPi~)2— K2 (1.3)
~~~ S

_( 2+ 2\1/2
‘~ / +O(1/s),at finite PL (1.3a)

t See fig. I and rememberthat we are only interestedin the low Pr (s1GeV) region.
4 Sometimesthequantities V~or p*M** have been usedinsteadof p,

0 in the definition of x. Asymptotically theyare all the same,and at
moderateenergiesnone is moresacredthanthe others.
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whereEa, Paarethe incident lab. energy,momentumand

= [m~+p~.]U2= [E2—p~]”2 (1.4)

is referredto by some as the longitudinal mass and by othersas the transversemass.The 2 setsof
variablesarerelatedto the relevantinvariant quantitiesas follows. For the lab. system(pL, PT)

= (m~+ m~+ m~)+ [mbEa — (mb +Ea)(p~+ K2)”2 + PaPL] (1 .4a)

(~2+ 2’~1/2

= 1— ~j~’L K / P1~~
0(1/5)at finite PL (1.4b)

mb

m~—2mb[p~+~2]h/2, (1.5)

For the CM system(x,PT)

M
2 2E* 2

— = 1—---~-+mjs5 vs

= ~ (1.6)

= 1 — + O(1/s),at finite x (1.6a)

t, u = m~a+m~_2E,aE*+2pt~aPi’~

i.e.

t = m~+ m~— 2[(x2p~.+ ~2)(~~ + m~)]”2— 2xp~. (1.7)

= m~+ m~— xIm~— K2/~x~+ O(1/s), at finite negativex, (1 .7a)

u = m~+ m~— 2[(x2p~+ ~2Xp?.+ m~)]1’2+ 2xp~. (1.8)

= m~+ m~— xm~— K2/x+O(1/s),at finite positivex, (1.8a)

andatvery small xI(<2K/s1~’2)

t, u = m~a+m~—s”2K~ .)+O(51/2). (1.9)

One seesfrom eqs. (7, 8 and 9) that the negative (positive) finite x region correspondsto b(a)
fragmentation,i.e. t(u) finite; whereasthe centralregion correspondsto a smallneighbourhoodaround
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x = 0. Strictly speaking,both t and u —~ only over an infinitesimalsegment

—2K/s1’2< x <2K/S 1/2

For a practical phenomenology,of course, one treats t, u > 5 GeV2, as the central region. For
K2 � 0.5 GeV2, andISR energyrange,thiswouldcorrespondto the strip —0.1<x <0.1.Lastly, onemay
note from eq. (6) that the low missingmass(M2) region correspondsto the endsx ±1.

1.1.1. Rapidity
Another longitudinal variable,whichhasbeenextensivelyusedis the rapidity. In generalthe rapidity

of a particleis relatedto its 4-momentumvia

y = sinI~1(~)=

1n(E t0t~) = ~ln(~~ (1.10)

andthe 4-momentum

p = (ic coshy,PT, K sinhy). (1.11

Naturallyy dependson the framein whichPL is measured;but oneattractivefeatureof this variablei:
its simple additive natureunder boostsalong the longitudinal direction. Onecan simply see this bi
taking anotherparticle,with 4-momentum

p’ = (ic’ coshy’, p-, K’ sinhy’). (1.lla

It thenfollows from the Lorentz invarianceof the scalarproductp - p’, that for any longitudinal boos
the rapidity difference y — y’ remainsinvariant. In other words the rapidities of all the particle ar
boostedby the sameamount,in going from onelongitudinal frameto another.

Let us look at the kinematicsfor our inclusivereactionab—*cX. In the lab. frame, wehave

Pa = (ma coshY, 0, masinhY)

pb=(mb,0,0) (1.12

pC=(Kcoshy,pT,Ksinhy)

where Y andy denotethe rapiditiesof the beama andthe detectedparticlec. Now,

sa+p~)~mambe~”, i.e.
(1.12

Y ln(s/mamb), at large5,

and

—ln(mb/K)< y < V +ln(mjK), (1.t
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which simply follows from eq. (18) below. Thus the rapidity range of c grows like In s. The b-
fragmentationregion,of course,correspondsto a finite region as one simply seesfrom the definition
(10) above.

In the CMS frame, wehave

p~= (ma coshV~,0, masinh V~)

p~= (mb coshY~,0, mb sinh Y~) (1.15)

p~=(, coshy~PT, K sinhy*)

= ±sinh’(pjfl/ma,b) ±ln(s”2/ma,b) at larges (1.16)

y* =sinh1~=f~.
1lnh

4~at largesandfinite x(IxIs”2~aK) (1.17)

i.e.

— ln(s”2/~)<y* <ln(s”2/~)

or

— ln(mbIK) < y* < V~+ ln(ma/K). (1.18)

Onemaynote in particularthat for m~< ma,b (e.g. pp —~ITX) the rapidity rangeof the producedparticle
exceedsthoseof the incidentones.Thus,for the pp collision atthehighestISR energy(ln s 8) onehas

±4,andthe rapidity rangefor the producedpions((,) 0.4) is —5<y * ~ 5. One may alsosee
from eqs. (17, 18) that unlike x the rapidity range increasesindefinitely with s(— ln s). But more
importantly the increasecomesentirelyfrom the central(x 0) region.The finite x regions(x =

to 1)) correspondto finite rangesof rapidity (=2 units each)— just pushedfartherandfartherapartwith
increasings. Thus for pp -.* irX at the highestISR energythe centralregion (x = —0.1 to 0.1) covering
only 10% of the x plot, getsstretchedin they~plot to coverover 50% as illustratedin fig. 2. It means

—5 —4 —3 —2 —i 0 i 2 3 4 5

L~TR~ /1e
Large M Large M S/M

L b—Fragmentation J~entra~La-Fragmentation J
Fig. 1.2. The correspondencebetweenthex and y plotsfor pp—sirX at thetop l5R energy.
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that the variable y * hasa far greateradvantageover x for the centralregion analysis,particularly its
dependenceon the longitudinal variable.Of course,it alsomeansthat unlike x, the y* is unsuitablefor
the fragmentationregion,as it correspondsto different rangesof y* at different energies.For the
fragmentationregion onehas to usethe lab. rapidity y. This is only a minor inconvenience,however,
sincethe two aresimply relatedby

= y + V~=y —sinh1(plfl/mb)=y—~In(s/m~). (1.19)

The set (y, PT) or (y*, PT) can be relatedto the invariant quantitiesby using eqs. (4—10). The most

usefulonesare

y* ~4ln(t/u) (1.20)

— ut/s (1.21)

both valid overthe centralregion (larget and u); and

y —ln(mb/K)—ln(1—M2/s) (1.22)

valid over the b-fragmentationregion.
Finally a variableoften usedin placeof rapidity is the so-calledpseudorapidity

= —ln tan(O/2) (1.23)

0 beingsimplythe polar angleof the detectedparticlec. It is evidentfrom comparingeqs.(10) and(23)

that
~y, for m~~pT (1.24)

which is a reasonableapproximation for pions. Obviously ‘i~ is a useful variable to measurein
experiments,that do not havemomentummeasurementfacility.

1.1.2. Invariant cross-section
The Lorentz invariantcross-sectionfor this inclusivereactionis definedast

F(s,Pc) = E~dcr/d3p~ (1.25)

wherethe factorE~comesbecausethe Lorentz invariant phasespaceis d3p~/E~.
From the relation betweenthe different setsof variables,as given above,one can constructthe

correspondingJacobians.Thusonecan relatethedifferentialcross-section,expressedin different setsof
variables,with one another.The relationsare, in fact, extremelysimple, i.e.

tSimilarly the invariant two-particleinclusivecross-sectionis F(s.Pc, Pd) = E~E
5doid

3pcd3p
5.
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F’ ~~_E~_E do-ET
1 w
224 639 m
235 639 l
S
BT
k5,Pc) cd
3P_P2siflOdOd

E do- E* do-ET
1 w
229 614 m
241 614 l
S
BT

rrdpLdp~7rp,~,dxdp~

1 do- 1 do-ET
1 w
215 585 m
226 585 l
S
BT


ndydp~7rdy*dp~
— (2p,~/\/~) do- — (2p~V~)do- 1 26
— IT dt dM2/s — IT dt du . )

wherethe subscriptsc from E~,Pc havebeendroppedfollowing the conventiondevelopedabove.
Let us closethissubsectionwith two observations,which are importantfor practicalphenomenology.

(i) The relationbetweenthe 3 longitudinal variablesPL, x and YL involve PT. Thus when only the p-,-
integrateddistributionis given it is not possibleto transformonelongitudinal variableto the others(e.g.
from doidpL to do-/dy or do-/dx). The practicein the pasthasbeento assumethat one can go ahead
simply by substitutingPT with its averagevalue. We haveexplicitly checked in the caseof pp —~‘rrX,
whereboth YL and x distributions are availablefrom the sameexperiment,that the error involved in
this procedureis much too large, and it should thereforebe avoided. Of course,when the double
distributionis available,onecan freely transformfrom onesetof variablesto anotherusingthe relation
betweenthem, as given above,alongthe eq. (26). (ii) The different choicesof scalingvariablesin the
fragmentationregion (PL,PT); (x,PT); (y~PT); (M2/s,t) are of course, related to one anotherin-
dependentof s as s—~. Thus the scalingof the cross-sectionin one implies scalingin all the othersat
asymptoticenergies.Thereare importantsub-asymptoticeffects, however,representedby the O(1/s)
terms in these relations. As a result a precociousscaling in one variable, over the PS range
(s = 20—60GeV2, say)would imply a significant scalebreakingin another,over the samerangeof s. In
particularfor pp—* ‘rrX, as weshallseein the nextsection,exactscalingfor a fixed (M2/s,t) bite implies
typically a 25—35% scalebreakingfor a fixed (x,p~.)biteover the aboverangeof s. Thus a quantitative
study of scaling with the PS data, is rather sensitive to the choice of scaling variables. It is a
phenomenonto which sufficient attentionhasnot beenpaid in the past.This is of courseanalogousto
the caseof Bjorken scalingfor the deepinelasticscatteringwhereprecociousscalinghas beenobserved
for somespecific choiceof the scalingvariable.

12. Mueller—Reggeformalism

To a large extentthe interestin the inclusivereactionswas sparkedoff by the scalingpredictionof
Feynman[101and Yang et a!. [111—i.e.the hadronic inclusive cross-sectionsare asymptotically
independentof energys, when certainvariables(pL, PT), (x, PT) or (s/M2,t) are held fixed. Of course,
the argumentsof Feynmanand Yang were basedon physical intuition, e.g. by analogy with e.m.
radiationfrom a classicalcurrent,in Feynman’scase.However,it was soonpointedout by Mueller [121
that the sameresults follow in the standardS-matrix approachas a generalisationof the constancy
(approx.)of the total cross-sectionsathigh energy.

1.2.1. Mueller’s optical theorem
Let us recall the standardoptical theoremconnectingthe total cross-sectionto the discontinuityof

the forwardelasticamplitude,i.e.



S.N. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions 211

~ =

= Disc. fab(S) = Imfab(s) (1.27)

which follows from unitarity. The phenomenologicaladvantageof this relation, is, of course,that a
seeminglycomplicatedsituation(i.e. sum of exclusiveprocesseswith varying energydependences)gets
convertedinto a manageableone— a single 2 body amplitude.Mueller suggestedan extensionof this
theorem,which connectsthe inclusive cross-sectionto the correspondingdiscontinuity of a 3-body
forwardelasticamplitude,i.e.

~

E~do-/dp~= Disc.fabC(M
2) = F. (1.28)

There are, of course,some additional complicationsfor the 3-body case. On the formal side, the
physical region of the inclusive reactioncorrespondsto an unphysical region of the 3-body elastic
amplitude (fig. 1), which is evident from the fact that the subenergiesof bc(t) and ac(u) arenegative.
Thus the relation assumesan analyticcontinuationof the 3-bodyamplitude into this unphysicalregion.
Moreover, two independentvariables(notablyM2 ands) haveoverlappingcutswhich complicatesthe
definition of the appropriatediscontinuity.However,it hasbeenexplicitly checkedthat suchananalytic
continuationis possible in certainfield theoreticmodelsand that the overlappingsingularitiescan be
properly takeninto account[13—15].A detailedaccountof theseis given in ref. [9]. Let us simply state
herethat the theorem,while lacking a rigorousproof, hasbeengenerallyacceptedas a very plausible
hypothesis.The appropriatediscontinuity,correspondsto

a ~ a a ) — > a
b ~ ~ b — b ) > b

____ + ) ~ r ____ — ) ~

Disc.fabe(A12)=fabe(s+ie,M2+ig,s’—ig)—fabe(s+ie,.M’2—ie,s’—ie). (1.29)

On the practicalside the 3-bodyamplitude is not a measurablequantity (evenin its physicalregion),
unlike the 2-bodycase.Hence,the Mueller’soptical theoremcannotbe subjectedto direct experimen-
tal test. However,one can predictmanyfeaturesof the 3-body amplitude from the Reggetheory and
duality, which can be testedwith the inclusive data. This is similar, of course,to testingthings like
exchangedegeneracyand Reggebehaviourof a 2-body elastic amplitude with the total cross-section
data.Let uswrite down the Reggeexpansionof the 3-bodyamplitudein boththefragmentationandthe
centralregions[121.A generalcriterion for Reggeexpansionof a multiparticle amplitudeis that all the
invariantsspanningacrosstheReggeexchangebe largecomparedto all the invariantslying on its either
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side.And sincedifferent invariant quantitiesbecomelargeover differentpartsof the phasespace(see
figs. 1, 2), the correspondingReggeexpansionsare different.

1.2.2. Fragmentationregion
(a) LargeM2 (single Reggeexpansion):Let usconsiderthe b-fragmentationregion only. Herethe

3-body amplitude can be approximatedby the leadingReggeexchangesin aã,i.e.

a —Eli:)_____ s,u,M2>>t,m2
5

F = f3p(s/M
2,t)s’°’10~’+ ~ /3~(s/M’,t)s’~’~10~’

R.p,o,.f,A2

= I3~(s/M2,t) + ~ /3RS (1.30)

whereP and R arethe Pomeron(a,~(0)= 1) and the leadingmesontrajectories(aR(O)= ~),which we
shall oftenrefer to simply as the Reggons.Thus like the total cross-sections,the inclusivecross-section
asymptoticallygoes to a constant,with the Reggeoncontributiongoing down as ~_1/2~ In otherwords
the Mueller—Reggemodel automaticallyleadsto the Feynman—Yangscaling, andin addition predicts
how the scalinglimit is reached.

(b) Large s/M2 (standardRegge expansion):Here the standard Regge expansion in the t(bë)-
channelappliesto the amplitudeab—~cX,i.e.

s,U >>t . M2 m2.b.c> ~<b÷~~s’.-b b~÷
1I~1÷_b

F=sdtdM2=(J
3bc) .~ ‘imfa(M) (1.31)

where a is the leading Regge pole in the b~channel, and the last factor representsthe forward
discontinuityof the elastic Reggeon-particleamplitude(i.e. the Reggeon-particletotal cross-section).
Of course,whenmorethanoneReggeexchangein be areconsidered,the expressiongetsa little more
involved becauseof the interferenceterms. Onegets

F = ~ ~7s~’~’~ Imfja,ja(M2), (1.32)

where~ standsfor the signaturefactor.
(c) Large s/M2 and M2 (triple Regge expansion):Evidently this correspondsto the overlap of

regionsa andb above(figs. 1, 2). Hereonecan furtherexpandthe Reggeon-particleamplitude in terms
of the leadingReggeexchangesin aã,which leadsto the triple-Reggegraphbelow:
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b~b

— ‘~
0i ~j ~k *

A — ,~ l-’bc,-’bc,-’aagijkci~,j S i j
ijk

= ~ G ~Jk5’(M)~ (1.33)
ijk

whereg1,,,. standsfor the triple-Reggecoupling.The first derivationof the triple-Reggeformula in the
Mueller—Reggemodel,was dueto De Tar et al. [16].The term —a, — a1 in the exponentof M

2 arises
becausethe relevantReggeon-particleamplitude correspondsto maximal helicity flip of the Reggeon
legs. A detailedaccountof the helicity pole formalismcan be found in refs. [16,9]. Let ussimplynote
herethat this term is, indeed,necessaryfor the consistencyof eq. (33) with eq. (30), of which it is a
specialcase.

Finally let us note that for M2 and s/M2 both large (>5, say) it is necessaryto go beyond the PS
energiesfor a reasonablerangeof s and/orM2. Whereas,almostall the old triple-Reggefits arebased
on the PS data,it is only in thelast 5—6 yearsthat onehasa reasonableamountof FNAL andISR data
over the triple Reggeregion.

(d) Finite mass sum rule: One seesfrom eqs. (32,33) above that the forward Reggeon-particle
amplitude hasan asymptoticbehaviour,very similar to thatof a 2-bodyamplitude.Furtherit hasbeen
checked in the perturbation theory [17] and the dual resonancemodels [18] that the forward
Reggeon-particleamplitude hasthe sameanalyticity and crossing propertiesas the ordinary 2-body
amplitude.On thebasisof theseanalytically crossingandasymptoticbehaviours,a set of dispersionsum
ruleshavebeenconstructedfor the forwardReggeon-particleamplitude[19—22]which are analogousto
the finite energysum rule (FESR)[23] for the 2-body amplitude.Thesearecalled the finite masssum
rule (FMSR), since the missing mass M2 plays the role of dispersionvariable here analogousto the
energyvariablein the 2-bodycase.It is convenientto definea variable

7’2Pa ~bpc)(Mtma) (1.34)

antisymmetricundercrossing(b ~-* c). In termsof this antisymmetricvariable,the FMSR read

N

Nak(O)—ai—aj+n +1f [Im Aia,ja(~,i’) — (1)” Im A;a~a(~,t)]~”d~= ~ ~3~k~gjj~[1— (—l)”r~T
1rk]ak(O)— a — a1 + n + 1

(1.35)

where~ are the signatures(±1)of the respectivetrajectories.The integrandhasbeenconstructedto
be anti-symmetricundercrossing(v—*—~),in order to eliminatethe fixed pole contributionas in the
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2-bodycase.The correspondingFMSR for the inclusivecross-sectionare

I I~do-(ab-~cX)— (1)~do-(ac-~bX)]

J ~ dtdv dtd~ ju/

c~k(O)—aj--aj±n+1

G~s’~’‘~‘ [1—(—1)”r1rJrk](0) ++i . (1.36)

Thus the triple-Reggecouplings can be estimatedfrom the low M
2 data, through FMSR. This is

particularlyusefulat PS energies,wherethe conditions/M2~ 1, only holds overthe low M2 region.
Finally, in analogy with the Dolen—Horn—Schmidduality in 2-body scattering[23,241, one may

expectthe FMSR to hold semilocally[25].Thus for a besystem,which filters out a single Reggeoni,
oneexpects

(do-(ab—*cX)÷dcr(ac—t.bX)) ~2~_2 k~RGt
1k(1±TkXP)akO_

2~. (1.37)

Further,one maysupplementthisby the Harari—Freundhypothesis[26,27] (seenextsubsection),which
suggeststhat the Pomeron(P) andReggeons(R) areseparatelydual, to the resonanceandbackground
contributionsin the missingmasschannelX, i.e.

Jdo-(ab—*cX)~do-(ac—* bX)\ ResBG 2~2G . 1 + a~p{O)-2c,, 1 38

\ dt dv — dt di’ / — UR.P ( — TRPXP) . ( .

These are evidently very powerful duality predictions, both for inclusive and quasi 2-body
phenomenology.In particulartheyprovideacorrelationbetweentheresonancemassandits production
cross-section,which stringtogethera hostof quasi2-body reactions,as we shall seein section3.

1.2.3. Central region (doubleReggeexpansion)
Heres, t and u all becomelargewith a fixed ratio ut/s= ~2 (eq. (21)). The 3-bodyamplitudecan be

approximatedby the doubleReggegraphshownbelow:

a ) ~ a
a ~ ~ ) a s,u,t,M2>>ic2,m~b c P.R

S ( )‘ ~ ~ S ) ~
b ) -\....-‘— S b P.R

b ) ) b

F = ‘ypp(~)+ ~ [yPR(K)t~2 + )‘RP(K)U] + ~ 7RR’(K) (tu)”2

= ypp(K)+ ,~h/2~1/4 ~ [yptr(K)e~’2 + yRP(K)e ] + K ~5 1/2 ~ ‘YRR’(K) (1.39)

with

711(K) = a~y~j(K). (1.40)
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At asymptoticenergiesthe inclusivecross-sectionin the centralregion goesto aconstant,independent
of both energyandrapidity, as predictedby Feynman[10].Thus the Mueller—Reggemodelagainleads
to Feynmanscaling,andin addition predictshow the scalinglimit is reached.Onemaynote that for all
practicalpurposesthe centralregion phenomenologyis restrictedto the ISR data,i.e. to pp—3cX. For
thissystemthe leadingnon-scalingterm (PR)simplifies to

2K1/2s1/4 cosh(y*/2)~ YPR(K).

In closing this subsectionlet us note that the scaling predictionsof eqs. (30) and (39) above are
not cruciallydependenton the P’omeronbeinga factorisingpolesingularity with interceptexactlyat 1.
If it were abranchpoint singularity or its interceptslightly away from 1, onewould havea log s or ss
deviationfrom scaling,which would be phenomenologicallyhard to distinguishfrom the exactscaling
results.However, if we havea factorisingpolePomeronand/ora Pomeroninterceptof exactly 1, then
we havefurther phenomenologicalpredictions.Similarly, therewill be additional phenomenological
predictionsarisingfrom the duality hypothesisfor the Reggeons.Thesepredictionsarediscussedin the
following subsections.

1.3. Duality

In 2-body scatteringthe duality predictions generally refer to two types of phenomena:(i) the
semilocalaveragingof the low energyscatteringamplitudeby the leadingReggeexchanges(P+ R) as
observedby Dolen, Horn and Schmid [24]; and (ii) the separateidentification of the resonanceand
backgroundcomponentswith the Reggeo~(R) andPomeron(P) exchangesas proposedby Harari and
Freund[26,27]. We havealreadydescribedthe extensionof thefirst to the3-bodyamplitude,in the last
subsection.Let us discussheretheextensionof the secondtypeof prediction— the 2-componentduality
of Harari andFreundto the 3-bodycase.

1.3.1. 2-componentduality (2-bodyamplitude)
Let us recall the essentialfeaturesof the2-componentduality. The productionamplitudecanbe split

into 2-components,which correspondto the planar quark diagrams shown in fig. 3a. The 1st
correspondsto a resonant(q~)state,andthe 2nd to anonresonant(q~q~)statewhich can be expressed,
however,as a two resonancestate.The last diagramfor eachis simply a shorthandnotationwherethe
q4 pairs of the externallegsareshownas a single line (wavy for a resonance).

Squaringeachand summingover the final states(r1 and r~,i,) gives the total cross-section,i.e. Imf~.
(fig. 3b); wherethe components1 and 2 havethe particlesab lying on the sameand separatequark
loops.The 1st component,correspondingto resonant(q~)channel,alsocorrespondsto q~exchangein
t, i.e. the standardReggeonsR. The 2nd component,correspondingto nonresonant(q~q~)s-channel,
correspondsto vacuum exchangein t — i.e. the so-calledtopological Pomeron.Evidently, for exotic
amplitudeslike K~pand pp only the 2nd componentis present.Now, the most crucial part of the
hypothesis(sometimescalled the strongHarai—Freundhypothesis)is that this topological Pomeron
containsonly the leadingvacuumsingularityat a = 1 (the standardPomeron)— i.e. it doesnot havea
componentata ~,correspondingto the f, ~ contributions.With this hypothesis,of course,the exotic
cross-sectionslike K~pand pp are predictedto be roughly constant,which is the famousexchange
degeneracyresult.
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Fig. 1.3. The 2-componentduality configurationsfor (a)the productionamplitude;and(b) thetotal cross-section(2-bodyelastic amplitude).

In recenttimes the strong Harari—Freundhypothesishasbeenunder some fire. (1) It has been
suggestedfrom the phenomenologyof rising cross-sections(fig. 4), that a monotonicallyrising Pomeron
contribution would require a significant positive contribution to o-~,,,,,from f—so exchange— i.e. a
significant breakingof exchangedegeneracy(/31~ 2I3~a)[28,29,30].(2) However,equallygood fits have
beenobtainedwith f, o exchangedegeneracy,but with a nonmonotonicPomeroncontribution[31].(3)
Finally, thesimplestdualunitarisationmodelsfor Pomeronseemto eliminatethef contribution(J31 = 0)
i.e. it implies astrongbreakingof the f, w exchangedegeneracybut in the oppositedirection [32].This
model hasalso beenreconciledwith the total cross-sectiondata, but at the cost of an even more
nonmonotonicPomeroncontribution[331.In fact a dynamicalmodel for the nonmonotomcPomeron
contributionhasbeensuggestedin ref. [33],in termsof thesuccessivethresholdsfor newquantumnumber
excitation.Itseemsareasonablemodel,althoughtooqualitativetobeableto distinguishbetweenfits 2and
3.

In -summary,the topological Pomeroncontribution,as representedby the Kp and pp total cross-
sections,is flat over a wide energyrange,but its interpretationin termsof the strongHarari—Freund
hypothesis(exchangedegenerate1, to and constantPomeroncontribution) is not unambiguous.In
extendingthe duality predictionto the 3-body case,all we shall needto assumeis this constancyof the
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Fig. 1.4. The Kcp total cross-sectiondata[67].The solid lines roughlysketchthePomeroncontributionsfor the 3 modelsdescribedin thetext.

topologicalPomeroncontribution;althoughwe shall continueto usef3’ = f3°~andap= 1 as its simplest
parametrisation.It shouldbe borne in mind, nevertheless,that in the absenceof the strongHarari—
Freundhypothesis,onemayregardthe constancyof the topologicalPomeroncontributionin o-~,,as
accidentalphenomena,which neednot repeatfor othersituations[34,35].

1.3.2. 7-component duality (3-body amplitude)
The 2-componentdualityschemefor the 2-bodyamplitude,extendsquite naturally to a7-component

schemefor the 3-body amplitude[34—36].Thereare 3 independentconfigurationsfor single resonance
production,3 independentonesfor two-resonanceproductionand1 for three-resonanceproduction,as
shown in fig. 5a. Squaringeachand summingover the resonancestates,we get the corresponding7
componentsfor the 3-body elasticamplitude,as shownin fig. Sb.

Here againparticles lying on the samequark ioop are connectedby the Reggeonexchange,and
thoselying on differentquarkloopsareconnectedby the topologicalPomeronexchange.Thuswe have
for larges, t, u (whichhopefully holdsfor moderatet, u also)

1,2,3,4~ t(O~~ . u~~°~’

5 ix ~ . ~

6 t’~°~’- u~~O>l

7 ix t’~°~’u’~”~°~1. (1.41)
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Fig. 1.5. The7-componentduality configurationsfor (a)the productionamplitude;and (b) the inclusivecross-section(3-bodyelastic amplitude).

Onemaynote thatin thecentralregion(eq. (39)) the scalingterm comesfrom component7, the leading
nonscalingtermsfrom 5, 6 andthe tertiary termsfrom 1—4. Similarly in the b-fragmentationregion (eq.
(30)) the scalingtermscomefrom components6, 7 andthe nonscalingtermsfrom 1—5.

Note that eachof the 7 componentsis thesquareof a productionamplitude andhencepositive.The
interferencetermsareneglected.For instance,the interferenceterm between1—2 correspondsto

whichvanishesfor highenergyforwardamplitude,analogousto thevanishingof thes—uplanaramplitude

in the 2-body case.Similarly the 1—6 interferenceterm is absentunlesseithera or be havevacuum
quantumnumbers.Thus manyof the interferencetermscan be explicitly seento go away.The restare
assumedaway.

1.3.3. Early scalingpredictions(exoticitycriteria)
Of course,the components1—3 are absentif the systemabeis exotic, and4, 5, 6 are absentif the

systemsab, aC, beare respectivelyexotic. Thus if certainchannelsareexotic,duality would predictthe
non-scaling(Reggeon)contributions in eq. (41) to vanish and the inclusive cross-sectionto show
precociousscaling,analogousto theK~por pp total cross-section.Thus thesufficient conditionfor early
scalingin the b-fragmentationregion is for the components1—5 to vanish,i.e. the systemsabe, ab and
aC to beexotic,andthat for the centralregion is, for 1—6 to vanish,i.e. the systemsabe, ab, aC andbeto
be exotic [36].
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However,oneexpectssomeof the componentsto be kinematicallysuppressedrelativeto the others
over a significant part of the fragmentationregion (i.e. small t) and hencea less stringentexoticity
criterionfor earlyscaling,as suggestedby Chanet al. [37,38]. At small t(~1),the componentswith be
next to eachotheron the samequarkloop areexpectedto bedominant,providedbe is nonexotict One
can see this either by naively extrapolatingthe PomeronandReggeonexchangeformulae(fig. Sb) to
t ~s1, or from the planarproductionamplitudesof fig. Sa. Thus the dominantscalingcomponentis 6
andthe dominantnonscalingcomponentsare 1 and 3. The correspondingearlyscalingcriterion is

exotic abC and nonexoticbe. (I)

On the other handtwo moresevereexoticity criteria havebeensuggested.Theyare

exotic abC and ab (II)

by Ellis et al. [36a],to ensurevanishingof the 4th component,and

exotic abC, ab andaC (III)

by Einhorn et al. [36] to ensurevanishingof the 4th and 5th components— i.e. all the nonscaling
components.Evidently thereis no conflict in principle amongstthe threeexoticity criteria mentioned
above— each being an approximationover the subsequentone. Of course,how small the smaller
nonscalingcomponents4 and 5 are, over the phenomenologicallysignificant rangeof t, is something
which can only be decidedby data. The older datasetshaveall beenin agreementwith the simplest
exoticity criterion (I) above.With the muchhigher precisiondataavailablenow, onecan probeinto the
smallercomponents4 and5. And we shall see in the next sectionthat, while confirming the criterion I
to be a good first approximation,they seemto show a smallbut systematicdeviation,characteristicof
the component4. Finally, there is generalagreementthat at largex (the standardReggeand triple
Reggeregions)the relevantcomponentsare 1, 3 and6 correspondingthe criterionI. This is evidently
equivalentto the Harari—Freundcriterion for the Reggeon(be)-particle(a) amplitude,assumedin the
last subsection(eq. (38)).

In the central region the conditionsaC and b~exotic ensurethe vanishingof the secondaryterms
(5,6), and abC andab exoticensurethe vanishingof the tertiary terms(1—4). Hencetheyconstitutethe
earlyscalingcriterion in the centralregion.

Let usemphasisethat all theseworks [36—38]assumethe leadingcomponents,correspondingto the
topological Pomeronexchange, to be constanta la the Harari—Freundhypothesis.Since all the
componentsarepositive,they predictthe inclusive cross-sectioneither to be constantor to fall to this
constantlimit from above;but theycannotaccountfor a rising inclusivecross-section.In contrastTye
and Veneziano [35] have suggested,as indicated earlier, a departurefrom the Harari—Freund
hypothesis— i.e. the topologicalPomeroncontainsin addition to the constantterm representedby the
standardPomeronexchange(a(0)= 1), a significant non-scalingterm arising out of f, to exchange
degeneracybreaking(a(0) = ~). Moreover, they havepresentedplausibility argumentsto suggestthat
this non-scalingterm is negative. They haveproposedthis to accountfor the observedrise in the
inclusivecross-sectionsoverthe centralregion.Theyalso expectthe cross-sectionrise to show up in the

t For exoticb~thedominantcomponentsvanish,andtheschemebecomesmorecomplicated.However,suchprocessesareof little significance
in termsof practical phenomenology,sincethesefragmentationcross-sectionsareextremelysmall andhencethedata verypoor.
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fragmentationregion,providedthe positivenon-scalingterms (components1—5) areeliminatedby the
aboveexoticity criteria.The characteristicfeatureof this model,of course,is the energydependenceof
the scalingdeviation— ~1/2 for the fragmentationregion and~ for the centralregion.With the high
precision data presentlyavailable, it has become possible to check for theseenergydependence
predictions,as we shall see in the subsequentsections.We should mention here,however,that the
answersseemto be in the negative.

1.3.4. Diffractive excitation
The 2-componenttwo-body amplitude discussedearlier, did not take into accountthe diffractive

contributionto the productionamplitude,

Whensquaredthis constitutesa new term in the 2nd component,representing2-Pomeroncut. These
are supposedlysmall relativeto the Pomeronpoleterm, and henceneglectedas a first approximation.
In the 3-body amplitude,onecan similarly check [35,36] that therearediffractive contributionsto the
components5—7, which areagainneglectedas a first approximation.In addition,however,diffractive

excitationsshowup as two extra configurations,:~:~2

and similarly for b*4a, provided b~or ae have vacuumquantummembers.These additional com-
ponents(8 and 9) haveto be takeninto account,since they dominatethe amplitude over certain
kinematicregions— i.e. the triple Reggeregions(x ±1).A peculiarity of the abovediagramis that it
correspondsto q~statesin the direct channel(abC),but vacuumexchangein the crossedchannel(aã).
On the basis of this, Einhornet a!. [36] havesuggestedthat the triple Reggeterm PPRis negligible
comparedto the triple PomeronPPP;andthat the diffractive resonancesaredual(at leastpartly) to this
PPP.As we shall seein section5, the recentdataon pp—* pX seemto confirm, indeed,boththefeatures.

1.3.5. Lower lying Reggeons (~ and Baryonium)
In addition to the leadingReggeonsp. to, f, A2 duality predictsthe lower lying Reggeons~ (~s)and

Baryonium(~qq)[39—41]to showup in the KK andpp total cross-sectionsrespectively,i.e.

pI~
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Indeed,thenormalresonancesp, to, f, A2 in the KK andpp amplitudesareexpectedto be dual to ~ and
Baryoniumexchangesasoneseesfrom the abovediagrams[41,23]. Whereasthe KK total cross-section
is not experimentallyaccessible,the ~p total cross-sectiondata seems,indeed,to show a Baryonium
exchangesignal [421—butthe size of the signal is quite small. As we shall see in the next section,
however,the correspondinginclusivecross-sections,e.g.

p—~--*A and p—~-*~~f

showlargesignals for 4 andBaryoniumexchangesrespectively.
Let us commenton the identification of the 4i and Baryoniumexchangeswith the strangenessand

baryonnumberannihilationcontributionsto the respectiveinclusiveor total cross-sections,sincethere
hasbeen some confusionon this issue.The strangenessannihilation contribution, necessarilycor-
respondsto ~ exchangeas shownbelow.Of course,theconverseis not true,as onecan seeby replacing

R

-

oneof the normal quarkloopsby a strangequark. It maybe reasonableto assume,however,that the
latter contributionsare kinematicallysuppresseddue to the heavierK mass.Thus one mayexpectan
approximatecorrespondencebetweenthe strangenessannihilationand~ exchange,as suggestedby
Inami and Miettinen [431; and this seemsto be borne out by data. There is no analogouscor-
respondencebetweenBaryoniumexchangeandbaryonnumberannihilation,however,sincethe latter
contributesto all — ã~qq,~q andvacuum— exchanges[44]. Of course,in the colour junction modelof

Baryoniums[45,46], annihilation necessarilycorrespondsto Baryoniumexchange,as shown below.

However,theseBaryoniumsarenotall 4-quarkstates.In particulartheycontainthe0-quarkand2-junction



222 SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions

exchange(~ ) with a high trajectoryintercept—i. Thus the predictionof this model is the sameas the
Eylon—Hararimodelabove[44]— i.e. unlike thestrangenessannihilationcross-sectionthebaryonnumber
annihilationcross-sectionshouldfall slowlywith energy—s— 1/2 Thisalsoseemsto beconsistentwith thepp
annihilationdata.

1.4. Pomeroncouplingconstraints

If the Pomeronis a factorising pole singularity and/or the intercept is exactly at 1, thenone has
importantconstraintson the Pomeroncouplingswhich can be testedwith the inclusivedata.

1.4.1. Factorisation
In the simplestdynamicalmodel for Pomeron— i.e. the multiperipheralmodel [47]— the Pomeron

comesout to be a factorising pole singularity. Besides it hasbeen suggestedon the basis of specific
model calculationsthat an approximatefactorisation (to ~10%) holds for the effective Pomeron
couplingsin a wider classof models;in particularin eikonalmodelswith fairly largemulti-Pomeroncut
corrections[48]. Thus it is important to phenomenologicallytest the factorisationproperty of the
Pomeroncouplings. In the 2-body case, whereas the factorisation test for elastic amplitudes is
experimentallyinaccessible,it hasbeencheckedfor inelasticdiffraction, but up to an accuracyof only
30% [49].With the inclusivedata,however,the factorisationtestcan becarriedout for alarge number
of elastic(3-body)amplitudes.Onecan evenafford to chooseonly exoticamplitudes,so as to suppress
the Reggeoncontamination.Thus,over the b-fragmentationregion, the Pomeroncontributionof eq.
(30) is expectedto factoriseinto

F~(b—~—*c) = f3p(s/M2,t) = 1~a”aT’~ë(5/M2,t). (1.42)

This meansthat the b—~--*c cross-sectionat asymptoticenergy(moderateenergiesfor exoticprocesses)
shouldbeindependentof ‘a’ whennormalisedby the corresponding‘ap’ total cross-section

F(b—~--~c)/o-~
0S )F~//3~~. (1.43)

We shall see in the next sectionthat, whereasthe factorisationtestsdone so far were basedon data
compilationswith a typical scatterof 25—30%, it is possibleto do the test now with a single high
precisionexperiment.And factorisationseemsto be good to within 10%. Oneshouldnote that apart
from its theoreticalsignificance,the factorisationrelation is a useful phenomenologicaltool for e.g.
extractingthe Reggeoncontributionfrom the inclusivecross-sectiondata for non-exoticchannels.

Of course,there are similar predictionsfor the centralregion. One gets, for instance,from eqs.
(39,40)

F(ab—~cX)/o-~b ) )‘~sp(K) (1.44)

i.e. the asymptoticab—*cX centralcross-sectionis independentof a andb whennormalisedby the ab
total cross-section.They are not of much phenomenologicaluse, however, since (i) the central
cross-sectionsdo not scale,evenat TSR energiesand (ii) the ISR cross-sectionsareanyway limited to
pp-a.cX.
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1.4.2. Pomeron-fproportionality
In the multiperipheralmodel for generatingPomeronfrom Reggeonexchanges,if one further

assumesthe Reggeon-particleamplitudeto be dominatedby Reggeexchanges,as shown below,

>~<
thenthe Pomeroncouplingto the externalparticles,areexpectedto beproportionalto thecorrespond-
ing f couplings,i.e.

oP toP — j~f lot

Paa/PbbPaalPbb

as first suggestedby Carlitz, Greenand Zee [SO].This predictionis evidentlyquite model dependent.
Nonethe lessit is a powerfulprediction,particularlysincethe Reggeon(f, A2, p. to) couplingsareoften
interrelatedby exchangedegeneracy.Moreover,the predictionseemsto work well in 2-bodyscattering,
where[51]

o-~/o-~o-~/o-~,1/V~. (1.46)

There are, of course,a large number of inclusive reactionswhere one can test the analogous
predictions, over the fragmentationregion. Reasonablesuccesshad been claimed for some of the
reactionsin the past[52]. As we shall seein the nextsection,however,the most reliable andsignificant
one of thesetests,i.e.

F
t(p—--* ir)/F”(p —--~ ‘rr) = Ft(p—--s rr~)/F”(p—-+ ir~) (1.47)

is off by a factor of 2. Similarly, for the triple Reggeregion, the Pomeron—fproportionalitypredicts,

from eq. (46) above,
gppp=gpvi (1.48)

andother relationsarising from replacingthe externalPomeronlegs by f [53]. Again, this prediction
(eq. (48)) seemsbadly off, sincethePPfcouplingturnsout to be muchsmallerthanPPPat small t, aswe
shall seein section5.

1.4.3. Decoupling theorems
If the Pomeronis a factorising pole singularity with interceptexactly at 1, thencertainPomeron

couplingsarepredictedto vanish asthe Pomeron4-momentumsquaret —*0. Theywere first derivedon
the basisof themultiperipheralmodel,whereit was shownthat theasymptotictotal cross-sectionwould
violatetheunitarityboundunlessthesecouplingsvanish.Thefirst suchdecouplingtheoremwasderived
by Verdiev et al. [54] and FinkelsteinandKajantie [55] for the double Pomeronexchangeterm
(describedin detail in section6). Later, Gribov and Migdal [56]and Abarbanelet al. [57]derivedthis,
for the triple Pomeroncoupling. Subsequentlya more general derivation of the triple Pomeron
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decouplingwas given by Joneset al. [58], along with several other decouplingresults. Since this
derivationis quite simple andgeneral,it would be worthwhile to describeit briefly.

It is convenientfor thispurposeto startwith the so-calledenergymomentumconservationsum rule
[59]

Pa+PbYL~T~b= ~ Jd~p..- p~do-/d3p~. (1.49)

Expressedin terms of the cross-section,the sum rule is a trivial consequenceof energy-momentum
conservation.It acquiresdynamicalcontent,however,whenthe total and inclusive cross-sectionsare
relatedto the two and threebody elasticamplitudesvia unitarity, as we shall see below. Taking the
differenceof the C.M. energyand the longitudinal momentumcomponentsin the sum rule gives,for
5 —5. ~

o-ab = IT ~ Jdp~f dx (E~do-/d3p~). (1.50)

Restrictingto the channelc = b, and the kinematicregion dominatedby the triple Pomeron,we have
the inequality

I—Mi/s

(rth�ITJdPT J dJx~~F

1—Mi/s

� IT dt ~ c (1— x~)2~5~tGppp(t) (1.51)

where we haveusedeqs. (6a), (7a) and (33); and the fact that for s—* ~, ô can be chosenarbitrarily
small (i.e. tmin —*0). Doing the t integrationby partsgives

I — Mi/s

RHS=~~’~°~f dJxI +Const.2a j —(1 — xl) ln(1 — xI)

i.e.

~ ITGisPP(0)~ ln(s/M~). (1.52)

While consistentwith the Froissart bound this does violate the asymptotic unitarity bound for a
factorisingpolePomeron,

o-ab ) Const. (1.53)
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unlessthe triple Pomeroncouplingvanishesat t—*O, i.e.

gppp(0)=0. (1.54)

More decouplingtheoremshavebeen obtainedby consideringthe analogousenergy-momentum

conservationsum rule betweenone andtwo-particleinclusive cross-sections

(Pa+PbpcY~ ~ Jd~p~~~ (1.55)

Again,taking the differenceof the C.M. energyand the longitudinal momentumcomponentsgives,for
5 —*co,

(1— x~l)~-= IT ~JdP~TJ dxd (Ed d3p~d3pd) (1.56)

whereXd = 2pd/V~,which is kinematicallyrestrictedto the rangelxdl < 1 — lx~l.Hence

(1— lxcDEc~~-�IT Jdp~T J dlxdl (ECEdd~p~d3pd)~ (1.57)

Again, we choosec = b and the kinematic region dominatedby triple Pomeronexchange(x~ —1).
Thenthe single particle inclusivecross-sectionon the left is given by eq. (33), whereasthe two-particle
inclusivecross-sectionon the right is given by

d ~‘2 p(O)
2~sp(t) p4~2

ECEd
3’

T
5 = ($~c(t))

2/3~’a(0)(~) (~~)B (t~i~ (1.58)

~

where

= ~ +Pb — Pc — Pd)

(1.59)

and 4, is a Toiler-like variable which dropsout in the limit t-.*O, we are interestedin. Here,B is the
three-Pomeron— two-particle vertexoccurring at the centreof the abovediagram.From eqs. (33,57)
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and (58) onegets

I—I~5l

gppp(t 0)� IT fdp~TJ ~ (M2)B (o~~M2)

�ITJdp~TJdy(1_y)B(o,t,y) (1.60)

where

y = lxdl/(1 — xdl) 1 — I~i’2/.M’2 (1.61)

is the Feynmanvariable for Pomeron(bC)+a—*dX. Since, the above integrandis a positive quantity
(cross-section),the vanishingof the triple Pomeroncouplingimplies the integrandto vanishidentically,
i.e.

B(O,t,y)=0 (1.62)

over the entire rangeof y and t. Thus in the centralregion of particled(,y =0, t large),onegets

PlO) fR(o)~~ Y~R ~ = 0 (1.63)

i.e. either the Pomeron—Reggeon—ddcentralcouplingor the PPRtriple Reggecouplingmustvanish.
Evenmoreimportant is the triple Reggeregion of B(y 1), where

PlO)

gRRP(t)$PRd(t)=O (1.64)

i.e. either the RRPtriple Reggecouplingor thePRddouble-Reggecouplingmustvanishfor all negative
4-momentumsquare(t) of the ReggeonR. Moreoverit seemspossibleto analyticallycontinueeitherof
theseresultsto the mass-shellof the Reggeon(t = m~)[9,60], which leadsto the extremelypowerful
(and embarrassing)result

/3dd—0 (1.65)

i.e. the Pomeroncouplingto all forwardelasticamplitudesmust vanish.
Evidently the last mentionedresult aboveis untenable.Fortunately,it seems,that when onetakes

accountof the multi-Pomeroninteraction in the standardperturbativeapproachof Gribov [56], the
multi-Pomeroncuts invalidate the strongerdecouplingresultsabove(eqs. (63,64)) [61,62] and their
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analytic continuation (eq. (65)) [63]. In contrast, the original derivation of the triple Pomeron
decouplinghas been shown to go through [56], in the presenceof thesemulti-Pomeroncuts (the
so-calledweak coupling solution [64]). The same is true of the double Pomeronexchange(DPE)
decoupling[54,55].

Thus the decouplingpredictionsfor the triple Pomeronand the DPEcontributionsare on sounder
theoreticalfootingthanthe rest;andit is importantto test them phenomenologically.As we shall seein
sections5 and6, however,thereis ratherstrongexperimentalevidence,that neitherthe triple Pomeron
nor the DPE decoupleat t =0. Let us finally notethat thereis a theoreticalmodel for the Pomeron,
which can accommodatethis situation. This is the so-called strong coupling solution, where the
multi-Pomeroninteractionsare treatednonperturbatively.A detailedaccountof the weak and the
strongcoupling models is given in ref. [64]. We should simply mention here a couple of essential
featuresof the strongcoupling model. The Pomeronturns out to be a rather complicated(but still
factorising)branchpoint singularityat a = 1, andthe asymptotictotal cross-sectionis given by

t~Tab (in ~)038, (1.66)

However, this is only relevantfor truly asymptoticenergies,as one seesby incorporating threshold
factors into the model. The thresholdsfor multiple Pomeronexchangeare so severe that for any
realisticenergyrange,the total cross-sectionis very well approximatedby the zeoreth(Pomeronpole)
and first order terms, of which the pole term dominates.In summary,it seemsthat the decoupling
constraintsbasedon asymptoticunitarity may have little phenomenologicalrelevanceat ISR or even
higher energies.

1.5. Multiperipheral model

The multiperipheralmodel will be describedin detail in the last two sections,where it will be
extensivelyused in the analysesof centralcross-sectionandcorrelationdata. It would be appropriate,
however, to make a few generalobservationsabout the model here.Firstly, the Pomeroncoupling
predictions,as noted above, were practically all basedon the multiperipheralmodel. Secondly,and
more importantly, the scalingprediction itself (both the energyindependenceof the inclusive cross-
sectionin the fragmentationregion andits energyandrapidity independencein the centralregion)was
first obtainedfrom the multiperipheralmodel [47],long beforethe work of Feynman,Yangor Mueller.
Of course,the phenomenologicalinterestin the prediction,aroseonly after its moregeneralderivation
in e.g. the Mueller—Reggeformalism. In this context one should note that the multiperipheralmodel
for exclusive production processesis a specific dynamical realisation of the Mueller—Reggefor-
malism. While, the validity of the multiperipheral model ensures that of the Mueller—Regge
scheme,the latter is expectedto be valid for a much wider class of dynamicalmodels.Naturally the
predictions, following from the Mueller—Regge formalism are consideredmore reliable than the
multiperipheralmodel predictionsin generalt.But for the samereason,the formerare comparatively
fewer in numberand limited in scope,evenfor inclusive phenomenology.For instance,the multi-

t Another reasonwhy the scalingprediction of themultiperipheralmodel in the mid-sixties was not considereda serious phenomenological
proposition,was that themodel as thenappliedto direct pion production,wasknownto have someseriousphenomenologicallimitations. Most of
them havebeenovercomein themodernversion— i.e. themultiperipheralclustermodel [65].
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peripheralmodel predictsthe nature and position of the Pomeronsingularity [651, which haveto be
assumedin theMueller—Reggeformalism.More importantly, the multipheralmodelpredictsthe energy
scales,wherethe asymptoticReggebehaviourfor the fragmentationandcentralcross-sections(eqs.(30)
and(39)) areexpectedto set in, and the typeof thresholdrise expectedat lower energies.The latter is
analogousto the thresholdrise for the total cross-section,but stretchedover a considerablylarger
energyrange,particularlyfor the centralcross-section,as we shall seein section7. This seemsto be the
mostplausibleinterpretationfor the observedcentralcross-sectionrise.The effect can be incorporated
into the Mueller—Reggeformalism in terms of daughtertrajectory contributionsto eq. (39), but the
formalismhas,of course,little predictivevaluefor this purpose.Similar effectsarealso expectedin the
centralcorrelationdata,for which the Mueller—Reggeformalismwould againbe inadequate.Finally,
things like semi-inclusivecorrelationare,of course,beyondthe scopeof Mueller—Reggeformalism.

It is evident from the aboveobservations,that the Mueller—Reggeformalism,while extremelyuseful
for multiparticle phenomenology,cannotbe a substitutefor an explicit dynamicalmodel for particle
production,like the multiperipheralmodel.It is in this contextthat the testsof multiperipheralmodel
and the determinationof the model parameterswith the central cross-sectionand correlationdata
(sections7 and 8) are very significant.

2. Fragmentationregion (largeM2)

In the Mueller—Reggeformalismthis correspondsto the single Reggeregion;andthe fragmentation
cross-sectionF(b—* c) can be approximatedby the Reggeexchangesin aã, i.e.

a S S a

P,R(B,& .1
E )

b S ~‘—J—) b

F(b—~—*c)=f3~+~I3RS (2.1)
R=p,to,f,A

2 aR2

plus possible contributions from lower trajectories— e.g. Baryonium B exchange in p —~-* ii or ~

exchangein p—~--*A.
The phenomenologyof the above fragmentationcross-sectionsis carriedout in this section. As

discussedatlength in the introduction,the main featureswe would be studyingarethe following:
(i) signals for the lower lying trajectory exchanges,notably the Baryonium exchangesignal in

p —~-* ~

(ii) exchangedegeneracy(EXD) predictionfor the leadingReggeonsR andtheearlyscalingcriteria;
(iii) Pomeronfactorisation;
(iv) Pomeron—fproportionality;
(v) possibledeviationfrom scalingarisingfrom kinematiceffectsi.e. the choiceof scalingvariables.
A detailedanalysisof the high precisionBNL—Pennsylvaniadata [68]on p—*rr, is carriedout in the

first subsection.The following subsectionpresentscompilationsof the older data on p—* ‘rr, and the
resultingphenomenology.Thethird subsectionis devotedto the analysisof heavierfragments(p —* K, p,
A, ~, ~ which is again based on data compilations.The last one deals with the limited high
energydataavailableon doublefragmentation.
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2.1. p—*i~(BNL—Pennsylvaniadata)

The BNL—Pennsylvaniadata is an invaluablepiece of datafor the single Reggeanalysis.With the
samespectrometerand the samekinematicbite for the detectedpion, they cover both the BNL and
FNAL energies(P lab = 4—250GeV/c) andall the beamparticles(p, p, ‘rr~~,Krn). Thus,for the first time,
onehasa sufficiently largeenergyrangewith a sufficiently smallpoint to point systematicerrorto do a
quantitativeMueller—Reggeanalysis. The quotederror bars, correspondingto the statisticaland the
point to point systematicerrorsaddedin quadrature,are±5%for the ir~beamand±3%for the ir and
proton beamst.Unfortunately their kaon beam data have poor statistics; and for a meaningful
phenomenologywe haveto supplementtheseby interpolationsof kaondatafrom othersources.

The kinematic bite correspondsto the following rangesof the lab. momentumand angle of the
detectedparticle;

O.3~p~O.6

59•40 ~ ~+ (1 GeV/c~3.4°~ 64.40. (2.2)
~. P1

This correspondsroughly to a lab. rapidity y andPT bite

O.6Sy~0.7, 0.2SPTSO.S. (2.3)

Thus the measuredinclusive cross-sectionscorrespondto

0.6 1.123—0.059/p

o-(b—~--*c)=J I dpd9dl~0dO. (2.4)
0.3 l.O36—O.0S9/p

This is, of course,the sameas the invariantcross-sectiondo-/dy dp4, integratedover the invariant phase
spaceelementdy dp~.correspondingto eq. (3) above. -

As mentionedabove,we shall be using the p—5.ir data from othersources,integratedover the
kinematiccut of eq. (4). Thesearethe bubblechamberdatafor K beamat 10, 16 [69] and 14 GeV/c
[70] andfor K~beamat 8, 16 [71] and 12GeV/c [72]. Of thesethe 14 GeV/c K— data andthe 12GeV
K~dataare given as doubledistributions,from whichthe cross-sectiono~(eq. (4)) were evaluatedusing
eq. (1.26). For the rest only the p~integrateddistributions are available; and in evaluatingthe
cross-sectiona- weassumedexponentialp~dependencealongwith the quotedvaluesof (p~-).

2.1.1. Cross-section differences
The cleanestquantitiesfor Reggeanalysisare,of course,the differenceof particleand antiparticle

inducedinclusivecross-sections

~iab(c) = o-(b—~--*c)— o-(b—~—s.c) (2.5)

which filters out the Pomeronandthe evenC Reggeonexchanges.Thus oneexpects

tIn addition thereis anoverall normalisationerrorof 3%.
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= /3~s~’’~— ~ (2.6)

L1 K~(1T) = /3~ ‘~°‘ ‘~‘~4,,~.,(’rr) (2.7)

Llpp(’rr) = f3~.~,s~sP.~o_I+ /
3BS 2~,,

1~(’Tr)+ /

3B5. (2.8)

The approximaterelationsamongstthe leadingReggeonR contributionsto the threeprocessesfollow
from the 2-body couplingrelations

Q~o ..~p ~ ..,

0A~ ~ ~1of 1
~ sr

op ~1o’o ...lof ..0A2 _1,~PNN — 3~JNN — 3,’-’ NN — I-’ NN —

andthe degeneracyof the lower vertices(seeeq. (1.42))

= = = = F~,,,+. (2.10)

The 2-bodycouplingrelationsfollow from duality and the so-calleduniversalityhypothesis;andin any
casehavebeencheckedwith the 2-body data [51].The degeneracyof the lower verticesfollows from
the earlyscalingcriterion I of subsection1.3.3 (abCexotic, benon-exotic [37,38]),whichseemsto be a
good first approximation. Essentially identical relations hold for the cross-sectiondifferences
~ whereasziK~(’rf’~)is expectedto vanish(seetable3)t.

The BNL—Penn.datafor ,~(ir)are shownon a ~_1/2 plot in fig. 1 alongwith the zlKp(’rr) points
interpolatedfrom the bubble chamberdata. Before going into quantitativefits we should note the
following features:(1) The quality of the LL,,(’rr) data is at least as good as the correspondingtotal
cross-sectiondifference,with which the first quantitativeReggefits weredone [73]. It is roughly linear
on the s”

2 plot. (2) The ~~~(‘Tr)points over the FNAL energyrangeare,to a good approximation,
doublethe corresponding&~(ir)points.There is a clearexcess,however,at lower energies,which is
very suggestiveof a low lying trajectoryexchange.The signal standsout in spiteof the poor statisticsof
the antiproton data. (3) The ZIK

0(’rr), obtained from the data compilation, is inadequatefor a
quantitativeMueller—Reggeanalysisl.However, it is roughly equalto the ~i~(ir).

The BNL—Penn.data on ~ shownin fig. 2, are againconsistentwith the featuresI and 2
above.However,the uncertaintiesaremuchlarger,dueto the ~ identificationproblem.Thesolid lines
arethe fits to the zl ~~,(‘rr~)datawith eqs. (6) and (8). The correspondingp and BaryoniumB Regge
parametersareshown in table 1 below. The a~,estimatedfrom the err) data,is of course,a little
low; which maybe attributedto subasymptoticeffects.The effect seemstoo small, however,to confuse
the Baryoniumexchangesignal~in ~1,~(’If).

Let us concludethis analysiswith a few observations:(1) Qualitativeindicationsof all the features
notedabove, including the anomalouscomponentin ~,(‘rr) were seenfrom earlier data [74]; but no
quantitativeanalyseswereso far possible.(2) Baryoniumexchangesignalshavebeennotedin a number

t Although theF~rverticesarenot requireda priori to be degenerate,suchadegeneracyseemsto beimplied by theearlyscalingobservedfor
as we shall seebelow.

This is typical, in fact, of thestateof the gameprior to theBNL—Penn.data.
§ Although thereare other candidatesfor low lying exchangease.g. Reggecuts, thereis no natural reasonfor them to show up only in

baryon—antibaryonprocesses.
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Fig. 2.1. The inclusive cross-sectiondifferences~i~~(~r) from theBNL—Penn.data [681and~lKp(~f) from thedataof refs. [69—72].The fits are
describedin table 1.
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Fig. 2.2. The inclusivecross-sectiondifferences4~..p,.(ir~)from the BNL—Penn. data [681.The fits aredescribedin table i.
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Table 2.1
Fits to the inclusive cross-sectiondifferences: z1,,,~(’Tr)=

$~,.~ .ipp(ir) = 2.d,,,?(’lr)+ ~B’

Process f3~,/3,, a,,, aB X
2/v

(mb)

~,,

5,,~(ir) 0.76,300 0.37, —1.3 6.3/11

~ 0.49,61 0.49, —1.1 16.3/12

of baryon—antibaryonprocesses[42,75, 76]; but nowherewasthesignal aspronouncedas in Llj,r,(ir). (3)
From this ~~(ir) data one can in fact obtain a fairly reliable bound on to—Baryonium mixing
(O~,_~~ 15°)[77].

2.1.2. Cross-sectionsat FNAL energies
Let usnow studythe individual inclusive cross-sections.We shall restricthereto the FNAL energy

range, where the Mueller—Reggepredictionsare most reliable. Moreover, we shall normalisethe
inclusivecross-sectionby the asymptotictotal cross-section

f(b—~--*c) = o-(b—~--*c)/o-~~ (2.11)

to facilitate the Pomeronfactorisationtest.For the asymptotictotal cross-sectionwe choosethe values
at 200GeV/c [78],i.e.

Opp.i,p,Kp = 39,24,20mb. (2.12)

The normalisedcross-sectionsof the BNL—Penn.data areshownon a~_1/2 plot in fig. 3. The straight
lines representfits with eq. (1), assumingPomeronfactorisation,exchangedegeneracya la the exoticity
criterion I [37,38],andthe leadingReggeonintercepta~= ~. The magnitudesof the Reggeoncouplings
to the pion and antiproton inducedprocesses,have not been constrained,however.The resulting
Pomeronand Reggeoncouplingparametersareshown in table2 below.The errorbars correspondto
an increaseof the total x

2 by 1 unit.
From the fits of fig. 3 and the correspondingcoupling parametersof table 2 one should note the

following features:
(1) All the exoticprocesses(a la criterionI) showscalingovertheFNAL range(Flab= 30250GeV/c)

Table 2.2

Fits to p——~-~sr and ~ assuming f(p_L~r~)=A.

f(p-2-~sir~)=A + B
55s~

2

Process A(x103) B,,(X103) B~(X103) y2/v

6.69±0.07 17.3±1.4 24.6±3.0 10.7/11

pL~r~ 11.57±0.11 16.5±2.4 28.0±3.8 5.1/li
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Fig. 2.3. The normalisedinclusivecross-sectionsfrom theBNL—Penn.data [681over theFNAL energyrange.The fits are describedin table2.

to within 1 o-(< ±5%)—i.e.scalingseemsto hold to an accuracyof 10%.Note that theseincludethe
processesp—~--* ir’~ (aC non-exotic)and p~ if (ab non-exotic) and thus confirm the criterion I
[37,38] to be a reasonablefirst approximation.It also includesthe processp~~~2L~*~ (abenon-exotic).
mentionedearlier,whereearly scaling is not requiredby the duality constraints.It doesnot conflict
with the criterionI, however,which is only a sufficient criterionfor earlyscaling.

(2) One should notethat the observedscalingto within 10% accuracyover the FNAL range,only
implies EXD to within 40% accuracy,i.e.

fiT /3V<~4 (2.13)

T, V standingfor the leadingTensorandVector trajectories.This is becausethe scaleis setby the fall
of the non-exoticcross-sectionsover the samerange(fig. 3). It mayappearthat going down to lower
energieswould give a more preciseestimateon EXD. However, this is plaguedby kinematic scale
breakingeffectsas weshall seelater.

(3) All the early scaling cross-sectionsare seento satisfy Pomeronfactorisationto againwithin
io~— i.e. Pomeronfactorisationholdsto within 10%.

(4) It maybe notedherethat the previoustestsof earlyscalingandPomeronfactorisationwere all
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basedon data compilations;andthey often went down to 8 GeV/c. As we shall see later, there is a
typical scatterof —25% in the data compilationsand thereis a further uncertaintyof equally large
magnitudecoming from the kinematicscalebreakingeffectsat the low energyend.

(5) The relative magnitudesof the leading Reggeoncouplingsto the pion and antiprotoninduced
reactionsarein reasonableagreementwith eqs.(6) and(8) above— i.e.

B,,/Bp o~0/2o~00.8. (2,14)

(6) However, the Pomeron—fproportionality prediction seemsto be off by a factor of 2. More
precisely from Pomeron—f proportionality and p—f exchangedegeneracyone expects the relative
magnitudesof the Reggeonand Pomeroncouplingsin p—-* ir and~ L~.~ to be equal

B,, ~ = B,, ~ (M

2)-I/2 from two body analysis

1.3±0.10.7±0.1 1.1 (Expt). (2.15)

Thus the model seemsto be at best qualitatively valid. Even so it is significant that the ratio of
nonscalingto scaling contributions for inclusive cross-sectionsare roughly similar to that for total
cross-sections.

2.1.3. Cross-sectionsat BNL energies
Let us finally study the inclusive cross-sectionsover the PS energyrange.The normalisedcross-

sectionsf(p —~--* ii ) are shown on a ~-1/2 plot in fig. 4, down to a lab. momentumof 4 GeV/c. In
addition to the BNL—Penn.data,the interpolatedbubblechamberdatafor K~beam[69—72]are also
shown.Oneevidentlyseesa striking deviationfrom scalingatthe low energyendfor p~_E~_

5.ir~,andthe
effect seemsto be at least as large for p—~-~-* if. The p—~-* ‘rr data, however,shows very little
deviationfrom scalingdown to the lowestenergy.Since this is a very significant effect in the 10GeV/c
range,wherea good dealof Mueller—Reggephenomenologyhavebeendonein past,let usinvestigate
it in detail.

Firstly one notices from the high precisionp—~-. ‘rr data that it is clearly nonlinearon the ,~— 1/2

plot—i.e. the nonscalingterm is not simply proportionalto ~u/2 Thereforeit cannotbe attributedto
exchangedegeneracybreaking,as in the Tye—Venezianoscheme[35].

It seemsmost likely a kinematiceffect. More preciselythereis a kinematiceffect of this magnitude
arising from the choice of scaling variables.This can be seenby computing the M

2/s, t interval
correspondingto the fixed p, 0 cut of eq. (2). Forp—~--* ir, the interval is

M2/s = 0.819—0.838, t = 0.28 to M2/s = 0.634—0.672, t = —0.27at 8 0eV/c
(2.16)

M2/s = 0.835—0.855, t = 0.28 to M2/s = 0.660—0.701, t = —0.27 at 30GeV/c

with little furthervariation at higher energies;andthey arevery similar for p—~* ‘TT. Now the M2/s
distributionfor p—* ~ is so steepthat the modestdownwardslide of the M2/s cut from 30 to 8 GeV/c
bringsdown the cross-sectionby 30% — assuming,of course,that the latter scalesfor fixed M2/s and t.

For a quantitativeestimatewe parametrisethe shapeof the p”~~ ir fragmentationcross-sections,
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Fig. 2.4. The normalised inclusive cross-sectionsp—sir~ from the BNL—Penn. data [68]over the full energyrange.Some interpolated bubble
chamberdata for p—~-~if[69—72]and p_~~~L

5~f[81] are also been added,asindicated in brackets.The curve shows theexpectedkinematic
deviation from scaling,assumingexactscalingin M

2/s and t as per eq. (17).

assumingscalingin M2/s and t, as

do- ~ F
IT dt dM2/s—

4.8exp[(—16 + 6.67t)(0.87— M2/s)] + 19.6exp[(—8.35 + 1 .83t)(1.04— M2/s)]. (2.17)

This correspondsto a fit to the 16 GeV/c p—--* i~ dataof ABBCCHW coIl. [79], over the bulk of the
targetfragmentationregion (M2/s = 0.3—0.9 andpractically the full rangeof t). Integratingthe above
cross-section(eq. (17)) over the fixed p, 0 cut of eq. (4) usingeqs. (1.4), (1.5) and (1.26), onegets the
energydependencecurvet (practically identicalfor the threebeamsp, ‘rr~andK~)shownin fig. 4. Thus
assumingexactscalingin M2/s, t givesa significant kinematicscalebreakingeffect for fixed p, 0 (or YL,

PT) interval of eq. 2(3). The correspondingkinematicscale breakingeffects for the fixed intervalsof
(pL, PT), (x,PT) and(y, PT), typical of datacompilations,areshown in fig. 6.

±The \/~/2p,,factor in the Jacobianhas negligible contribution to the energydependence.It arisesalmost entirely from the variationof the
M2/s interval with energy.
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Beforegoing into comparisonwith data,oneshould notefrom the size of the effect in figs. 4 and6,
that the scaling behaviourat PS energiesis rathersensitive to the choice of scaling variable. Exact
scalingin onesetof variablescorrespondsto a 30% deviationin anotherovertherange10—300eV/c. It
arisesprimarily from thesteepM2/s (or x) dependenceof thep—~ir fragmentationcross-sections.This
phenomenondoesnot seemto havereceivedadequate~ittentionin the past.Oneexceptionis the ref.
[71], whereit was noticedthat the 8 and 16 GeV/cp—~‘rr datawere consistentwith scalingat fixed
M2/s, but showedappreciabledeviationat fixed y.

Let usnext look at the comparisonwith the datapointsof fig. 4. Oneseesthat the kinematicscale
breakingeffect arisingfrom the choiceof M2/s andt as scalingvariablesis similar in shapeandsizeto
the observedeffect for p—~-* ~r and perhapsalso p—~---~ rr. However, it cannot reproducethe
p—~-~ ir data,which seemto show a much smallerscaling deviation.Of course,onecan empirically
construct scaling variables, which would give a smaller deviation for the pion induced reaction,
comparedto kaonor proton.It seemsto usmoreattractive,however,to attributethe observedexcess
for p—1~--a.‘Trto the positivenonscalingcomponent4, arisingfrom anon-exoticab system[36a]— i.e. the
criterion II of section1.3.3.We havecheckedthat the excesscan be fitted with a ~1/2 term to within
one standarddeviationof the data points. Its magnitudeis roughly 30% of the dominantnonscaling
component(criterion I), as measuredfrom p—~--s~‘rr.

We shouldemphasisethat, whateverbe its origin, thereis a 30% deviationfrom the factorisation
relationbetweenp--rr andp—~-*if (or p—~*’Tr)around10GeV/c.Again this phenomenonhas
escapedthe pastphenomenologicalanalyses,sincethey werebasedon datacompilationswith a typical
uncertaintyof 25—30%.This deviationhasseriousimplicationson the phenomenologyof Reggeon(R)
exchanges,which hadbeencarriedout in the pastassumingPomeronfactorisation.A notableexample
is the relationbetweenp_..L.*if andp—~-*ir~(orp—-5.1r)as studiedin ref. [80]; i.e.

* InC nA

2\ nP - +-, - - ~ ‘~ - “ -f(p—5. ii )= f(p—~ ii ~+ 2/3v,,, - -rY U(i ) — f(p~ IT )]

=f(p—-+ rr) + 1.05[f(p—--5. ir) —f(p----5. if~)] (2.18)

f(p-~:-a~ir) f(p—~-+m~)+ . I~i~JS[f(piLt~ —f(p—~---*IT)]

=f(p-~-*ir) +0.85[f(p-~--*~-)fQ~.!L~~r)]. (2.19)

The 9.3GeV/c p~_~~+ir cross-section[81] (normalisedwith a o~~p= 115 sib) is shown in fig. 4. One
evidently seesthat it satisfies the relation (19) but the relation (18) is very badly brokent. It is also
evident that the p___5.~rfcross-sectioncannotsatisfy both the eqs. (18) and (19), becausethereis a
conflict betweenthe two, arisingfrom the breakdownof factorisation.Onemaynote howeverthat the
correspondingrelation betweenthe p—~--~rr and the p—~--.‘ ir cross-sectiondifferences[83] (i.e. eq.
(7)) seemsto agreewith data.

Finally one should note from fig. 4 that the deviation from scaling (i.e. eq. (1)) for the 10GeV/c
p—~-~‘rr cross-sectionis still asmall effect,whencomparedto thep-~-~-~‘Ti cross-sectiondifference.To

The deviationfrom eq. (18) is. indeed,solarge that it showsup even in thedatacompilationsof figs. 7. 8 (or fig. 1 of ref. [82]).
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Fig. 2.5. The normalisedinclusive cross-sectionsp -~i~from theBNL—Penn.data[68]over the full energyrange.

that extentthe Mueller—Reggephenomenologyof the latter, carriedout in fig. 1, should be, at least
qualitatively,reliable.

The BNL—Penn.cross-sectionsfor p—+ir~are shownover the full energyrangein fig. 5. The one
distinctivefeatureof the p—* ~ cross-section,is that the deviationfrom scalingis muchweakerthanthe
p—* IT case.This can be qualitatively understoodin terms of the M2/s dependenceof the former
cross-sectionsbeingconsiderablylesssteepthanthe latter [71]t.

t Ref. [71]givestheM21ssingledist. for p—~—~~. Assumingthis dist. to be independentof t, we haveestimatedthekinematicscalebreaking
effectanalogousto the oneestimatedearlierfor p —* ir. It turns out to beroughlya half of the latter, whereasexperimentallyit seemsto beabouta
quarter.
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2.2. p—*IT (data compilations)

This subsectionis devotedto the compilationof all the availabledataon p—~‘ii fragmentation,prior
to the BNL—Penn. data. As we shall see,the scatterin thesedatacompilationsareso large that it is
hard to drawany quantitativeconclusionsbasedon them. The bestonecan hope for is to check the
consistencyof the results,obtainedfrom the BNL—Penn. dataabove,with thesedatacompilations.

The fragmentationcross-sectionsareusuallygiven assingle (PT integrated)distributionsin oneof the
longitudinal variables—PL, x or y. A compilationof the cross-sectionsovera fixed interval of PL (=—0.4
to +0.2) hasalreadybeengiven in refs. [82,84]. We shall give herethe correspondingcompilationsover
fixed intervals of x(= —ito —0.3)t and y(= —0.8 to +0.4). The limits havebeenchosensimply to
correspondto thoseof PL interval abovefor PT = (PT).

The reasonfor separatecompilations for the different choices of the longitudinal variable are
two-fold, as mentionedin subsection1.1. Firstly, it is not possibleto transforma single distribution
given in onelongitudinal variable to that in another(e.g. do-/dx to do-/dy), sincethe relation between
the two involves PT. An approximatetransformation,wherein one simply replacesPT by (PT), has
sometimesbeenusedin the past.However,wehaveexplicitly checkedwith the p~._a~5.~ dataof Blobel
etal. [85],who give the single distributionsin both x andy, that the error involved in this is much too
large. Thus our compilationsover the x andthe y intervals only include data given in terms of the
respectivevariables.The secondreasonis that the s dependenceover the PS energyrangeis expected
to be rather sensitive to the choice of the scaling variables,as we saw in the last section.This is
illustratedin fig. 6, wherethe kinematicscalingdeviationsfor thefixed PL, x andy intervalsaboveare
shown for p—~’if,assumingexact scaling in M

2/s and t (i.e. eq. (i7))1. In this casethe deviationis
evidentlymuchsmallerfor the fixed y thanfor the fixed x interval, andhencethe former choiceof the
longitudinal variablewould havea distinct advantage.One maynote that, whetheror not M2/s and t
arethe right scalingvariables,the energydependenceover the PS range(8—300eV/c)are expectedto
be appreciablydifferent for the threeintervalsabove.

250 50 76 30 20 5 2 0 8 ~-P
I n~~iiIaY;L

I I I

0 05 1 ‘15 •2 25
/2

Fig. 2.6. The expectedkinematicrise of the p—.sT cross-sectionfor fixed intervalsof y(—0.8 to 0.4), PL(—O.4 to 0.2) andx(—0.9 to (1.3). assuming
exactscalingin M/s and t. as pereq. (17).

tHerewe usethe definition x = 2pfj\/~.Naturally x,,,
1~is alittle largerthan—l at moderates. It makeslittle differencein practice,however.

since thecross-sectionsarestrongly dampedatthis end.
t The correspondingscalingdeviationsfor p ~ areexpectedto be roughlyhalf theseamounts.
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Thecompilationsarebasedon the p—* ~ dataof refs. [85—91], wherethe ~_1/2 valuesareindicated
in bracketto helpthe identificationof the datapoints.The figs. 7 and8 showthe compilationsof p—*ir

cross-sectionsover the fixed y and x intervalsrespectively.The 2 solid lines_aresimplyeye ball fits to
the exotic cross-sectionsp ~ IT and the non-exoticcross-sectionp~~!_~5.‘rr, assumingPomeron
factorisation,EXD and a aR = ~. The dashedline is simply drawn with a 20% higher slope than in
p~.!3~rrto correspondto the cross-sectionsp~—~’rrvia eqs. (7), (8), (11) and (12). Thus theselines
are essentiallyidentical to the threelinesof fig. 3. On a rough qualitativelevel thereseemsto be an
overall consistencyof the high energydata points with the correspondinglines— i.e. with Pomeron
factorisation,EXD (a Ia criterion I), aR = ~and the 2-bodycouplingrelations(eq. (9)). There is also a
clearsignal of an upwarddeviationof the low energyp—~--~ii points(Baryonium exchange)in fig. 8.
Besides,thereare indicationsthat the low energyp IT pointsshow downwarddeviationsandthe
p~ ‘Ti showsa deviationfrom eq. (18), asin the caseof fig. 4. However, thescatterin thedatapoints
are evidentlytoo largeto drawanyquantitativeconclusions.

The correspondingcompilationsof the p—5.’rr~cross-sectionsareshownin figs. 9 and 10 for the fixed
y and x intervals.The solid lines againare eye-ball fits to the exoticcross-sectionsp~ IT~andthe
non-exoticcross-sectionp—~-~-* IT~,andthe dashedline is drawnwith a slope20% higher thanthe latter

a 0

Pa

KA

+ Tx
C

Fig. 2.7. Compilation of the p—~ir cross-sections[85—91]over a fixed interval of y(—O.8 to 0.4). The solid lines are eye ball fits to the exotic
cross-sectionsp-~---~--~‘lr and the nonexoticCross-sectionp—~---~if; and the dashed line is the prediction for the high energy p—~-----~if
cross-sections.
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Fig. 2.8. Compilationof thep —~ir cross-sections[85—91]overa fixed interval of x(—l to —0.3). Thelines andthe datasymbolsareidenticalto those
of fig. 7.

to correspondto the high energyp~!~_5.~r’ cross-sections.Moreover, the non-exotic cross-section
p—~-- irk, as noted earlier, seemsto show early scaling (fig. 5). And one expects from this and
factorisationthat the nonexotic cross-sections~ ‘lT~ should also lie on the flat line [80,83].
Unfortunatelyoneseesfrom thecompilationsof figs. 9 and10thattheuncertaintyin thesep—+ir~”dataare
evenlarger thanthe correspondingp —~ii data, primarily dueto the ‘rr~identification problem. ThUs
it is hardto drawevenqualitativeconclusionsin this case.At most,onecan saythatwithin the largeUn-
certaintyof thesedata compilations,thereis no inconsistencywith the featuresmentionedabove(or
with fig. 5).

From the p—~ ir data, with comparatively lesser uncertainties,one can make a fairly useful
compilationof the particle—antiparticlecross-sectiondifferences(eq. (5)), given somediscretionin the
choice of data points, of course. Fig. 11 shows such a compilationt, for the fixed PL interval of

t A similar compilation is givenin ref. [92].
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Fig. 2.9. Compilation of the p—~iT~cross-sections[85—90]over a fixed interval of y(—0.8 to 0.4). The solid lines are eye ball fits to theexotic
cross-sectionsp ....t!~,.~ and thenonexoticcross-sectionp —~ m’~andthedashedline is thepredictionfor thehighenergyp if cross-section.
The earlyscalingof p—~--~i~, implies thep-~--~---~~ cross-sectionsto lie on theflat line aswell.

Whitmore,i.e. for

4ab(c)= u(b—~--*c)— o-(b—~-5.c)

0.2

I do-
o-= I Ej—dp~. (2.20)

J UPL
—0.4

The 4,,~K0(’ir)pointsaretakenfrom the compilationof ref. [82], andthe corresponding
4~~(ir)points

havebeenestimatedfrom refs. [87,88]. One seesthat the ‘sip points are consistentwith the 5~/2

behaviorandroughly equalto Kp (eqs.(6,7)) as notedin ref. [82] andalsothat the highenergypp point
is roughly twice as large (eq. (8)) as noted in ref. [92]. Theseserve as consistencychecksfor the
analogousfeaturesobservedin the last subsection(fig. 1). Lastly, the low energypp pointsshowa clear
excesswhich can be consistentlydescribedby the sameBaryoniumtrajectory(aB — —1.3) asin fig. 1, as
illustratedby the curvedline.

Evidently the last consistencycheck, involving the Baryonium exchangesignal and trajectory
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Fig. 2.10. Compilation of the p—’ir~cross-sections[85—91]over a fixed interval of x(—1 to —0.3).The lines andthedata symbols(-yX) areidentical
to thoseof fig. 9.

parameteris very significant. To pursue it further we havecheckedthe energydependenceof the
cross-section

- 2E*do- p -

F(p—5.’Tr )—-—(p--—’IT)

over a rangeof x values(<—0.15). Fromeqs. (1, 6, 8 and 11), oneexpects

Fs(p~~~E_+~rr_)=[1—2(J3~,,/f3~’~)(s/s1)
112].F(p_?__*IT)

+2F~’(p—--5.~r) (s/s
1)~

2+ c(x)- ~aB~~l (2.21)



SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions 243

16 -

‘2- /“
/

E ‘T
,,

/

-

04 - _~-I-~

— I I
s-I/2 2 ‘3

Fig. 2.11. Compilation of the inclusive cross-sectiondifferenceszl ,~pKppp(if) over a fixed interval of ,0L (eq. (20)). The data pointsfor irp(•) and
Kp(x) are from ref. [821andpp() from refs.[85.861. The dashedlines showthat both srp andKp pointsareconsistentwith thesamestraight line
a ‘ ~ whereasthepp pointsareconsistentwith 2a ‘ s°5+b ~ (asper eqs. (6—8)).

wheref3~,,//3~~=0.62 (eq. (12)). The availablex distributionsfor p—~—*r(areshown in fig. 12. They
arethe 4.6 and 9.1GeV/c data of Gregoryet al. andthe 22.4GeV/c dataof Booset al. [86].For the
RHS we usethe 16GeV/cp—--5.’Tr data [93],andthe 12 and24GeV/cp—2----5.IT dataof Blobel et al.
[85]; in order to take care of a slow energydependencein p~~~.B_5.-ifwe use 12GeV/c data for
predicting the 4.6 and 9.1GeV p—~—*ir,and the 24GeV/c data for the 22.4GeV/c~ The
prediction from the first 2 terms (P+ R) of eq. (21) is shown by dashedlines. There is evidently a
systematicdiscrepancywith the low energydata,which seemsto go down rapidly with energy.Fitting
the discrepancywith the 3rd term (Baryonium exchange)at 4.6 and 9.1 GeV/c gives the solid lines
shownin fig. 12. It correspondsto aa~= —0.7±0.5.We shouldadd,however,that usingthe 8.25 GeV/c
p—~---~ ri data[94] insteadof 16 GeV/cp—~---+ IT dataonegets anequallygood fit to thep—~---~ ~r, but
with a a

8= —0.01±0.3. In a summarythe p —~---~‘Ti datacompilationseemsto support the Baryonium
exchangesignal; and within rather large uncertainties(including those associatedwith the choice of
input data)it is also consistentwith the Baryoniumtrajectoryestimateof the last subsection.

2.3. Heavierfragments(p—5.K°,p°,A, ~I385, ~)

This subsectionis devotedto the compilationof inclusive K°,p°,A, ~ t385 and ~ productiondata
[95—103]andthe relatedphenomenology.The A, K°and11385 cross-sectionsareevaluatedover a fixed
interval of x(—0.8 to —0.4) andthe p°cross-sectionover a fixed interval of y (0.6 to 0.8); sincemostof
the respectivedatawere given in the correspondingvariables.In somecases,however,we haveuseda
transformationbetweenthe x andy distributions(do-/dx to do-/dy andvice-versa)assumingPT = (PT), in
spiteof our earliercautionsto the contrary.Thereasonsarefirstly the scarcityof thesedatapointsand
secondlythat the uncertaintiesin thesedata aremuchlargeranywayt.

It is evidentfrom the aboveremarksthat the quality of thesedataare, if at all, inferior to the p—~IT

datacompilationsof the last subsection.But thesearethe bestonehasfor the reactionsunderstudy.
Thereforewe havecarriedout quantitativefits to thesedata (figs. 13—16) with the Mueller—Regge
formulae.

t Besides,wehaveexplicitly checkedfor a few casesthat theerrorinvolved in thistransformationaresmallerherethanfor the ir cross-section.
becausethe(pr) is less thantherest massof theseheavierfragments.
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Fig. 2.12. The invariant cross-sectionf(x) is plotted as a function of x for processp—~--eif at 4.6, 9.1 and 22.4GeV/c. The dashedcurvesare
predictionsfor 4.6 and 9.1 GeV/c data pointsfrom factorizationhypothesis.The curveslabelled as fitted are obtainedby addingthe Baryonium
contribution.Thecurve labelledaspredictedat 22.4 0eV/c is obtainedby addingtheBaryoniumcontribution,as deducedfrom 4.6 and 9.1 0eV/c
data,to the normalcontributionfrom factorization.

2.3.1. Formalism
The cross-sectionsplottedin figs. 13—16 arethe normalisedinclusivecross-sectionscorrespondingto

eq. (11), i.e.
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f(b—~--5. c) = o-(b—~-*c)/o~~ (2.22)

wherethe ap total cross-sectionsare againtakenfrom eq. (12). The Mueller—Reggeformula used is
essentiallythat eq. (1), i.e.

o-(b—~-5.c)/3p(b-—~—*c)+/3R(b—~t~c)~_1/2 (2.23)

plus the ~ contributionin

p—~-+A, ~ and ~ i.e.

f3,~,(b—~—*c)s1 (2.23a)

with

andthe Baryoniumcontributionin p_~E_5.K°andp_.L.5.p°,i.e.

f3
8(b—~—5.c)s~’

1 (2.23b)

with

= ‘2.

The choice of Baryonium interceptis somewhatad hoc; but as we shall see,with the quality of data
availablehere,thereis hardly anyBaryoniumexchangesignal.

For the leadingReggeoncontributionwe use the exchangedegeneracyrelationsanalogousto eq.
(10). These follow from the exoticity criterion I, which we have seen to be a reasonablefirst
approximation.We also usethe 2-body coupling relationsof eq. (9). The resulting Reggeoncon-
tributionsPR for the processesunder considerationare shownin table3 alongwith thosefor p —~IT.

Oneshouldnotethat the net ReggeoncontributionPR in p—~-~A aregivenby a single parameter.The
sameis true for p—~---* K°andp—~—~1~.

The Pomeroncontributionsarerepresentedby the exoticcross-sections.Thereis a definite trendfor
these exotic cross-sectionsto rise with energy. There seemsto be an indication, in fact, that the
cross-sectionrisefor theseheavierfragments(in particularK°andA) maybemoresubstantialthanthat
observedearlier for pions.Thevery fact of thefragmentmassdependenceof the rise would suggest,of
course,that it maybe a kinematiceffect — e.g. the one arising from transformationbetweendifferent
scalingvariables,as consideredin the earlier sections.In particularit would be very instructiveto check
if exactscalingin M2/s and t wouldagaincorrespondto a riseof the observedmagnitudefor the fixed
interval of x consideredhere.We havenot beenable to estimatethis, however,in the absenceof the
doubledistributiondatafor theseprocessest.Moreover, the quality of thesedatacompilationsis too
poor to determinethe shapeof the cross-sectionrise. We have, therefore,assumedthe simplest(i.e.

tIn this contextwe feel thedoubledistributiondata, in M21s and t, for the A andK°cross-sectionswould be veryuseful.
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Table 2.3
The net Reggeoncontribution~ (R = p, w, f, A

2) to the variousinclusive cross-sections

Fragmentation
process a $R a $~ a /

1R

if 2$,,FrY+ K ~ p 4$~’TrY~

~ Exotic K~ Exotic p Exotic

+ if $,,([‘~,,-- F~,,-) K $,,(F~,,-- Fr,,,-) p /3,,(3r~,,,--

.~+ $,,(F~,,,-+ F~,,-) K~ Exotic p Exotic

p—~--~K° if 2$,,’F,j~o K 2j3,, . f~,jc~ ~5 4$,, - F~go
~ Exotic K~ AccidentalEXD p Exotic

if $,,(F~+r~) K $,,(F~+Tl~) p $,,(3F~+T~~)* $,,(F~.— I’~~) K~ Exotic p Exotic

p—t-~A if 2$,,’F~ K 2$,,’F
5,~ p 4$,,-F~~

IT Exotic K~ Exotic p Exotic

p—~~ if Exotic K- Exotic p $,,(F~—I’~)

~ 2$,,- K~ $,,(T~A+ F~) p 2$,,(F~,j+ F~)

if Exotic K- 2$,,’ p 2$,,’

ir~ 2$,,’ T,,~ K~ Exotic p Exotic

linear)parametrisationfor theserising cross-sections.This correspondsto the Pomeroncontribution

a a T —1/2fp(b4 c) = f3p(b—5.c)/o-ap= AbC— BaticS - (2.24)

Thusthe Pomeronfactorisationis apriori assumedonly for the limiting contribution.

2.3.2. Comparisonwith data
The compilationsof the inclusiveA, K°,11385 andp productiondataarefitted to the Mueller—Regge

formulae (eqs. (22—24)) abovein figs. 13—16.
(1) p—* A (fig. 13): Amongst the processesconsideredhere this hasby far the bestdata. The most

remarkablefeatureof this datais, of course,the huge4 exchangesignal in p—~---~A. The approximate
equality between the leading Reggeoncontributions to the normalisedp—--4 A cross-sections,as
predicted by the EXD constraintsabove, is satisfied within the uncertainty of thesedata. The
normalisedexotic cross-sectionsp-~-~A remain roughly equal down to the lowest energy,which
impliesfactorisationfor the effectivePomeroncontribution. It maybe addedherethat this factorisation
testhasbeencarriedout over a wide rangeof M

2/s andt, with impressivesuccess,using the 19 GeV/c
p—~-~.A and16 GeV/cp—~+A data[103].Finally, the third exoticcross-sectionp._!~~+A seemsto lie a
little higher, as in the p—÷‘Ti casediscussedearlier, and the excessmay again be attributedto the
smallernonscalingcomponent4, a la the exoticity criterion II. But one shouldbearin mind that the
observedexcesshereis comparableto the scatterin thesedatapoints. *

(2) p—*K°(fig. 14): Again the 4 exchangesignal is quite clear in p~_~_.t~K0,particularly since one
expectsno leadingReggeonR contributionherefrom theEXD constraintst.In contrast,thereseemsto

t It shouldbe recalledthat the 4 exchangesignalsin both p_~3A andp—~K°werefirst observedby Inami andMiettinen (43], on thebasisof
earlierdata compilations.
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Fig. 2.13. The normalizedinvariant cross-sectionsfor the processesp—~--aA are plotted as a function of s~’
2. The fitted curvesare basedon

factorizationhypothesisasdiscussedin thetext.

be very little Baryoniumexchangesignal in p—~---~K°over the relevantrangeof PIab(>4GeV/c). The
Reggeoncontributionto the 3 normalisedcross-sectionsp .K ~ K°seemto be approximatelyequalas
expectedfrom EXD. The equalitybetweenthe normalisedexoticcross-sectionsp~ K°,as expected
from Pomeronfactorisation,is compatiblewithin the ratherlargeuncertaintyof thesedatapoints.

(3) p—~1t.
85 (fig. 15): The only featureone can possiblydeducefrom the few datapoints available

here, is the 4 exchangesignal in p—~--+1~.
(4) p -+ p°(fig. 16): The quality of dataavailablehereis evidentlytoo poor to drawanymeaningful

conclusionsaboutthe featuresmentionedabove.
(5) p—~~ The availabledatafor theseprocessesareinadequateto studythe energydependence.

However,a fairly impressivetestof Pomeronfactorisationhasbeenmade,usingthe 160eV/c datafor
the two exoticcross-sections~3L2ii~~~[102].This is shownin fig. 17.

2.4. Doublefragmentationcross-sections

In previous subsectionswe discussedthe energydependenceof one particle distributions in the
framework of Mueller—Reggeformalism.The Reggesingularitiesthat appearin 2-bodyprocessesare
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Fig. 2.17. Plotsof d2o-/dtdM for different t-intervalsareshownfor theif reaction(full line) andtheK reaction(dottedline). The K- distributions
aremultiplied by o-

10~(ifp)/o-,,,~(Kp)= 1.19. The figure is takenfrom Bosettiet al [1021.
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also able to describe single-particleinclusive processes.Further simplification is achievedthrough
factorisationhypothesiswhich enablesone to identify Reggeresiduesof non-fragmentingverticeswith
the corresponding2-bodyprocesses.This procedurecan be extendedto two-particle inclusiveprocesses
where one particle is in the fragmentationregion of the target and the other particle is in the
fragmentationregion of the projectile. Extending the factorisationhypothesisone can in principle
determinecompletelythe two-particledistributionsin termsof single-particledistributions[104],seefig.
18. This is clear from the expressionof the cross-sectionfor the double fragmentationprocess
(b-+c~d.s--a)which can bewritten as

ECEd ~do-3 (b -~cid ~—a)=F~(x~,PTc)F~a(xd,PTd)± ~ F~(x~,PTc)~ F~(xd,PTd) s~’
2.

d Pc Pd Rpw,fA2

(2.25)

Testof factorisationthroughdoublefragmentationdistributionshasbeencarriedout [105]usingdata
of (p —+ ir1ir-s-—p) and (p —~‘Ti~iIT 4—p) at 100GeV/c, in termsof rapidity distributionsafter integration
over transversemomenta.From the relationsbetweenthe Reggeresiduesas discussedearlier,we can
write the doublefragmentationdistributionsfor the abovetwo processes,

A2uo- — — ~,
A A (PP—~”TTtITb) = FP,,+(yf)F~.TT+(yb) (2.26)uyt uYb

A d2o- (pp-IT~IT~)= F~,,+(yf)I’~,,+(yb)+ 4F~+(y
1)- F~+(yb)~s~ (2.27)uyt uYb

wherey~andyb referto the rapidity of the forwardandbackwardpion. Single-particledistributionsfor
p—~--~IT andp—~-~ir can be written down from table3.

To testPomeronfactorisation,were-writeeq. (26) in termsof one-particledistributionsresultingin
the following expression,

d
2o- -- 1 do- - do- -

A A (PP-+ITIITb)= / \—(pp---~’rrf)~—(pp-~’rrb). (2.28)uyr uyb o-totWP) U~f uYi,

The two sidesof this equationat 1000eV/c areshownin fig. 19(a).In thedoublefragmentationregion,
~ 1 andy~< —1, theyarein good agreementwithin experimentaluncertaintyof —45%.
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a a a a
P Rraa

Fig.2.18. Two particleinclusivediagramswhereon particle‘c’ is in thefragmentationregionof ‘b’ andtheotherparticle‘d is in thefragmentationregion
of ‘a’.
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Fig. 2.19. Factorizationtest from doubleandsingle pion productionusing 100GeV data of pp andpp (a)test of Pomeronfactorizationand(b) test
of Reggeonfactorization.The figure is takenfrom ref. [105].

In order to test Reggeonfactorisationthe Pomeronterm from eqs. (26) and (27) is eliminatedby
taking their differenceand thenre-writing it in termsof one-particledistributionsonegets,

I d2o- — ± d2o- — — 1 2 —1

[dyfdybdyfdybj IC

Ido- - + do- - 1 Ido- - - do- - 1
(2.29)

The two sidesof thisequationareshownin fig. 19(b) andareseento be in agreementfor ~ 1 within
experimentaluncertaintyof —30%.

Thus the factorisationhypothesisgives a satisfactoryunderstandingof the two-particledistributions
in termsof one-particledistributions.



252 SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions

2.5. Summary

From the highprecisionBNL—Penn.data [68]on p “~ ) IT oneobtainsthe following quantitative
results:

(1) The ‘ri~inducedcross-sectiondifferencesarewell describedby p exchangewith aconventional
intercept (a(0) 0.4—0.5); but the correspondingp, p induced cross-sectiondifferencesshow an
appreciablecontributionfrom a lower trajectory exchange(a(0) —1), which may be identified as
Baryonium.

(2) Within theFNAL rangeof Ptab. = 30—2500eV/c,theexoticcross-sectionsp ‘Ti andp—~--* 1T~(a
la criterion I [37,38]) showscalingto within the experimentalaccuracyof 10%. The sameis true for
p~ IT~,whereearlyscalingis not apriori expected.Oneshouldnotethatthetestof scalingto within 10%
accuracyover this rangecorrespondsto a testof exchangedegeneracyto only within 40% accuracy.

(3) The Pomeronfactorisationpredictionsbetweenthesescalingcross-sectionsareagainsatisfiedto
within the experimentalaccuracyof 10%. -

(4) The remainingcross-sectionsp—~--4IT and p~ IT~ show a nonscalingcomponent~~_1/2 as
expectedfor the leadingReggeonR exchanges.The relativemagnitudesof the nonscalingcomponents
in IT and p induced cross-sectionsare also in agreementwith the exchangedegeneracyrelation,
following from the exoticitycriterion I above.Fromthis andthe observation(2) aboveit appearsthat
the exoticitycriterion I is atleast a good first approximation.

(5) The f—Pomeronproportionalitypredictionbetweenthe two processesp—* IT andp—* IT~is off by a
factor of 2.

(6) The exotic cross-sectionp—~--~IT shows an appreciable(negative)deviation from scaling at
lower energies— about 30% at 8 GeV/c.The effect seemsto be at least as largefor p—~--~‘IT, if one
supplementsthe (ratherpoor) BNL—Penn.datafor this processby interpolationsfrom othermeasure-
ments. In contrast the p~ ir data shows a much smaller scaling deviation. It may be added,
however,that the p—~--~ii cross-sectiondifference, estimatedfrom the interpolateddata, is roughly
equalto the p—~* ~ cross-sectiondifferencein agreementwith the exchangedegeneracyprediction.

(7) The scalingdeviationis clearlyseento bea nonlineareffect on thes~’2plot. Henceit cannotbe
attributedto exchangedegeneracybreaking[35]. It is most likely a kinematiceffect. More precisely,
onecan show by usingthe p—~IT doubledistribution, thatscalingat fixed M2/s and t correspondsto a
scalebreakingeffect of the right shapeandsize for the experimentalcut of fixed PL, p-’- (or y, PT). This
would suggestM2/s and t to be the most appropriatechoice of scaling variables. In any casethe
exercisedemonstrateshowsensitivethe scalingphenomenonover the PS energyrangeis to the choice
of scalingvariable.

(8) This prescriptionfor scaling deviationcannot,of course,accountfor the observeddifference
betweenthe p ~ IT cross-sectionson one hand and the p—~---~IT on the other. An attractive
interpretationof this phenomenonis in termsof the exoticity criterion II [36a],wherea positive (but
small)nonscalingcomponentis expectedfor p—~-~ ‘Ti, sincethe incidentsystemabis nonexotic.In any
case,the observeddifferencebetweenthe two processes,hasseriousimplicationfor the Mueller—Regge
phenomenologyin the 10 GeV/c range,basedon factorisation.

(9) The correspondingscaling deviationsfor p—* IT~are much smaller, which can be qualitatively
understoodin termsof the M2/s (or x) distributionfor this processbeing considerablylesssteepthan

-* IT.

(10) In the contextof the aboveobservations,the absenceof the p—~-t~IT dataof matchingprecision
to the BNL—Penn.dataonp ~ IT seemsto us animportantgap.An extensionof thelatterdataovera
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wider rangeof y, would alsobe very helpful— e.g.for a detailedinvestigationinto the scalingdeviation.
Thecompilations,basedon the availablep —~‘rr data,show a typicalscatterof about25%.Within this

uncertaintyit is consistentwith all the featuresnotedabove.In fact qualitative indicationsof manyof
thesefeaturesare clearly visible in thesedata compilations.In view of the rather large uncertainty,
however,theydo not seemvery usefulfor a quantitativeanalysis.

For the heavierfragments(K°,A, 11385, p etc.) the datacompilationshaveevenalargerscatter.Still
onecanclearlysee the 4) exchangesignals in p—~--~‘A, p—~--~‘ 11385and p ~ K°.Anothernoteworthy
feature,particularlyvisible in the A andK°data, is thatthe exotic cross-sectionsseemto showa more
substantialrise with energy than for IT. Of course the very fact of its fragmentmassdependence
indicatesthe rise to be a kinematiceffect, like the onementionedabove.For a quantitativeestimateof
this effect, one needsthe doubledistribution, which arenot so far availablefor theseprocesses.Also
the datacompilationsare evidentlyinadequateto determinethe shapeor eventhe quantitativesize of
the cross-sectionrise. A single countermeasurementfor the A andK°cross-section,spanninga large
energyrangewould be very usefulfor this purposeas also for a quantitativeanalysisof 4) exchange.

Lastly, wehavediscusseddoublefragmentationprocesses,andthe factorisationhypothesisis found
to be good within -—20% from two-pion productionin pp andpp interactionsat 100GeV/c.

3. Triple Regge(FR) analysis(non-diffractivereactions)

In theinclusivereactionb—a—. c the triple Regge(TR) limit is aspecialcaseof thesingleReggelimit,
namely, the region near the phasespaceboundary(seefigs. 1.1 and 1.2). Specifically, the kinematic
region for the triple Reggeis,

t (Pt,— Pc)
2-~ small

5 (Pa+ P~)2—~large

M2 = (Pa+Pb— Pc)2—~large

sfM2—s’large. (3.1)

In fig. 1 is shown the TR diagram.The spin averagedinclusive cross-sectionfor the productionof

particle ‘c’ can be written as [16],
A2 Iu o- _! iji’s. ( 1AA’2’tai(t)+~i(t) . (A42\ak(O)

A#Ai’A12! \ ijkt,tJ k’)IAVJ J ~,,1V1 J
Ut UkJVI iS, 5 ijk

= ~ GIJk(t) .

5ak(O)—l . (fyj’

2/

5)ak(O)—ai(t)—ai(t) (3 2)
ijk

whereG,Jk(t) is givenby (notethat onehasto addthe graphby interchangingi~-a’jin fig. 1),

G•Jk(t)= 161T(25a+ + ~y[~.$L~t),3~~(t)]-[~~A.A~(0)] [2Re{e(t)~ ~(t)}] . gja(t, t, 0).

(3.3)
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b 2

S/M2-_iQrgeLI~~ b~~aj~t~b

~-. a~(t) aj(t)
M

2—large ak(O)

a a

Fig. 3.1. Illustration of thetriple Reggelimit.

For the caseof a.(t) = a
1(t) we shouldreplace2Re~ by I~(t)I

2asthentherewill beonly onegraph.
Sa and 5b are the spins of particles ‘a’ and ‘b’; A, are the helicities;a~and /3k~,are the usual Regge
trajectory functions and the coupling of Reggepole i to the quasi two-body systembe; ~(t) is the
signaturefactor,

~(t) = [‘re+exp(—i ira, (t))]/[—sin ira~(t)] (3.4)

wherei~is the signatureof the Reggetrajectory.gqk refersto thetriple Reggecoupling.
The Reggeresiduesandsignaturefactorsseverelyconstrainthe natureof Reggetrajectoriesthat can

be exchanged.The following rulesmaybe remembered[106,107]:
The cross-sectionvanishesif anyone of the following conditionsis valid,
(i) if aE(t) andcr

1(t) areexchangedegenerateandhaveoppositesignature;
(ii) if ak(O) hasunnaturalparity;
(iii) if a1(t) anda,,(t) haveoppositenaturality.

A trajectory is called a natural trajectory(N) if TP = +1, whereP is the parity of the trajectory,and
an unnaturaltrajectory(U) if rP = —1. Becauseof the aboverules the cross-sectioncanbe written as
the sum of a naturalandan unnaturalparity component,

(3.5)

We havesummarisedin table1 the propertiesof someof the importanttrajectorieswhich areusedin
the following sections.

In subsections3.1 to 3.3 are presentedthe TR analysisto extract the ordinarymeson-, strange
meson-and baryon-trajectoriesfrom the experimentaldata. In subsection3.4 we discussthe role of
absorptivecorrectionsin a TR analysis.We discussin subsection3.5 the finite masssum rules andits
applications.
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Table 3.1
Reggetrajectoryfunctionsasdeducedfrom Chew—Frautschiplot

Trajectory Signature Naturality a(t)

i-P

}
ii~ 0.46+0.89t

+1 +1 } 0,39+0.99t

4) —l +1 1 0.18+0.79t
+1 +1 J

~1 } —0.18+0.72t

0.37+0.79t

+1 +1 —0.4+r

—1 +1 —0.35+0.8t

A0 —1 —1 0.10+0.92t

+1 +1 —0.71+0.97t

+1 +1 —0,76+0.891

—1 —1 —0.25+0.91t

3.1. Ordinary meson trajectories

The interceptsof naturalmesontrajectoriesp, ~ andA2 arewell-knownfrom the total cross-section
data; the trajectoryfunctionsfor p and A2 are also known from two-body reactions.The unnatural
mesontrajectoriesIT, B etc. arenot that well-known. In this subsectionwe shall presentexperimental
data to seewhetherthesetrajectorieswherethey areexpectedto be dominantcan explainthe inclusive
distributions.

3.1.1. IT-trajectory from ~ri_E_*p°
The IT-trajectory was extractedby studyingthe densitymatrix elementof p°—* ir~ir in the inclusive

reaction,

(3.6)

at 15 0eV/c [108].The densitymatrix elementp~is non-zeroif the abovereactionis dominatedby
pion exchange.Theprojectionof the inclusivecross-section,p~d

2o-/dtdM2, is studiedin the contextof
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p
0 p0 p0 p0

~ ~

Fig. 3.2. TR diagramfor if—~-4p°.

the triple Reggemodel,seefig. 2,

~“°°dt dM2 = ~ [G,~~(t)- (M2)~’~”~+ G,~R(t)~(M2)°5’~°] (3.7)

where the interceptsof the Pomeronand Reggeonin the pp vertex are taken to be 1 and 0.5
respectively.In thiscasethe triple Reggecouplings,~ andG~R,canbe explicitly written in terms
of up total cross-sections.The experimentaldistributionfor p~d2o-/dtdM2 was fitted by expression(7),
shownin fig. 3, for ti � 1.1(GeVIc)2.The IT-trajectory thusdeducedfrom the fit was,

0.3~ltiS0.5GeV2

2

200 200 0.9-cItl~l.lGeV

I::.~/ ‘::
O.5~ItrS0.7GeV2

~

b 0.7SItIW.9GeV2
~~IO0~ -

0 50-QO

10 - —j—
5

I I I I I I I
4 6 8 0 12 4 6 8 0 2 14

M2( GeV)2
Fig. 3.3. Doubledifferential cross-sectionpmd2oidtdM2 for thereaction‘1T—~-ap°.The solid lines representtheresultsof TR analysis[108].
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a.,,(t) = —(0.12±0.07)+ (0.78±0.21)t (3.8)

which is in good agreementwith the expectedpion trajectory(seetable1).

3.1.2. ii, p and A2 trajectoriesfrom p—~-s~i~ (1232)
The triple Reggediagramfor the processp—~-~~ is shown in fig. 4. In the aã vertexthereare

basically two types of exchanges,onedue to the Pomeronand the other due to high lying meson
trajectoriesR = p, w, f, A2. In the ~ vertexthe basic exchangeis due to mesontrajectorieswith
I = 1, i.e. R ii, p, A2. The separationof the P from the R trajectoryin the aãvertexis possibleif we
usethe exoticity criterionof abe as discussedin subsection1.3.3.If ‘a’ is ‘ri or K the systemabe is
exoticandhencewe will haveonly the Pomeronterm,

d o- — ~, . /812! \l—

2a~(t)

dtd(M’21s) — ‘-‘ RRP~t) ~1v1

wherethe summationover R = ii, p, A
2 is implied. In the caseof ‘a’ beingir~or K~both the P andR

termsatthe aävertexwill contributeand the invariant cross-sectioncan be written as

dtd(M’
2/s) = GRRp(t)~(p~4’2/~)l—2aR(O)+ GRRg(t)~(p.~f2/~)aR(O)—2aR(1)SaR(O~l. (3.10)

Thebestway to determinethe RRR termwill beto takedifferencesof theinvariant cross-sections,ata
fixed valueof s, with ‘a’ = K andK~(or ur~andur~),

d2o-(p~ ~++) d2o-(p~ ~

________________ — ________________ — G / \. /~4r~/ \aR(O)—2aR(t) aR(O)—t 11
dt d(.Mr2/s) dt d(M2/s) — RRR~) ~, Sj - S

We shall now discussthe experimentaldata. These data will be grouped into two classes,(a) with
incident beam momenta<300eV/c [102,109—112] and (b) with incident momenta >1000eV/c
[113,114] andtheyaredescribedbelow.

(a) Incidentbeammomenta<30GeV/c:
Fromthe reactionp—~-+ ~, whereabeis exotic,it hasbeenpossibleto deducethe interceptof the

~++ A ++

a _~:::ii~I~i’•~ + p p

Fig. 3.4. TR diagramfor p—~--+A’~~.
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Fig. 3.5. Estimationof thePomeroninterceptfrom p—~-.A~~at 10 and I6GeVJc 11021.

Pomeronby comparingthe data [102]at 10 and 16 0eV/c. This is shownin fig. 5. It is seenthat the
Pomeroninterceptis consistentwith unity.

The Reggetrajectoryat the ~ vertex, i.e. aR(t), hasalso beendeterminedandthe experimental
resultsare displayedin fig. 6 for the exotic reactions~ ~ at 15 GeV/c [111] andp—~--*~ at

14.30eV/c [110].Two setsof datapointsareseento be in good agreement.In thesamefigure wehave

04 - • p ~ at 5 0eV/cx p ‘L A~at143GeV/c

ti (GeV/c)2
Fig. 3.6. Regge trajectoryasobtainedfrom ~ at 15GeV/c [Ill] and p—.~--~A~~at 143GeV/c11101. The solid and the dotted lines
representthep and ir trajectoriesrespectively.
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shown the pion trajectory, a,,(t) = 0.013+0.67t, by the dashedline and the p trajectory, a0(t) =

0.5+ 0.9t,by the full line. It is seenthat the data pointsare in good agreementwith the piontrajectory
overthe full itl rangestudiedt.

The importanceof the RRR termwas studied[112]througheq. (11) by taking the differenceof the
experimentalstructurefunctions from K~and K data at 16 GeV/c. In order to smooth out the
resonancestructurethe first moment of the RRR term and of the difference of the experimental
distributionswere used.The experimentaldistributions as seenfrom fig. 7 arewell describedby the
RRR term.

(b) Incident beam momenta >1000eV/c:
In fig. 8 is shownthe trajectoryas deducedfrom p_~!~_*~ from the combineddataat 100, 200 and

3600eV/c [113]. The high energydata also reveals the dominanceof the pion trajectory. Some
contributionfrom the high lying p trajectorycannotbe ruled out for ti >0.4(0eV/c)

2.

Comparisonwith two bodyreactionspp —~ ~ ~
Recently two experimentsconductedat the ISR for the exclusive reactionspp—~nA~[115] and

~ [116] revealed that the energydependenceof the cross-sectionfor thesetwo reactions

changesdrasticallyat the TSR energies.The compilationof dataas presentedin [116]is shownin fig. 9,
versusPIab- For the pion exchangethe dependenceof o- ~p~is expectedwhile o- ~pj~is

expectedfor p, A
2 exchanges.It is seenfrom the figures that the data up to about4000eV/c are

consistentwith the dominanceof pion exchange,whereasbeyond4000eV/c the dominanceof p, A2
exchangesare seen. The dominanceof the pion exchangeas seenfrom the inclusive data below
4000eV/c is in good agreementwith the exclusivedata.

N
>

0.1<111(0.15 I 0.15(ItI<0.2 1GeV/c)

2

~ 0.2 <ltI~0.3 (6eV/c)2 - 0.3<151<0.4(6eV/c)2

0.I ~

Fig. 3.7. The first momentof thedifferenceof the inclusivecross-section,eq. (11), versusM2/s is shownfor four tbins.Thecurvesaretheresultsof
the fits with theRRR triple-Reggeterm [112].

t It maybenotedthat theauthors[110,1111 concludedthatthepion trajectoryis dominantonly for ti <0.3(GeV/c)2it is becausetheytreated
thepion trajectoryasa,,(t) = 0.0 + 1.
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p ~—A~ at 100,200,360GeV/c

10

itl(GeV/c)

Fig. 3.8. Reggetrajectoryasobtainedfrom p —-.+ ~ at 100, 200 and 360GeV/c [113].The solid and the dotted lines representthe p and ir

trajectoriesrespectively.

3.1.3. p and A2 trajectoriesfrom u~—~--~‘ IT
0, ‘I~

The following two reactionshave been studied [117] to extract p and A
2 trajectoriesfrom

fragmentationof ~ into ~° andi~respectively,

IT+p—~IT°+X (3.12)

I I I

200 - ° pp—A~A°
•this experiment

>
6)

(.9

E
b

0 ~iI~

IC 100 1000 10000

Plab (GeV/c)

Fig.3.9. The variationof ~ with ~ for pp-+A~A°.Thefigure is takenfrom ref. 11161.
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(3.13)

The beam momentumwas 100GeV/c. The kinematic regions used were 0< —t ~ 4(0eV/c)2 and
x ~ 0.7; here ti refers to the 4-momentumtransfer from the incident ‘rr~to the fragmentedu°(r~)
particle.

The TR diagramsfor the reaction(12) are shownin fig. 10. The dominantcontributionat the pp
vertex arisesfrom the Pomeronexchangeand a small contributionfrom the mesontrajectories,f±p
(note that the p trajectory hasoppositesign for the ~ beams).The p contribution is found to be
negligible as the cross-sectionsfrom the ~ and ~ beamsare almost equal;and it may also be
reasonableto neglectf atsuchhigh energies.Hencethe invariant cross-section,eq. (2), canbewritten
with x 1 — M2/s, as,

dtdx = G~~~(t)~(1 — X)l2~’P~>. (3.14)

The p trajectoryas obtainedfrom the x-dependenceof the cross-sectionat different ti valuesis shown
in fig. 11. Thereis a strongindicationthat the trajectoryflattensoff to —0.5 for Iti> 1(0eV/c)2.

The p trajectoryhasalsobeenextractedfrom the s-dependenceof the exclusivechannel

(3.15)

and thereare two different experiments,one in the energyrange20 to 2000eV with ti < 1.40eV2
[118]and the otherin the range 15 to 40 GeV with ti <2.0GeV2 [119].The smoothcurvesthrough
their data points areshownin fig. 11 as dashedline anddot-dashedline respectively.They are not in
good agreementwith eachotherover the commont-range.However, the high statisticsexperimentin
the range15 to 40GeV[119]doesnot show anydeviationfrom linearity up to ItI = 2.00eV2andthus in
disagreementwith the inclusivedata.t

In thecaseof reaction(13) the dominantTR graphis A
2A2P. The A2 trajectoryas deducedfrom the

x dependenceof the cross-sectionat different t values is shown in fig. 12. Here also the A2 trajectory
flattensoff at —0.5 for iti ~ 1.5 (GeV/c)

2.The dataon the exclusivechannel

(3.16)

exist in the energyrange15 to 1000eV [120,121]. The A
2 trajectoryas deducedfrom the high statistics

~ —~-~-~:°~ +

Fig. 3.10. TR diagram for the reaction~ ~ ~

tThe flatteningof theeffectivep-trajectoryin the inclusivedata,hasbeenrecentlyinterpretedin termsof acombinationof triple Reggeandhard
scatteringcontributions(D. Beavis,BR. Desaiand D. Keim, UCR preprint,1980).
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• ~ (100GeV/c)__irp—.p.lr°n (20 to 200GeV/cl
7Tp—P~1r°n(15 to 40 GeV/cI

0.Q~ \\

ap(t)
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2 trajectory
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2

Fig. 3.11. p trajectoryasdeducedfrom ir~—~-°i~°at 100GeV/c [1171.Resultsfrom two-body reactionirp -. ir°narealsoshownasdashedline [118]
and dot-dashedline 1119]. The solid line refersto theexpectedp, A

2 trajectory.

data [120]is shownin fig. 12. It is seenthat the A2 trajectoryfrom the exclusivechannelalsoshowsa

flatteningeffect beyond ti ~ 0.7(GeV/c)
2.

3.2. Strangemesontrajectories

Here the well establishednatural trajectoriesare K*(890) and K**(1430). Among the unnatural

05 • 7T—~E4.~7 (100GeV/c)
0 7T~._,.77n(15 to 40GeV/c)

(t\
0.0~ _ I

PA

2 trajectory

I I I I I I I

0 05 10 15 20 25 30 35 40

— t (GeV/c)
2

Fig. 3.12. A
2 trajectory as deducedfrom .~r~—!~--e11at 100GeV/c[117].Resultsfrom two-bodyreactionirp—~i~n[120]are alsoshown asopen

circlesfor comparison.The solid line refersto theexpectedp, A2 trajectory.
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trajectoriesthe only well establishedis the K andthereis indication for the existenceof KA(l28O) in the
Q region. These strange meson trajectories are responsible for the reactions p~ A and
p—~---~‘~ ~(1385).In the aãvertextherewill becontributions,in general,from both the Pomeronandthe
mesontrajectories.We shall discussbelowonly thoseexperimentaldata whereonly one trajectoryis
dominantin the aãvertex as this will leadto a better determinationof the effective kaontrajectory
(experimentaldata from p~E~~*A[122],p~~L~~*A[123] and p—~--~t

t85[124] will not thereforebe
discussed).

3.2.1. p—~-4A
SinceabC is exotic in this reactionthe Pomerontermonly will dominatethe aävertex.The invariant

cross-sectioncan thereforebe written as,

dt d(M
2/s)= G(t)• (M2/s)’2’~ (3.17)

wherethe interceptof the Pomeronis takenas unity anda
0~(t)representsthe effectivekaontrajectory

for thepA vertex.The latteris determinedin the usualway by studying(M
2/s) versust plots. In table2

is listed the effective kaon trajectory as determinedfrom the experimentaldata at 12, 19, 24 and
69 0eV/c [125—127].From the table it seemsthat the unnaturalkaon trajectory(aK(O) —0.3) is the
dominantcontributorat lower energiesand thereis an indicationthat the contributionfrom thenatural
K* trajectory(aK.(O) 0.3) becomesimportantat higherincidentenergies.An alternativeandperhaps
more plausibleinterpretationof this energydependenceof a

00(t)is in termsof the scalingdeviation
observedfor thisprocessat low energies(subsection2.3). Onemayinterprettherising cross-sectionatlow
energiesin termsof an effectivePomeronintercept>1 or in termsof a changeof variableas discussed
below. In eithercaseit wouldcorrespondto aloweringof the aeff of eq. (17) atlow energiesin agreement
with table2.

3.2.2. p—t’A
In this reactionabe is exoticandthereforethe Pomeronexchangewill be the dominantterm in the

K~K~vertex.A studyof this reactionhasbeenmadeby the samegroup[128]at two momenta8.2 and
16 0eV/c andthereforeaseparateTR analysisto thetwo momentaaswell as acombinedanalysiswere
made. In order to combinedata at different energiesit maybe appropriateto write the kinematical
factorsexplicitly andwith this the TR expressionbecomes,

E ns 1TV~ dt d(M
2/s)= G(t) ~M2/s)t2a~~. (3.18)

Table 3.2
Effective kaon trajectoryasdeterminedfrom p~~~It~eA

PIah (GeV/c) ae~(t) Upperlimit of ti
usedin GeV2

12 —(0.54±0.07)+(0.89±0.08)t 3.6
19 —(0.38±0.I1)+(1.l5±0.07)t 4.0
24 —(0.09±0.04)+(1.04±C.05)t 3.6
69 +(0.20±0.22)+ (0.93±0.08)t 11.0
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Fromthe separateanalysisof 8.20eV/cand16GeV/cdatatheyfind the interceptof theeffectivekaon
trajectoryas—(0.50±0.14)and—(0.22±0.11)respectively;the trajectorypointsareshownin fig. 13(a).
As the thresholdfor the reactionK~+p —* A + X is M~.= 4m~, the authorsargue that the above
discrepancyin the interceptarisesdueto not usingthe propervariableandtheysuggestthatM2 should
be replacedby M2— M~,.The effective kaon trajectoriesas deducedafter this modification are, fig.
13(b),

aeff(t) = ~0.06 ±0.32)+ (0.86±0.32)1, at 8.20eV/c

aeff(t) = —(0.10±0.21)+ (0.77±0.13)1, at 16 0eV/c. (3.19)

The agreementbetweenthe two setsof trajectoriesaregood. It mayalso be noted thatthe changein
the variablefrom M2 to M2— M~,increasesthe interceptof the effectivetrajectory.

From the combineddata at 8.2 and 16 GeV/c, the effectivekaontrajectoryis found to be,

aeff(t) —(0.12±0.15)+ (0.77±0.11)t (3.20)

which is closeto the kaontrajectory.

3.2.3. p—~’A
The inclusiveproductionof A in this reactioncan be subdividedinto two parts [43]: (i) strangeness

annihilationprocessof the type

K + ‘K~’—*pions (3.21)

wherethe leading Reggetrajectory,fig. 14, is expectedto be the exchangedegenerate4-f’ trajectory,

•8’2GeV/c p-~--—A .82GeV/c

0 0 16 GeV/c 0 0 6 0eV/c

-l a -l b

a(f) N a(t) - N

~ N
I I I I I I I I I

0 I 2 3 4 5 0 I 2 3 4 5
t (GeV/c)2 ltI(GeV/c)2

Fig. 3.13. Reggetrajectoryasdeducedfrom p—~--eA at 8.2 and 16 GeV/c [128].(a)TheTR fits weremadewith M2 asthevariable.The solid and
dotted lines arefits to thetrajectorypoints of 16 and8.2 0eV/c respectively.(b) TheTR fits weremadewith M2 — Mi, as thevariable.The solid
line representstheresultsof theTR fit to thecombineddata8.2 and 16 GeV/c.
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~pions~ ~ P~a~io~t1~:,fI

A A

p 2 p~ ~
A a.(t) alt)

Fig. 3.14. TR diagramsfor thestrangenessannihilation andnon-annihilationprocessesin p—~--sA.

and(ii) strangenessnonannihilationprocessof the type

K + ‘K~’-* KK + pions (3.22)

wherethe leadingtrajectoriesareexpectedto bethe Pomeronandthe ordinarymesontrajectories(see
subsection1.3.5).At low energiesthe reaction(21) is the dominantone.This can be inferredfrom the
ratio o(Kp—*A+pions)kr(Kp--*A+KK+pions) which is us9 at 4.2GeV/c [129] and is us4 at
8.250eV/c [130].Also the energydependenceof the cross-sectionfor K- + p—*A + pionsis ~~_O.9±0.1

which is suggestiveof the dominanceof ~, f’ trajectories[130],while the cross-sectionfor K— + p—*

A+KK+pions is continuously increasingfrom usO.4mb at 4GeV/c to o~ol.7mbat 32GeV/c [131]
which is suggestiveof the dominanceof the Pomerontrajectory.

The TR analyseswerecarriedout at 4.20eV/c [129,132] and8.25GeV/c [133].In the formercase
the TR analysiswas performedseparatelyfor the processes(21) and (22), and to take care of the
copiousproductionof resonancesthe first momentintegral wasused,

I ux.’\ d2o1
1(x, t) ~ dt d(~/s)d(v/s) (3.23)

with

d
2ty — ç’~\. ~ak(O)—t. ( / \~k(O)2~~ff(t) 13 24

dtd ~‘ S ~I.’,Sj
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and

(3.25)

At a given s one thusdeterminesa,~(0)— 2a0~(t)for differentt-values.At 8.250eV/c the analysiswas
carriedout by fitting the dataof d

2oidtd(M2/s)versusM2/s (i.e. replacingv —~ M2/s in eq. (24)). The
value of ak(O) was determinedby fitting (E/rrpmax)doidx,or the equivalentdoid(M2/s), at different
energiesto the ~ in the target fragmentationregion. For the reaction (21) this procedure
yielded,

ak(0) = 0.078±0.013 (3.26)

whichis consistentwith the 4-f’ trajectorycouplingto the KK vertex.

The effectivekaontrajectorieswere thusdeducedto be,

a
0ff(t)= —(0.05±0.04)+(1.02±0.02)t,at 4.2GeV/cand ItI< 1.0GeV

2
(3.27)

a
00(t) = —(0.15±0.04)+ (0.86±0.04)t, at 8.250eV/c and tI < 1.50eV

2

which lie betweenthe K andK* trajectories.
The TR analysisof the reaction(22) did not yield any conclusiveresult at 4.2GeV/cbecauseof the

high massthresholdof M2 = 4m~.

3.2.4. Energydependenceof A cross-sectionin pp and pp interactions
An attempt has been made [134] to understandthe high energybehaviourof the inclusive A

productioncross-sectionin pp and pp interactions.The dominanttrajectoriesat the non-fragmenting
vertexwere takenas the Pomeronand the odd signatureo°trajectorywith interceptas 0.4. With this
theinvariant cross-sectionfor p —~-* A becomes,

dt d(M21s)= G(t)(M2/s)12~°±~_0.6 (M2/s)°42’~ (3.28)

wherethepositiveandthe negativesignareto be usedfor the caseof ‘a’ = p and‘a’ = p respectively.It
was shown that the centralproduction of A is small, namely o-5/a-~is 9% in pp interactions,and
thereforethe A is basicallyproducedthrough fragmentationprocess.The inclusive cross-sectionwas
calculatedby integratingeq. (28) over t andM2/s andthusstretchingtriple Reggeformalism to cover
the completefragmentationregion.By making a simultaneousfit to the pp andpp data, seefig. 15, the
effectivetrajectorywas foundto be,

aeff(t) = (0.2±0.1)+ (0.8±0.1)t (3.29)

which is in good agreementwith the effective kaon trajectory deducedfrom the conventionalTR
analysis.It is alsoto benotedthat the energydependenceof A productionin pp andpp interactionsare
well reproduced.
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Fig. 3.15. Productioncross-sectionof A in pp andpp interactions.The solid anddotted lines refer to theenergydependenceexpectedfor pp andpp
interactionsrespectively[134].

3.2.5. K*, K* * trajectoriesfrom K~—* ‘Tr°(-q), IT —~K~

The following reactionshavebeenstudiedat 1000eV/c [135],

K~+p-*IT°+X K~+p—*r~+X (3.30)

andan importantpoint to notethat only the natural trajectories K* andK** areallowedin theKIT°(-q)

vertex.The reactionswith theK~beamareexotic.The effectiveReggetrajectoriesas deducedfrom IT

and i~data arein agreementwith eachotherandalso with the K*, K** trajectory.In fig. 16 is shown
the a(t)as deducedfrom the 1 data.

Measurementsof inclusive Kth productionusing FermilabSingle Arm Spectrometerin ‘Tr~—~-* K~

at 00 0eV/c

04 -

0~41~81l~1 I!6

ti (GeV/c)2
Fig.3.16. Reggetrajectoryasobtainedfrom K~—~—~i~at 100 GeV/c[135].The solid line refersto theexchangedegenerateK*, K** trajectory.
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and IT~.E’~*K in the energy range 50 to 140GeV also yielded the K*, K** trajectory as [136]
0.20±0.06 and0.25±0.06 for the t range—0.1 to —0.6.

3.3. Baryontrajectory

In thiscasethe mostof the dataexist in the form of two classesnamely,p—~—~ mesons(IT or K) [70,
81, 135—140]andK—~—*strangebaryons(A or ~) [128,132, 133, 141, 142]. In the first casewe havedata
right from 9.3GeV to the ISR energieswhile in the secondcaseonly low energydataexist in the range
4 to 16 GeV. Besidesthereis someFNAL data [136] on ir~—~—~ p and ir _E~.*p. These data are
discussedbelow.

3.3.1. p—~-*IT,K~
Since this is an exotic channeltherewill be Pomerondominancein the p~vertex. The exchange

trajectoryfor the p’iI~vertexwill beNucleonor i~while for the p’i vertexit will be only z~trajectory.
In caseof the vertexpK~the exchangedtrajectorywill be A or

Severalanalyseshavebeenmadeat 19.20eV/c [137—139]andthe effectivetrajectoriesfor the p~ft
andpK~verticesas deducedfrom theseanalysesarein good agreementwith eachotherandwe quote
the trajectoriesin table 3 as obtainedin [138].We havealso listed the two exotic exchangesfrom
p —~--~ K andp—~-÷ p. It is seenfrom the table that theeffectivetrajectoriesas obtainedfrom the data
aremuchlower thanthe expectedleadingtrajectories.Sameconclusionwas reachedfrom the studyof
non-exoticchannelsp—!-* IT at9.3GeV/c [81]and p-.-~--t~IT at 14.3 GeV/c [70].

At high energies there are three experiments: (i) at 100GeV/c [135] with p~~_E_*ir°,(ii) at
50—1750eV/c [136] with p—*~~,K~,and (iii) at the ISR energy, \/~i= 45GeV/c [140], with
p~ irk, K*. The (missingmass)2 distributions from the ISR experimentis shown in fig. 17. The
distributionswere fitted with the expression,

U /7 — f’(e\ . (Al2! \l—2aoff(t)

dt d p42/
5 — ~ V I iS~

for M
2< 600GeV2(i.e.x >0.7)and ti < 1.5(0eV/c)2.The effectivetrajectoriesas deducedfrom these

fits are shown in fig. 18. It is seenfrom the figure that the effective trajectory for p—~-~ ir~and
p—~—~ K~are in good agreementwith the nucleonand the A(s) trajectory respectively,whereasthe
a~ff(t)for p—~—* iT is still much below the ~ trajectory. The effective trajectory from p—~--~ ir° at
1000eV/c is in agreementwith the nucleontrajectory. The effective trajectoriesas deducedfrom

Table 3.3
Effectivebaryontrajectoriesasextractedfrom pp reactionsat

19.2 0eV/c

Reactions a~ff(t) Expectedleading
trajectory

p+p—esr~+X —1.32+0.53t N~
p+p-e~f+X —2.0+0.78t A

8
p+p—8K~+X —1.11+0.63t ~
p+p—eK+X —3.55+0.7t exotic
p+p-ep+X —5.7+0.7t exotic
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Fig. 3.17. Missing-masssquaredistributionfrom p—~-*1r~ir,K~,K—) at = 45GeVandwith t = —0.55 GeV2. The solid lines areTR fits to the
data[140].
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Fig. 3.18. Effective trajectoriesasobtainedfrom inclusive mesonproductionat 15R with ~ = 45GeV[140].
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p—*ir~and p—*K4, over t = —0.2 to 0.2, using the Fermilab Single Arm Spectrometer[136] are
—0.65±0.15 and —0.65±0.20 respectively,which are in good agreementwith the ISR data.

It is to be noted from the table 3 and fig. 18 that the interceptsof all the threetrajectoriesfrom
p—~--*IT, K~(i.e. the N, i~and A trajectories)areraisedby =0.8in going from 19 GeV/c to the ISR
energies. In particular the N and A trajectories are raised to the value as expected from the
Chew—Frautschiplot (table 1).

It should be mentionedherethat the anomalouslylow baryon trajectories,as obtainedfrom the
baryon—*mesondata at PS energies,has exercisedtheorists for a long time. The most plausible
explanationseemsto be a kinematicone, dueto ChanHong-Mo [7,8], suggestingthat the triple Regge
behaviourshouldset in late for a heavyparticleb fragmentinginto a light onec. This follows from the
multiperipheralproductionamplitudeshownbelow.The triple Reggediagram correspondsto the sum

a )

b > ‘

of all graphs,wherethe detectedparticle c is the 1st one in the multiperipheralchain—i.e. hasthe
lowestmomentumtransferrelativeto b. Suchgraphsareexpectedto be dominantfor t closeto tmin; i.e.

for small negative t (where most of theseanalyseshave beenmade) and mb~ m
0. However, for

mb ~‘ m0, tmin hasa significant positive value (==0.6 for p—* IT). Thus for small negative t, which is an
appreciabledistanceawayfrom tmjfl, the graphscorrespondingto c = 2, 3, 4,. . . on the multiperipheral
chainshouldbesignificant.Of course,atvery larges(>>M

2), thesegraphswouldvanishfor anyfinite t, and
the triple Reggeformula would be restored. In this context it is reassuringthat there is a distinct
improvementin thetrajectoryestimatefrom the FNAL andISR data,at leastfor the nucleonexchange
(p—.t~rr~)andp—’ K. However,the effective~ trajectoryis still below the expectedvalue.

3.3.2. K—~--*A
The exchangedtrajectory mediating KA vertex is the antinucleon which leads to off-shell

antinucleonelasticscatteringat the lower vertex(proton). The latter as discussedin subsection1.3.5 is
expectedto havea strongcontributionfrom the low-lying baryoniumtrajectory.The interceptof the
trajectoryat the lowervertexwasobtained[133]by fitting the invariantf(x) distribution to the expected
powerlaw ~ in the kaonfragmentationregion andits valueis foundto be: ak(O)= 0.05±0.02.The
effectivetrajectoryfor the KA vertexis obtainedfrom,

U ~ — r’i \ . ns(O)—t . ta.~c2i\.ak(O)—2~~~n(u)

du d M2/s — ~ S i ,5~

in the usualway (hereu is thesquareof the 4-momentumtransferfrom K- to A). The values of ct
0ff(u)

asdeducedfrom 4.20eV/c [132]and8.250eV/c [133]with the valueof a,.(O) asgiven aboveare

a0ff(u)= —(0.40±0.06)+ (0.98±0.07)u, at 4.20eV/c
(3.33)

a0ff(u) = (0.43±0.07)+ (0.79±0.06)u, at 8.25 0eV/c.
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They are in good agreementwith the nucleontrajectory.The analysisat 14.3 0eV/c [141]is also in
agreementwith the nucleontrajectory.

3.3.3. IT~~ p and IT ~

Finally the effective nucleontrajectory as estimatedfrom the FSASFdatat [136] on IT~—~--~ p and
~ ~ are —0.50±0.10 and—0.55±0.15 respectively,over the rangeu = —0.2 to —0.6.

3.4. Roleof absorptivecorrections

The importanceof including absorptivecut correctionsin the triple Reggeanalyseshasbeenstressed
by severalauthors[143—146].However,it is extremelydifficult to isolatethe absorptivecut effectsfrom
the inclusive cross-sections,sincethey seemto be very similar in shapeto the correspondingpole terms
[147—149].As regardsthe relative magnitudesof the absorptivecut and the pole terms, the existing
estimatesfor the vector—tensor(p, A2, K*, K**) exchangeprocesses[107,149] suggestthe cut termsto
be only about 30% of the correspondingpole termsat small t (itt � 0.4). On the other hand for pion
exchangeprocesseslike p—*~,the absorptivecutcontributionat small t seemsto be relatively more
significant [1501.This is analogousto the two-bodyscatteringcase,wherethe absorptivecutsareknown
to be moresignificant for pion exchangethanfor vector—tensorexchanges,at small t.

In order to checkthe aboveestimateswith the inclusivecross-sectiondata, one needsa reasonable
prescriptionfor the size of the Pole term— i.e. the magnitudeof the triple ReggecouplingG(t). For the
pion exchangeprocessp—~--* ~, this hasbeenobtainedby extrapolationfrom the nearby pion pole
[150,151]. It turnsout to be almosta factorof 2 higher thanthe cross-sectiondata,as oneseesfrom fig.
19 [151];andthe discrepancycan beunderstoodin terms of the absorptivecut correction[150].For the
otherexchanges,however,onehasno reasonableestimateof the sizeof the triple Reggepole term.The
best testfor the adequacyof the pole prescriptionwould be a factorisationtestfor the two external
Reggeons(fig. 1). Morepreciselyoneshouldtestif thetriple Reggecouplingsg~1,.obtainedfrom different

I I I I I I I I

6 Born~n’7TP+7r1TR)Term-

— - It I~I(GeWc)
2-

~: P.~0.I(GeVilc)a~

2

I , ~ppP+A

2A2P -

0 I I I I I I I I
-1.0 -0.9 -0.8 -0.7 -0.6

x
Fig. 3.19. do-/dxdistributionfor p—~--e~ at 205GeV/c.The top curveis thetotal contributionexpectedfrom irirP, ppPandA2A2P terms[1511.

t The FSASFdataon thebeamfragmentationprocessesconsideredin thisandtheprecedingsubsections,seemsto Containawealthof informationfor
nondiffractivetriple Reggeanalysis.Unfortunatelythedatahasremainedpracticallyunutilisedso far (apartfrom a very sketchyTR analysisby the
collaboration[136]),andalsoinaccessible.
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fragmentationverticesb— candthecorrespondingtwo-bodycouplings(fi (,~)2areequal.Thusonecando a
triple Reggefactorisationtestamongstthe ir exchangeprocessesp -+ ~ if —~ p°and-y —* ir~ the p, A2
exchangeprocessesrr-÷ir°,K—*K° andrr—*~the nucleonexchangeprocessesp-*’rr~,1r~—*pand

—* A etc. Forameaningfultest,of course,oneneedsdataovertheFNAL energyrange,andpreferablya
single experimentcoveringthedifferentbeamparticlest.In theabsenceof suchdata,onemaymakethe
following tentativeconclusions,onthebasisof theabsorptivecutcalculationsmentionedabove[149,150].

Incorporationof absorptivecutsinto thetriple Reggeformalismis notexpectedto affecttheshapeof the
inclusivecross-sectionsappreciably.It mayalterthe magnitudeof thepionexchangecross-sectionsby as
muchasafactorof 2,whereasformostotherprocessesits effect isexpectedto beonly about30%,atsmallt
(itt <0.4).

3.5. Finite MassSumRules(FMSR)

The formula (2) discussedaboveis valid only whenM
2 is sufficiently large.At low M2 therewill be

resonanceswhich arenot describedby the formula(2). In two bodyscatteringthe ideasof duality led to
the finite energysum rules (FESR)which relatethe integraloverthe low energyresonanceregion to the
parametersof thehigh energyReggeexchange(fig. 20a).A naturalextensionof the two body scattering
to the inclusive reaction is to relate the low M2 resonanceregion to the high M2 triple-Regge

a b a b

~nance FESR

on / a(t ) \\
a b a b

s(small) s( large)
(a)

alt) a a~(t) a

X~ance FMSRa~It) 0 aj(f) a

N2 ( large)

M2 (small) ( b)
Fig. 3.20. (a) Illustrationof duality in particle—particlescattering.(b) Illustration of duality in Reggeon—particlescattering.

t Again theFSASFexperimenton beamfragmentation[136]seemsto bevery well suitedfor this purpose.
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parametersthrough sumrules for the Reggeonparticle scatteringamplitude[19—22],(for details see
subsection1.2.2). In this casethe dispersingvariable is i’ (v = M2— t — m~)or the missing massM2
ratherthan the incoming energys andhencethe namefinite mass sum rules (FMSR). It essentially
meansthat the largeM2 triple-Reggetermsof formula (2) whenextrapolatedto smallM2 is expectedto
reproducein an averagesensethe low M2 resonanceregion (fig. 20b). For the FMSR one needsto
considerboth the right andleft handcuts of the Reggeon—particleamplitudeas in the two-bodycase.
The following FMSR hasbeenderived,

x

d2 d2

Jd~.~ [dtd(~2/S)~ (~1)?1+1dtd(M2IS)(c~b)]

x~~l)±~~+l
= ~ Gqa(t)[1+ (_1)~±trjrjrk]. ~(t)4~(t)—1 . (3.34a)

ifk a~t)+n+1

where,a(t) = ak(0)—a,(t)—a
1(t). If a combinationwhich is symmetricin r’ is takenfor the Reggeon—

particlescattering,thenthe contributionfrom residuesof the nonsensewrong signaturefixed poleshas
to be included in the sumrule. This providesa methodof estimatingthe fixed pole residuewhich can
give someideaon the size of the Reggecutsfor two-bodyscattering.Someattemptshavebeenmade
[25,152] to estimatethe fixed pole residuewhich will not be discussedhere. However, it is worth
mentioningthat if the Reggeon—particlescatteringis exotic in the s or u channel the fixed pole
contributionvanishesfor the resonantpart of the amplitude.

Severalapplications [25, 53, 75, 152—156] of FMSR have been made in the study of inclusive
reactions,namelyto estimatethe triple Reggecouplingsandto relatequasitwo-bodyreactionsthrough
superconvergencerelationsand semi-localduality. The basic hypothesisis the extensionof the two
componentduality of Harari—Freundto Reggeon—particlescattering;this associatesthe background
(BG) andthe resonancepart (Res)of the missingmassintegralwith the Pomeron(P) andReggeon(R)
componentsof the triple-Reggetermsrespectively.The FMSR canthus berewritten as,

x

d
2 BG.Res d2 BG.Resfd~i” [dt d(M2/s)(b—~--*c)+(_1)n±1 dtd(M2/s)(c~.~!~+b)]

V ap.R(O)—aj(t)—aJ(t)+n +1
— G ‘t’• r~+ ~ 1 . ~~i(t)+aj(t)—t. 3 34b
— ijk~ I I k , T,TjTkJ ~ apR(O)—a~(t)—aJ(t)+n+ F

3.5.1. Superconvergencerelations
It is possibleto constructFMSRthroughacombinationof inclusivecross-sectionssuchthatthe triple

Reggeterm on the right-handsideof eq. (34) vanishes.This is doneby writing a linear combinationof
elasticReggeon—particleamplitudeswhich correspondsto exoticquantumnumberexchangein the aã
channel.As aresultonewould get a sum rule involving severalresonanceproductioncross-sections.

An attemptwas made [154] for a combinationof pthp scatteringamplitude through the zeroth-
moment sum rule for the difference of IT~p—*IT°Xand IT°p—s”Tr~X;from isospin symmetry the
cross-sectionsfor ir°p—* ir~Xandfor if p —~rr°Xarethesame.This correspondsto I = 1 exchangein the

t Again the FSASFexperimenton beamfragmentation[136]seemsto be verywell suited for this purpose.
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pp channel.In view of the smallnessof the non-flip p°pPcouplingthe triple Reggeterm in eq. (34) is

suppressed.This leadsto the following relation,

JdM2 [(d2/7/dtdM2)th+~~,ox— (d2ff/dt dM2),,-p~,sx] 0. (3.35)

Theprominentresonancesin the pp channelsareN and ~ andthereforeeq. (35) can be written as,

(do/dt),~*~..~o~++— (do/dt)~ — (do/dt)~,-p.tho~o0. (3.36)

Using the isospinsymmetryin eq. (36) yields the following relation,

(do/dt)~,*
0~o~++= ~(du/dt),,-2....,,o0. (3.37)

The experimentalresultat 8 GeV/c is shownin fig. 21 andit is seenthat the relation(37) is well satisfied
by the data. -

Applying identicalconsiderationto Kp —* K°X,onegetsthe relation,

(d/7/dt)K-P...~ofl= 2(d/7/dt)K-P.kI~o (3.38)

which seemsto be satisfiedequallywell by the 13 0eV/c datafor the two processes[155],as shown in
fig. 22.

Another superconvergentrelation has been written [25] by taking the combination of the ~IT

.0

~ 0.I-
>
0) -

(9

.0 -

E -

0.0I —

0.001 I I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

-t(GeV
2)

Fig. 3.21. do’/dt versust for ~ ...*i~OA**at 8 0eV/c. The solid curverefersto ~do’/dtfor ~(p —~,T°nat thesamemomentum[154].
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Fig. 3.22. Testof superconvergencerelation: (doidt)K-p_.k0 = 2(du/dt)Kp_.k0~.

amplitudesas,

A~-,~++ A~~+— 2A
0o~+ (3.39)

which correspondsto a pure I = 2 exchangein the crossediri~—~pp channel.From this the following
first-momentsum rule hasbeenderivedfor the naturalparity exchangein ‘rrp interactions,

(—t)~ (ifp—*IT°n)+ (m~~— t — m~fj (ifp—s~A~n)= (m~— t — m~)~(irp-*on). (3.40)

The experimentalresultat 7 0eV/c is shown in fig. 23. The agreementbetweenthe left-handand the
right-handsideof the eq. (40) is very good.

3.5.2. Semi-localduality
Semi-local duality suggestthat the leading Regge exchangein Reggeon—particlescatteringwhen

extrapolatedto low M
2 valueswill yield in anaveragesensethe resonancecontributions.The averaging

is to be done on resonancecontributionsover a typical rangeof —1 0eV2. From eq. (34b)one can
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0 iT°and 4 contributions

l00.ui

0~2 I 0~4 0.16 0~8

— t (GeV)~
Fig. 3.23. Testof superconvergencerelation(40) at 7.5 0eV/c [25].

thereforewrite the averageresonanceproductioncross-sectionas,

~ Res ~/ O~ ~ f2\a~~0~2~(t) 3 41
\dtdM2/ ~ J

This clearlybringsout the dependenceof the resonanceproductioncross-sectionon resonancemassfor
a given exchangetrajectorya at fixed s andt. Similarly, the backgroundcontribution[153,156] will be
given by replacingaR(O) by a~(0)in eq. (41). There are four importantcaseswherethe semi-local
duality hasbeensuceessfullytested[25,75, 157—165]: (a) forward productionof mesonresonances,(b)
ratio of unnatural to natural parity exchange,(c) antishrinkagein resonanceproduction, and (d)
backwardproductionof mesonresonances.

(a) Forwardproductionof mesonresonances:
To testeq. (41) it is necessaryto isolatea particular exchangetrajectorya~(t).For the reactions,

ir + p—* (p°,f°,g°)n (3.42a)

K +p_(K*O, K**O)n (3.42b)

it is known from the energydependenceand density matrix measurementsthat the ir-exchange
dominatestheseproduction cross-sectionsat small t. Since the crossedchannel Reggeon—particle
scatteringis exotic in the above casesthe contribution from fixed poles vanishesand thereforeeq.
(34b)can be written for both odd andevenn,

d ResJdv ii” dtdM2 [‘rr(K)p—*X°n] =f(t)• ~2ar(t)2 . ~ (3.43)

whereaR(O) is takenas 0.5. In figs. 24 and25 areshownthe experimentalvaluesfor reactions(42a)and
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Fig. 3.24. The zerothandthe first momentof thedoubledifferential cross-sectionof irp -+ (p°,f°,g°)nat 11 0eV/c for 0.04< tI <0.16.The solid
curvesare theexpecteddistributionsfrom ~rexchange[25].
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Fig. 3.25. Thezerothandthefirst momentof thedoubledifferential cross-sectionof Kp -+ (K5, K**)n at 10GeV/cfor 0.05� ItI � 0.15. The solid
curvesare the expecteddistributionsfrom ~rexchange[25].
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(42b) and are comparedwith the Regge contribution [25]. From the figures it is concludedthat
semi-local duality works very well. The resonancesproducedthrough f, o exchangesare also in
agreementwith semi-localduality.

(b) Ratio of unnatural to natural parity exchange:
Eq. (41) canberewrittenin termsof the ratio of exchangecontributionsdueto naturalandunnatural

parity Reggepolesas

R = (dojdt)uNp/(do/dt)Np— (M2)2( t)’~u(t))-~ M2 (3.44)

for low itt values becauseaN(O) 0.5 and au(O) 0.0; i.e. unnaturalparity exchangesdominatesthe
productionof higher massresonances.

In fig. 26 is shownthe ratio NP/UNP,i.e. 1/R, for the reactions

IT~+ j3 —+ p°+ [L~.~(l23ó),L~.~(1880)]

—~(i)+ [i (1236),z~~(1880)] (3.45)

at 7.10eV/c. The dottedcurvesin the figure for i~.~1880)havebeenobtained[157] by usingrelation

(44) from the solid curveswhich describethe productionof ~~.~(1236).

I I 1 I ‘Ji

(a)

2-0 /~ -

.—i—p~(l236) / I

-5 ~ pt~(l880)

1~0

~
.5 -

~00 I —~‘l 11111

a.20 I I I I

Z (b)

+ w~(l236)

15 f w1~(l880) .

~II I I I I

0-0 0-2 04 06 08 10
—t(GeV)

Fig. 3.26. NP/UNPfor ~+(l236) and~(1880) in associationwith (a) p°and(b) s from -g~preactions.The solid linesrepresenteyeball fits to the
~±(1236)reactionsandthedotted lines representthepredictionsfor the ~.1.~(1880)reactions.
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Fig. 3.27. Naturalandunnaturalparitycontributionsto theproductionof u, A2 andw(16
7O)from -ir~p--+(3it)°~ at 7GeV/c.

Fig. 27 showsthe naturalandunnaturalparity contributionsto ~, A~and o*(167O) productionfrom
the reaction

~ + p—~(3ir)°+ ~ (3.46)

at 7 0eV/c [158].The suppressionof the natural to unnaturalparity ratio with increasingresonance
massis clearlyvisible.

Fig. 28 showsthe ratioR for the productionof w, A~andw*(1670) from the reaction,

if + p—* (ir~irir°) + n (3.47)

I~ 12

5GeV/c
I ~)*(I675)

A~(I3I0)

0.1 I I I 1111 I

0.0I 0.1
2

‘S

Fig. 328. The ratio R =UNP/NPasafunction of M2/s for w, Al and o5 productionfrom irp reactions.
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at 12 and 15 0eV/c [159].From this CERN OMEGA spectrometerdata the differencebetweenthe
unnaturalandnaturalexchangetrajectorieshasbeenfound to be,

aN(t) — au(t)= (0.50±0.17)+ (0.62±0.55)t. (3.48)

(c) Antishrinkagein resonanceproduction:
The t-dependenceof eq. (41) can be written as

doidt— exp{(B — 2a In M2)t} (3.49)

i.e., one expectsa logarithmic antishrinkagewith the increasingresonancemass.There are clear
indicationsof this antishrinkagein all the resonanceproductiondatamentionedabove.The bestdata
for a quantitativecomparison,is of coursethe high statisticsCERN OMEGA spectrometerdata[159],
shown in fig. 29.

(d) Backward production of meson resonances:
The backward production of meson resonances,namely in rr—~-*p,would lead us to study

Reggeisedantibaryon—baryonscatteringwhich accordingto duality should proceedvia baryonium

9.0 - \ W4(780) 12 GeV/c
5 GeV/c

(1310)
8.0 -

7.0 -

6.0 - (1675)
SLOPE

b
5.0 -

40 -

3.0 -

I I I I~~I I I

0.01 0.02 0.03 0.05 0.1 0.2 0.3

2fM
tI.S

Fig. 3.29. Theslopeb(=B — 2a’ In M2/s)as a functionof M2/s for u, Al and w5 productionfrom ~rp reactions
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exchange.Suchan attemptwas made[75] by studyingthe reaction,

(3.50)

wherethe leading exchangein the irp vertex is the i~.According to eq. (41) the backgroundand
resonancepartsshould behavelike (M2)2’~’~and (M2)~°~2’~’~.From the actual behaviourof the
resonanceproductioncross-sectionthe valueof aB(O) hasbeenestimated.The experimentalvaluesof
the resonanceproductioncross-sectionat 16 0eV/c is shownin fig. 30 for u —0.2 (the valueof a~at
u —0.2 is =0). The backgroundis consistentwith the M2 dependence,whereasthe resonancepart
behaveslike (M2)°5.The fit to the resonancedata yielded aB(O)= —0.5±0.3 for the dual trajectory
which is very muchlower than theinterceptof the normalmesontrajectoryof +0.5.This analysislends
support to the duality idea that the mesonresonancesin baryon—antibaryonscatteringare dual to
exotic exchange.Similar analysesof the experimentaldata for K(if)—2-3 A are also consistentwith
the aboveconclusion.

3.6. Summary

In this sectionwepresentedthetriple Reggeanalysisof the inclusivereactionsb—~-+c to seeto what
extentthe expectedleadingReggetrajectoriescanaccountfor the missing-mass-squaredistributions.We
havestressedonthosereactionswherethesystemabeisexotic;thisleadstothedominanceof thePomeron
term overthemesonterm in theaãvertexandhopefullyonecanignorethe lattercontributionin the first
approximation.The following conclusionscan be drawnfrom the experimentaldata:

(i) The expecteddominanceof the ir trajectoryis seenin the inclusivecross-sectionp~d2o/dtdM2
for the reactionif —a--s.p°at 15 0eV/c. The dominanceof the pion trajectory is also seenin the ~
production from proton fragmentation.It is interestingto note that the energydependenceof the

RESONANCES

..~7 04 ~ ~ ,//“ ~ _____

0.2 ~ BACKGROUNDxO.25

ir P A

1 A2 g
0~ I I I I I I II.0 2.0 3.0

M
2 (GeV 2)

Fig 3.30. Resonanceandbackgroundcross-sectionsfor ~rp—.pX at 16 GeV/c.The fitted curveto theresonancecorrespondsto aR(O)=—0.5 and
to thebackgroundit correspondsto aR(O)= 1.0 [75].
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two-bodycross-sectionsof pp—~A°and ~ revealsthe dominanceof the IT-exchangeup to
about400GeVin agreementwith the inclusive data; and beyond 400GeVthe dominanceof p, A2
exchangesareseen.

(ii) There is a strongindication from the inclusivedata of IT~~ .~.l.Or~at 1000eV/c that the p and
A2 trajectoriesflatten off =—0.5 for itt � 1(0eV/c)

2. The A
2 trajectory as deducedfrom two-body

reactionifp —~‘qn in the range15 to 400eValsoshowsa breakin the trajectoryfrom linearity beyond

I tI >0.7(0eV/c)
2,whereasthe p trajectory as deducedby the samegroup from ifp—~rr°ndoesnot

show any deviation from linearity up to ItI = 2.0 (GeV/c)2 in disagreementwith the inclusive data
IT —c—S’ iT0.

(iii) The effectivekaontrajectoryas deducedfrom p—~-~ A lies betweenK andK* trajectories.For
the strangenessannihilationprocessof the type K + ‘K~’—* pionsin the reactionp—~—~‘A the leading
trajectorycouplingto the KK vertexis consistentwith theexchangedegenerate~-f’ trajectory.

(iv) The baryontrajectoryhasbeendeducedfrom p—~-~ mesonsandK —~-~ strangebaryons.In the
low energy region (pl

5b~ 20GeV/c) the effective baryon trajectoriesas obtained from the former
reactionare muchlower thanthe expectedleadingtrajectories,whereasin the latter casetheyare in
good agreementwith the expectedleadingtrajectories.The new dataat ISR energiesfor p—~--* ~ and
p—~--~ K~arein good agreementwith the nucleonandthe A(s) trajectoryrespectively,but the problem
still existswith the ISR dataof p—~-~ ‘rr wherethe trajectoryinterceptis still muchbelow the expected
A trajectory.

In generalthe absorptivecorrectionsareneglectedin theTR analysis.The needfor it is seenthrough
thereactionp—~---~A~whichis dominatedby the IT exchange.It is interestingto notethat the inclusion
of absorptivecorrectionschangesonly the normalizationandthereforeit is difficult to isolate its effects.
The bestway to look for theseeffectsseemsto be throughthe triple Reggefactorisationtestbetween
differentfragmentingvertices.For thispurposebeamfragmentationdataover the FNAL energyrange,
coveringseveralbeamparticles,wouldbehighly useful.In the absenceof suchdataonemaytentatively
concludeon the basis of specific cut calculations,that at small t the cuts haveabouta 30% effect in
vector—tensorexchangeanda somewhatlargereffect in iT exchangeprocesses.

We havediscussedsomeof the applicationsof the FMSR throughwhich the utility of the low M
2

resonanceregionbecomesclear, in an averagesense,in theTR analysis.Thereexist goodevidencesfor
semi-localduality andin a specialcaselike Reggeisedantibaryon—baryonscatteringthe analysisled to
the determinationof the interceptof the Baryoniumtrajectory.

4. Polarization in inclusive reactions

It was realisedprettyearly in the inclusivegamethatthe single andtriple Reggeanalysesdescribed
earlier for the unpolarizedcross-sectionscan be extendedto the polarizationmeasurements.Moreover
the polarizationmeasurementscan give informationon the underlyingReggeexchanges,which arenot
accessibleto the unpolarizedcross-sections.Thus therehasbeenalong standingtheoreticalinterestin
the inclusive polarization [166,167]. It was only during the last 4—5 years, however, that inclusive
polarization data of any significance has emerged.Of course,the polarization data is still very
fragmentaryandmostlyrestrictedto the low energyregion.

The formalism and the predictionsfor the inclusivepolarization aredescribedin the following sub-
section.In thenexttwo subsectionswecomparethesepredictionswith theinclusivepolarizationdata— first
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for A-polarization,wheremostof theavailabledatais concentrated;andthenfor theremainingdata.The

last onesummarisesthe essentialresults.
4.1. Formalism andpredictions

We shall concentrateon the aspectsof polarizationformalism,which arerelevantto the analysisof
the availabledata.A moredetailedaccountof the formalismcan befound in refs. [106,107, 168]. We
shall restrict to the polarizationmeasurementswith spin ~ particles. It is convenientto definethe spin
projectionsAa, Ab, A~alongthe transversityaxis ii, which is normal to the productionplane,i.e.

~ ‘Pa><Pc/IPa><PcI. (4.1)

Thenthe polarizationof the detectedparticleP~is definedas

— 1 —

P~o— (~) 1 \/.) 1 \ ~ [u55A5.A5AS0A5Ab.A5Ab] (4.2)
~ + 1A’~

5b+ 1/ ~

wherethe first and the secondtermsaresimply the measuredinclusivecross-sectionswith the spin of
thedetectedparticlec lying alongandoppositeto the transversityaxis. More precisely,in termsof the
productionamplitudef shownin fig. la, we have

A
5A~ — 1 ‘V l:x i ~0A

5A5.A5Ab — U A~.A5A~,S~t, 11’i ) . (4.3)

2 b,Xb~bXb

(a) (b)

C~Xc C, C

(c) (d)
Fig. 4.1. (a) Inclusive cross-sectionfor specificspin projection; (b) the corresponding3-bodyMuelleramplitude;(c) single Reggeexpansionof the
Mueller amplitude;(d) tripleReggeexpansion.
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In this notation,the unpolarizedinclusivecross-section

do- 1
(T = S dt dM2 = (25a+ 1)(2sh+1)

1
= l6i~S(25a+ 1)(2sb+1)A~k~~ IfC

5h( t, M
2)f2. (4.4)

Similarly the polarizationasymmetriesfor the incidentparticlesaredefinedas

2(2sb+ ~— 1Paty — ~ ~ — ~ ~~] (4.2a)1)A~,

~[ A~A~
— 1Pbu — 0A. f As — ~ ~1. (4.2b)2(2Sa+1)AA

With the simultaneouspolarizationmeasurementsof the incident and the detectedparticlesone can
constructadditional polarizationparametersR, R’, A, A’ andD [106,168],which shall not be discussed
here.

Now, Mueller’s optical theoremfor the inclusivecross-sectionwith specific spin projections(eq. (3))
gives

= ~ f~~(s, t, M2)~2 (4.5)
x

whereF is theM2discontinuityof theforward3-bodyamplitudefor abC(fig. ib).Substitutingthisineqs.(2,
2a, 2b, 3) give

1
Pco.= 161T5(25a+1)(2sb+ 1)~~[FA

5A5~AsAst FA5A5~.A,A51

1 (4.6)

1
Pao- = ~ [FfA~~1A~~—F~ (4.6a)l6lTs 2(2sb+~

1Pbo- =
l6irs . 2(2Sa+ 1’ ~ [FA.~A~.A

5I A~— FA, ~A~.A,I Ar]. (4.6b)) A5A~

It is usefulto rewrite theseamplitudesin the morefamilar notationof helicity frame(s-channel).Using

1
I t ) = (—iI+) + I—))

(4.7)

I ~ ) = (—1±)+ ii—))

where± refer to helicity projection±~,give
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PCo- = 16i~5(2Sa+ l)(25b + 1) AAb [FASAb+ASAS— FASAbASAS+] (4.8)

PafT = 1 ~ . ~ 1~ ~ [F÷A~~.A~,— ~ (4.8a)
wITS ‘-~,-~Sb1 1) A

1,A~

Pbo- 16 •22 1 ~ [FA5+A~A5-A5—FA5-~,A5+A~]. (4.8b)

ITS ( Sa )A5A.

Finally the unpolarizedcross-sectionis givenby

1

—

161T5(25a+ 1)(2sb +1) A~k~ FAaA~cAaA~c~ (4.9)

The single Regge and triple Regge expansionsfor FASASAC.AI.Ab.AC., valid over the b-fragmentation
region (b—~--~c) andlargeM2, areillustratedin figs. lc andid. It is evidentfrom thesefiguresandeq.
(8a), that polarization at the nonfragmentingvertex (Pa) correspondsto the forward helicity flip
coupling /3~i~(0);andhenceit shouldvanishidentically for a factorisingpoleexchange(/3 ~ote(~)

This wasfirst pointedout by AbarbanelandGross[166].We shall seebelow,however,that oneexpects
interestingpolarization(Pa) effectsarisingfrom Reggecuts,as first suggestedby Phillips, Ringlandand
Worden[167].In contrast,the polarizationsatthe fragmentingvertex (Pa,Pb) areexpectedto get finite
contributionsfrom thesingle andtriple Reggepoleexchangediagrams.In fact, it hasbeensuggestedon
the basisof absorptivecut calculations[107],thatthe dominantcontributionto thesepolarizationsare
expectedto comefrom poleexchange.Thereforeit is appropriateto discussthepolarizationpredictions
for the fragmentingand the nonfragmentingverticesseparately.

4.1.1. Polarizationsat thefragmentingvertex
Let us first look at thesingle Reggepredictions.It is evident from the discussionsof sections1 and2

that the exchangedegeneracyand the Pomeronfactorisationpropertiesof the 3-body amplitudeare
expectedto hold for the individual helicity configurations— i.e. for FA;A~.A

5A,~of fig. lc. As a resultone
hasthe following predictionsfor Pb andP~,which shouldbe valid over the bulk of the b-fragmentation
region— i.e. excludingthe vicinity of IxI = 1 (low M

2).
(1) For exoticprocesses(abCexotic andbe nonexotic),the polarizationsPb.c shouldbe independent

of energyand also independentof the incident particle ‘a’ [167].Interestingexamplesare the target
polarizationasymmetryPb in

p K* .~* —
p - - )1T and p

andthe recoil A polarizationP~for the latterset of reactions.It maybe addedthat the kinematicscale
breakingeffectsareexpectedto cancelout, at leastpartly, from the ratiosPb andP,~.

(2) At a given energy, the polarizationsPb,~are expectedto be independentof ‘a’ for a setof
nonexotic reactionstoo, wherethe relative Reggeonto Pomeroncontributionsare predictedto be
approximatelyequalby the exchangedegeneracyandthe 2-bodycouplingrelationsof table2.3. These
are, of course,the processes,for which the normalisedcross-sectionswere predictedto be equal, in
reasonableagreementwith data(seesection2). Notableexamplesare
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- IT,KNA,P

)TT and p

where NA refers to the strangenessnonannihilationcomponent.In particular,there is a reasonable
amountof A polarizationdata now for the latter set of processes,with which the predictedequality
can be tested.Finally onemaynotethat, usingf—Pomeronproportionalityas acrudefirst approximation
(whichmaybemeaningful,sincethe polarizationdataarerathercrude),would suggestthe polarization
for the abovenonexoticprocessesto be roughlyindependentof energy.

(3) The annihilationcomponentp—~.sA is alsoexpectedto haveanenergyindependentpolarization.
Let us now proceedto the triple Reggeanalysis.The triple Reggediagramof fig. id gives

FA~A~IA5A~.= [/3A3k5A5~~~ + ~ /3~5g,~(!~) . (JW~

2)ak(O) (4.10)

Substitutingthis in eqs. (8, 8b, 9), onegets

= 161T5(25a+1)(2sb+1) — f3~AJ3~Ab]- 21m~ ~ ~ gOk(sIM)’’(M)~~
(4.11)

Pbo- = l6irs - 2(25a+1) ~ [/3~+/3~ — f3~~-I3~~i. 21m~ ~ /3~a~agiIk(s/M2)aI+~i - (M2Y~°~
(4.12)

= 16ITS(25a+ lX2sb + 1) ~ 2 Re 4~4~I ‘~ /3~~A, gilk (s/M2)a1~1(M2)~~O). (4.13)

Further,parity invariancerelatesthe 2-bodyhelicity couplings

= ~l(1)A_A’/3 (4.14)

whereif (=±1) is the naturality of the trajectory.
From eqs.(11, 12, 14) oneseesthat the polarizedcross-sectionsPb.~crvanish in eachof thefollowing

situations:
(i) if a and a

1 haveoppositenaturality;
(ii) if ak hasunnaturalparity;
(iii) if a and a1 havethe samephase,including the particular i =

(iv) if the two couplingsareexchangedegenerate,in particularif

=

The first two conditions,of course,hold for the unpolarizedcross-sectiona- as well. Thus thereare
no natural—unnaturalparity interferencetermsin either the unpolarizedor the polarizedcross-section;
and one canwrite eqs. (11—14) as

= pNa-N ~pUo-U (4.15)
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Pbcr = P”1o~— pUa-~~~ (4.16)

a-=o~+o~. (4.17)

If the polarizations Pb and P~are equal (opposite), it means the polarized cross-sectionsare
dominatedby natural (unnatural)parity exchanges.We mayadd here that one can also estimatethe
relativesize of the two exchangesin a-, if one knowsthe doublepolarizationparameter[106,168]

D = (a-N — a-u)/(oN+ a-n). (4.18)

In contrastto the first two conditions,the conditions(iii) and (iv) arecomplimentaryto thosefor the
unpolarizedcross-sections,as enumeratedin the last section.In particularthe polarizedcross-sections
get contributiononly from the i � j terms;andthereforeprovide a usefulprobe for theseinterference
terms.

Oneinterestingexampleis the targetpolarizationasymmetryin p~—1~-~’p. Here the dominanttriple
Reggecontributions to Pba- at largex are expectedto comefrom the interferenceterms pPp and
A

2PA2 [106,169]. Thus the targetpolarizationasymmetrydatafor Pt~ p, shouldbe helpful for the
triple Regge analysisof diffraction, to be discussedin the next section.Unfortunately the quality of
dataso far availableis too poor to be of anypracticalhelp.

A secondandphenomenologicallymoresignificant exampleis p—~-*A, for which we havereason-
abledataon recoil A polarizationP~.The processbeingexotic,oneexpectsonly Pomeronexchangein
the aächannel.The main naturalandunnaturalparity contributionsto the unpolarizedcross-section,as
discussedin the last section,are

o~_*K*K*P, K**K**P
(4.19)

a-U -s.KKP,KAKAP.

The correspondingcontributionsfor the polarizedcross-sectionare

PNa-N —* K*K* *p

(4.20)

pUa-U -* KKAP,KKBP.

However,the K*K**P term vanishesfor an SU(3)singlet Pomeron;andit shouldalso be suppressed
by the condition (iv). The sameargumentsapply to the KKBP term. Therefore,it is reasonableto
neglecttheseterms in eq. (20), so that the dominantcontributionto the polarizedcross-sectionPea-
comesfrom KKAP. It thenfollows trivially from eqs. (11—20)that

C’ M
2 —2~~ C’

PA ~ C(M2)~K + C (M2y2aK ~ ~ + (~M~ (4.21)

i.e. the recoil A polarizationis expectedto go down with decreasingM2 (increasing xI). This is
evidentlya significant triple Reggeprediction,which can be checkedwith the availablePA data.
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4.1.2. Polarizationat the nonfragmentingvertex
As noted earlier, the polarization at the nonfragmentingvertex Pa correspondsto helicity flip

couplingat the aãvertex(fig. lc), andhenceit is predictedto vanishat moderateM2 for factorisingpole
exchanges[166].This is analogousto the 2-body reactionsyp—*ir~n,pn—~npand ifp—*p°n,wherea
factorising pion pole exchangeis required to vanish in the forward direction, as it correspondsto
helicity flips atthe two verticest.None-the-less,the reactionsareknownto showforwardpionexchange
peaks;andthey havebeensuccessfullyaccountedfor by the absorptivecut model (rrP cut) [170].This
has led Phillips, Ringland and Worden [167] to suggesta finite polarizationat the nonfragmenting
vertex Pa, arising from absorptivecuts. Since Pomeron(and also f, oi) have negligible helicity flip
couplingthe dominantcontributionto Pa is expectedto comefrom the absorptivep cut (pPcut). This
immediatelyleadsto the 2 predictionsbelow.

(1) Energydependence— At fixed M2/s (or x)

Pa 0~~_h/2 (4.22)

(2) Mirror symmetry—

Pa(b ~ c)= Pa(b —~-~ c)

and

Pa(i~~~* ‘Tb) = Pa(if ~* if) (4.23)

wherethe latter predictionfollows from G parity — i.e. a p, couplingto the pp vertex,requiresan odd
numberof p to coupleto theirri system(fig. ic). This predictionis phenomenologicallysignificant,since
thereis someprotonpolarizationdata for ‘rr~—~--~ ir~.Further,therehasbeenpredictionsof the M2/s
(or x) dependenceof Pa(rr~—~-+iT~)correspondingto various absorptivecut diagramsin the triple
Regge region. We shall simply reproduce the diagrams along with the correspondingx and s

dependencefrom the works of Paigeand Sidhu [1071(fig. 2a) and of Soffer and Wray [171](fig. 2b).
They exhibit explicitly, of course,the energydependenceand the mirror symmetry propertiesmen-
tioned above.

4.2. The A-polarizationdata

There is a significant amountof polarizationdataavailablenowfor inclusiveA production,sincethe
A polarization is easily measuredthrough its decay distribution. These are presentedbelow, and
comparedwith the Mueller—Reggepredictions.

4.2.1. Energyandx dependence
(1) Let us first considerthe exoticprocess

pE*A.

t Note that angularmomentumconservationrequiresthe overall helicity flip to bezeroin the forward direction.Thiscan beachievedthrougha
compensationbetweenthetwo helicity flips, but only for a nonfactorisingexchangemechanism.
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xb~Ia2x: ~

(a) (b)

a, a
2 a3 a4 Pa 0

P~~C— (I-X)~s~pp pp — (I—X) s

P PP
ff pp. PPPP — (I-X) ~‘2 C

P P ~ (I - x)’ ~2

~ P P ~ (I - x ~ 1/2 ~ /2Fig. 4.2. Absorptive p-cut contributionto thepolarizationat the nonfragmentatingvertexlr±_.?_..s~ The diagrams(a)and (b) are consideredin
refs. 11071 and [171]respectively.

The recoil A polarizationdataat 6 GeV/c [172]and19 0eV/c [1731areshownasa function of x in fig.
3c. It is seento be energyindependent,in agreementwith the Mueller—Reggeprediction.This is also
evident from fig. 4, which showsthe energydependenceof polarizationintegratedoverx = —ito —0.8.
There is, of course,very little polarizationoutsidethis region.The correspondingvalue for PA in
p—~---s.A, whichis alsoexotic, is—0.1 ±0.3 from the 32 0eV/c data[174].Unfortunately,the uncertainty
is too large to makea meaningfultestof the factorisationprediction.

Onemaycomparethe observedx dependenceof fig. 3c, with the triple Reggepredictionof eq. (21).
Thereseemsto be a clear discrepancyhere— whereasPA is predictedto go downwith decreasingM

2
(i.e. Ixi —~1) the data shows the oppositetrend. The discrepancyis particularly intriguing since the
correspondingunpolarizedcross-sectionwas seento be in reasonableagreementwith the triple-Regge
prediction (section 3). Hence it calls for a more detailed investigation. The 6 0eV/c data [172]
measuressimultaneouslythe targetprotonandthe recoil A polarizations.For thetriple Reggeregion of
interest(x = —ito —0.8) it gives [175]

= 0.42±0.08, Pb = —0.21±0.07, D = —0.39±0.21 (4.24)

which corresponds,via eqs. (15—18), to

= 0.11 ±0.06, P’-’ = 0.32±0.06, a-N/a-U = 0.44±0.22. (4.25)

Thus it suggeststhatunnaturalparity exchangesdominatenot only thepolarizedcross-section(eq. (20)),
but the unpolarizedone (eq. (19)) as well — i.e. CU ~ CN in eq. (21). Consequentlyone expectsonly a
marginaldecreaseof PA towardsIxI —*1. But it still cannotaccountfor the increasetowardsIxI —~ 1, seen
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Fig. 4.3. Thedependenceof thepolarizationof A on xis shownfor: (a)pp dataat3.6,5.7,12GeV/c;(b) Kp (nonannihilation)dataat 4.2 GeV/c,lrp at
15GeV/c;(c) pp dataat6 and 19GeV/c.

for the PA dataof fig. 3c. Moreover,the discrepancycannotbe accountedfor by the absorptivecuts,at
leastin its simple form consideredso far [107]sincetheygive extremelysmallpolarization(PA < 5%).

Thus the inclusive polarization data seemsto suggestthat the cuts are significant and qualitatively
different from the simplestabsorptionprescription.One maynote an interestingparallelwith 2-body
reactionslike irp —+ ‘Tr°fl,which showssubstantialpolarization,in disagreementwith the simplestpoleor
pole plus absorptivecut model predictions;andon the basisof which identical conclusionshavebeen
drawn[170,176].

(2) Let us nextconsiderthe nonexoticprocesses

p

As discussedin subsection4.1.1 above, thesepolarizationsare expectedto be roughly equal. This
seemsto be in agreementwith the A polarization data for pp [177, 178, 1801, ifp [1791and Kp
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Fig.4.4. Theenergydependenceof thepolarizationisshownfor the region—1.0<x <—0.8from pp, pp, Kp (strangenessnonannihilation)and 1rp

data.

(nonannihilation)[180] shown in figs. 3(a,b) and 4. In this context, it is worth noting that these
polarizationsarevery differentfrom thoseof p—~-~ A (fig. 3) andof p—~ A (fig. 5). Within the limited
energy range and the rather large uncertaintiesassociatedwith thesepolarization data, they are
consistentwith a rough energyindependence.As regardsthe x dependence,the quality of data is
evidentlytoo poor hereto makeanymeaningfulcomparisonwith the triple Reggepredictions.

0.5 I I I I I I I I I

0.2

- -.0.5 I I I I I I

-(.0 -0.5 0

x
Fig. 4.5. The PA versusx plot for the strangenessannihilation processK +p —~A + pions and strangenessnonannihilationprocessK + p —~

A +KK + pionsat 4.2 GeV/c: E and U for strangenessannihilationand nonannihilationrespectively.
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(3) Let us finally considerthe strangenessannihilationprocess

p—~-~A.

Unfortunatelythe separationbetweenthe strangenessannihilationandnonannihilationcomponentshas
beendone only with the 4.2GeV/c data [180].The two componentsare shown in fig. 5; and are
evidentlyvery different.The correspondingpolarizedcross-sectionsareshownagainstM2 in fig. 6. The
annihilation componentis seento be dominatedby the resonancesir, p, w, f, A

2. It is tempting to
identify this featurewith the duality prediction that the annihilationcomponent,correspondingto 4
exchange,is dual to thesenormal resonances,whereasthe nonannihilationcomponentis dual to ~, f’
andthe background.

Since,the annihilationandthe nonannihilationcomponentsof

p -~-~ A

havenot been separatedin the higher energydata [174,181—185], the net A polarizationis shown
againstPlab in fig. 7a.There is a discernibledecreasein PA andperhapsa changeof signin going from 4
to 32 0eV/c; which can be understoodas follows. As discussedin subsection4.1.1 above, the
annihilation and the nonannihilationcomponentare each expected to give a roughly energy in-
dependentpolarization.However,their signsareopposite,as one seesfrom the 4.20eV/c data— P~
0.2 andP~ —0.2. Now, the nonannihilationcomponentis rapidly increasingwith energy— it is about
10% at 4.20eV/c and 60% at 32GeV/c. One thereforeexpectsthe net polarizationPA to show a
decreasefrom 0.2 to a slightly negativevalueoverthisrange;whichseemsto bein agreementwith data.
In concluding this analysis we should stress the need for separatingthe strangenessannihilation
componentsin thesep—~--~Adata[174,181—185].

(4) Fig. 7b showsthe momentumdependenceof PA from kaonfragmentation

K-.~E-.~A

from the above experiments[174,180—185], for the correspondingtriple Reggeregion x> 0.8. The
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Fig. 4.6. Pkdu/dM2 versusM2 0 and• for strangenessannihilation andnonannihilationrespectively,for p—~--’A.
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Fig. 4.7. Themomentumdependenceof P,
5 from K+p—+A+X: (a)with x <—0.8 and (b) with x >0.8.

leading triple Regge terms expectedare, of course,N~N.Pand .NNR. However, the line reversed
processK~~ A, correspondingto the triple Reggeterm N~N1P(since it is exotic), seemsto have
muchsmaller cross-section[182].Thus one mayexpectthe process~ to be dominatedby the
Reggeonexchangeterm aloneand hencean energyindependentpolarization[182].This seemsto be
consistentwith the data,within their ratherlargeuncertainties.For the line reversedprocessK~~ A,
polarizationmeasurementsexistat 13 0eV/c [186] and32 0eV/c [174].For x >0.3, the values of PA
are—0.3±0.2 and —0.4±0.2 respectively— i.e. independentof energy,againwithin largeuncertainties.

4.2.2. PT dependence
The recoil A polarization for the target fragmentationregion (x < —0.2) is plotted against its

transversemomentumin fig. 8, for

~ A.

This includesthe240eV/cpp dataandISRdataat = 53,620eV/c[187]in additionto thosediscussed
earlier.For thesakeof comparison,thePA datafrom nucleartargets[188—190]arealsoshownin thesame
figure. ThePA data from the strangenessannihilationprocess

p -~-~ A

is shownseparatelyin fig. 9.
All thesePA data evidentlyshow strongPT dependence,as first pointed out in ref. [189].One can,

however,seesomestriking similarity amongstthestrangenessnonannihilationprocessesshownin fig. 8.
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Fig. 4.8. The A polarizationis shown asafunction of the transversemomentumof A from: (a)pp dataat 3.6 and5.7 GeV/c; (b) Kp (strangeness
nonannihilation)at 4.2 GeV/cand irp at 15GeV/c;(c) pp dataat 24 GeV/cand Vs = 53, 62GeV/calongwith thepPtdataat 24 GeV/candpBe
data at 300GeV/c.The smoothcurverepresentsthetrendof thecombinedpp dataat 3.6 and5.7 GeV/c.

For small pr(<O.
4) all the polarizationsare small exceptfor pp. More strikingly, they all become

increasinglynegativeat largePT; andin fact for PT> 0.4,all the PA dataon protontargetseemto have
roughly thesameshapeandmagnitudeirrespectiveof the type andenergyof the incidentparticle.The
nucleartargetdatashowasimilar trendbut a weakerp-

1- dependencethantheprotontargetdata.This is
perhapsunderstandable,sincethe nucleareffects,in general,decreasethe polarization.

As regardstheoreticalinterpretationof the abovesystematics,one realises,of course,that the
Mueller—Reggemodel is of little usehere.Firstly the Reggemodelshavelittle predictivevaluefor the
p-v dependence(i.e. t dependence),which is hiddenin the residuefunctions;andsecondlytheyare not
reliable at largePT anyway. An empiricalmodelhasbeensuggestedto explain thesepolarizationsat
high energies,using diquarksas dynamicalentities[191].In this modelthe A polarizationstemsfrom
the production mechanismof the s-quark, the structure of A being (ud)os, where the (ud)o pair
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correspondsto I = S =0. This modelpredictsthe A-polarizationsof approximatelythe correctmag-
nitude. But the insensitivityof the A-polarizationon incidentenergy,as observedexperimentallyfrom
3.60eV/c to the TSR energies,will be difficult to accountfor in this model.

4.3. Otherpolarizationdata

We discuss here the limited inclusive polarization data available for processesother than A
production.

4.3.1. Pt~~P
The targetpolarizationasymmetryPb dataavailablefor this processat 6 0eV/c [192]is shownin fig.

10. As discussedin subsection4.1.1 above,this provides a useful probe for the interferenceterms
betweendiffractiveandnondiffractiveexchanges(i.e. the triple ReggetermspPp andA2PA2) [169].As
we see from this figure the polarizationis rathersmall (essentiallyconsistentwith zero)overthe triple
Reggeregion of interest.This is consistentwith the triple Reggeanalysisof the p—~--*p cross-section,
discussedin the next section,which suggeststhe nondiffractive contributionto be dominatedby pion
exchangeandhencea negligible interferenceterm betweenthe two. For a quantitativeestimateof the
interferenceterm,of course,oneneedspolarizationdataat higher energiesandof substantiallyhigher
precision.

4.3.2. ~

The targetpolarizationasymmetryPa availablefor this processat 8 GeV/c [193]is shownin fig. 11.
This is the polarizationeffect at the nonfragmentingvertex, discussedin subsection4.1.2, which is
extremelyinteresting,as it probesthe effect of cutsin inclusivereaction.The dataseemsto agreewith
the mirror symmetry prediction of the p-cut models (eq. (23)). It should be noted, however, that
nonzeropolarizationis seenessentiallyat a single masspoint (apartfrom the elasticpoint,of course).It
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should be emphasisedthat nonzeropolarizationfor the elasticor the individual resonancecontributions
in the missing mass channel do not imply Regge cut exchange.It is only when these individual
resonancecontributionsto Pa are additive,doesit imply (via duality) a finite polarizationeffectbuilding
up atlargeM2, andhenceReggecut exchange[167].To checkthis point it is essentialto havedatawith
finer massresolution.It is equally importantto havedataat higherenergiesin order to checkthe

5—t/2

energydependence(eq. (22)), predictedby the p-cut exchanget.The threefeaturesmentionedabove
(mirror symmetry,no significant oscillations in M

2 and s112 energydependence)are commonto all
absorptivep-cutgraphs.In contrastthepredictedx distributionarevery different for differentgraphsas
shownin fig. 2. Thus a precisex-distributiondatawould be able to distinguishbetweenthecontending
graphs.In short,the availabledataon Pa gives an encouraginghint for p-cut exchange;but it is essential
to havemoredetaileddata for a convincinganswer.

4.4. Summary

Let ussummarisethe essentialfeaturesof the inclusivepolarizationdata.
(1) The recoil A polarizationfor the exotic processp—~-* A is independentof energy,in agreement

with the Mueller—Reggeprediction.However, the x-dependenceseemsto be in striking disagreement
with the triple Reggeprediction;andit seemsit cannotbe resolvedby including absorptiveReggecuts.
This point is evidently very significant; and it needsfurther experimentaland phenomenological
investigation.

(2) The recoil A polarizationfor the p ~ A data seemto be roughly equal, as implied by
factorisation,exchangedegeneracyand the 2-body coupling relations.The agreementis particularly
impressivewhenonecontraststhe PA for the aboveprocesseswith thosefor p —~-~ A or the strangeness
annihilation processp—~-~ A. In this context, it seemsdesirableto separatethe annihilation and
nonannihilationcomponentsin the p—~—~ A data,which is presentlyavailableonly at 4.20eV/c.

(3) Thereseemsto bea strikingempiricalsystematicsin thepr dependenceof theA polarization.All
the PA dataon protontarget(exceptfor the strangenessannihilationprocessp ~ A) haveroughly the
sameshapeandsize for PT> 0.4, irrespectiveof the energyand type of the incident particle.The PA
dataon nucleartargetsalsoshowa similarbehavior,but the PT dependenceis lesssteep.

(4) The limited polarizedtargetasymmetrydataavailablefor p~—~—~p is consistentwith negligible
interferencebetweendiffractive and nondiffractive exchanges— i.e. the triple Reggeterms Ppp and
PA

2A2~0.
(5) The limited polarizedtargetasymmetrydata availablefor the nonfragmentingvertexir~~ ir~

gives an encouraginghint for the p-cut exchange;but it is essentialto havea moredetaileddatafor a
convincinganswer.

5. Triple Reggeanalysis (diffraction)

This sectionis devotedto a detailedtriple Reggeanalysisof diffractive excitationandextractionof
therelevanttriple ReggetermsPPP andPPR.Of course,thesetriple Reggeexchangesare knownto be
of specialtheoreticalsignificancefor a numberof reasons.

t It shouldbepointedout in this contextthatthevanishingofP~for factorisingpole exchangehasbeenprovedonly for theleadingorderterm in s
[166.167].
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(1) It is importantto knowwhetherafinite triple Pomerontermexists,sinceit is thefirstnontrivial step
in the multiple Pomeronexchange,as suggestedby the t-channelReggepictureof diffraction.

(2) It is equally important to know whetherthe triple Pomeronterm PPP (if it exists)vanishesat
t = 0, as required in the conventionalpole or weak cut modelsof Pomeron[56,64] (see subsection
1.4.3).

(3) The relativemagnitudesof the PPPand PPfcouplingswould be able to distinguishbetweenthe
predictionsof ref. [36](Gppf~ ~ basedontopologicalconsiderations,andref. [50](Gppf= ~ based
on f-P proportionality (seesubsections1.3.4 and 1.4.2).

(4) Onecan alsofind out if thediffractively producedresonancesaredual to PPPaspredictedby the
topologicalconsiderations[36] or to PPfas predictedby f-P proportionality [50].

(5) Finally the knowledge of PPP and PPR parametersare useful in estimatingthe diffractive
contributionto the pionisationcross-sectionand moreimportantly to correlation,aswe shall seein the
last two sections.

5.1. Earlier results

Naturally the triple Reggephenomenologyof diffraction hasreceiveda gooddealof attentionfrom
the very beginning.Some of the early works are listed in refs. [194—197].But a detailedquantitative
analysiswas possibleonly after the arrival of the FNAL andISR data[198—203]on

pp—~pX. (5.1)

No single experimentof this lot was adequate,however, for a complete triple Regge analysis.
Moreover, there were significant inconsistencyproblemsbetweenthem— in particular betweenthe
Columbia—Stonybrookdata [203] and the others.Hence the triple Reggeanalyseswere necessarily
based on compilations of different data; and there were significant quantitative disagreements
[169,204—208],arisingfrom one’schoiceof the input data.Thus two global datafits by Fieldand Fox
[169]andby RobertsandRoy [208]gavesignificantly different results— i.e. a PPPcouplingsignificantly
larger(smaller)thanPPRfor theRR (FF) fits (fig. 4)— sincethe FF fit includedthe C-S data,whereasit
was excludedin the RR fit, in view of its inconsistencywith the other datat. The disagreementwas
particularlyseriousatsmall t~,wherethe only high energydata availableat thisstagewere the bubble
dataof refs. [200—202], apartfrom the C-S counterdata.This disagreementwas reflected,of course,in
the correspondingestimatesof the diffractivecross-sectionrise (table4). None-the-lessa nearunanimity
had been reachedat this stageabout such general features,as the presenceof a sizeablescaling
componentPPPandthe PPPcouplingnot vanishingatt =0 [169,204—208].

Therehavebeenseveralexperimentaldevelopmentsin the subsequentyears,which seemto support
the RRsolutionratherstrongly. Firstly the C-Scollaborationhaveextendedtheir datato a wider range
of s and t, which enablesthem to do a completetriple Reggeanalysiswith their own data [2091.And
the result is exactly the opposite of all the other experiments— i.e. inelasticdiffraction is completely
saturatedby the nonscalingcomponentPPR.Theirresult is comparedwith thoseof RR andFF fits in
table 1 below. It clearly illustrates the incompatibility of the C-S result with that of the other
experimentsandhelps one to understandthe quantitativediscrepancybetweenRR and FF solutions.

t Although therewereotherminordifferencesbetweenthetwo fits, wehavecheckedthatthedisagreementwasalmostentirelydueto theC-Sdata.
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Table 5.1
Breakup of thediffraction peak (IxI >0.9)at 3000eV/c

PPP PPR Nondifiraction
background

RR [208] 75% 15% 10%
FF [169] 51% 34% 15%
C-S [209] 0% 64% 36%

In fact the M2 dependenceobservedin the C-S experimenttis evensteeperthanthe PPR, a more
satisfactorydescriptionbeinggiven by the empiricalformula

do — 3 6.3: [15±0.5~2.9±0.1] (52)
dtdM26~e ~ ~ M37~°t]~

Secondlytherehavebeentwo othercounterexperimentsat FNAL — the DRRF[210]andtheFSASF
[211]experiments— eachof which suggesta dominantPPPcont.atsmall t. The DRRFexperimenthasa
ratherrestrictedrangeof t and x for a completeTR analysis, and also their normalisationhassome
quantitativeproblemas we shall discusslater. On the other hand, the FSASFexperimentcoversthe
relevantrangeof t andx; and is adequatefor a completeTR analysiseventhoughits energyrangeis
limited (essentially70—1400eV/c).

5.2. Detailedfit to theFSASFdata and comparisonwith earlier data

We havedone a detailedtriple Reggefit to the FSASFdataalongwith 24 GeV/cdata of the BHM
bubblechamber[2121andthe CERNcounter[213]groupst.The PS data(240eV/c)hasbeenaddedas
a checkon the energydependence;but the essentialresult—i.e. the separationof the PPPand PPR
components— follows from the x dependenceof the FSASFdataalone,as we shall see below.

The TR diagramfor the reaction(1) is shown in fig. 1. Since the formalism hasbeendescribedin
detail in sections1 (subsection1.2.2c,d)and3, it neednot be repeatedhere.We shouldsimply notethat
a meaningfulseparationof the PPPandPPRcomponentsrequiresthe useof the FMSR integrals,since
the FNAL data hasa limited energyrange.For it is clear from eq. (8) below, that sucha separation
requiresanalysingthediffractive peak(v/s 1 — x <0.05)over eithera largerangeof s (i.e. goingdown
to the PS energy)or a large rangeof v/s (going down to 0.01—0.02say). In either caseone hits the
resonanceregion,andhencethe necessityof the FMSR.

We fit the first momentFMSR integral

I(s, r) = J(v/s)dt d(v/s)d(v/s) (5.3)

t It may benoted that this experimentwas done on polypropeneand carbontargets,from which the proton target data was obtainedby
subtraction.

4The two setsof 24 GeV/cdataagreein the t andM2 distributionsbut thecounterdatahasaround 10% highernormalisation.Sinceitsquoted
normalisationuncertaintyis also 10%,and thebubble chamberexperimentshavegenerallymore reliablenormalisation,we havescaleddown the
counterdataby 10% asin the RR analysis.
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Fig. 5.1. Triple Reggediagramfor pp-.pX.

over thelow missing massregion,andthe function

do

F(s, v/s) = (v/s) dt d(v/s) (5.4)

at somehigh missingmasspoints,where

v=M2—m2—t. (5.5)

For most of the t range of interest, the r and v/s variableswhere I(s, r) and F(s, v/s) are fitted
respectivelyareindicatedbelow.

s r v/s

46.8 0.04, 0.06 0.08, 0.10
130.7 0.02, 0.03,0.04, 0.06 0.094
260.6 0.01, 0.02,0.03, 0.04, 0.06 0.097

324.9 0.01, 0.02, 0.03 —

(all together18 points)

We generallyusethe 6 term formulae

r32’~
I(s, r) = ~ + GPPR ,,— + GRRP

(3—2ap) (2.5—2ap)vs (3—2aR)

2.52~~ r3~”
+GRRR(2.5—2aR)~+ ~ (3— 2a~)+ G~R(2.5— 2a~)~ (5.6)

and
2—2ap 1.5—2ap 1

F (s,~) ~ (‘~) + GPPR(~) + GRRP(~)
1.5—2mg 1 2—2a,, 1.5—2~

+ GRRR(~) . G,~(‘~) + G.,,,,R(-~) . ~= (5.7)
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with

aR=0.5+t and a,~=—0.02+t. (5.8)

The resultsfor t = 0.05 areshownin the following table(setI). For comparisonwe havealso showna
4 term fit, whereboth vector—tensorandpion exchangesare describedby asingle effectivetrajectory
01R, left free (set II) — as followed by RR. The low value of the resultinga~is suggestiveof a very
significant ii contribution. Of coursewhether one treatsthe vector—tensorand the pion exchanges
separatelyor througha single effective trajectorymakeslittle differenceto thediffraction parametersas
one sees from this table. However, treating them separatelyhas the advantageof reducing the
interferenceterm ambiguity, since ir and P do not interfere and RP interferenceis boundedby a
Schwarzinequality

Opfp.4fpp � 2 cos~ (ap aR)Vcrppp ~J•~~p~ ‘t/Q~ppp. o~p (5.9)

whereo dojdtdv. To estimatethe size of the ambiguitywe haverepeatedthe 6 term fit with an
interferenceterm addedat the abovemaximalvalue(setIII). We see that it makeslittle differenceto
the diffractive TR parameters~ and GPPR. This is an extremelysignificant resultsincethereis no
reliable estimateof the precise values of the interferenceterms. The closest one can get to a
phenomenologicalestimateis throughthe polarizationasymmetrydatafor pp ~—* pX discussedin thelast
section(fig. 4.10)or the inclusivecross-sectiondifference

a~rrp-~ irX) — o~(irp-~ ir~X) (5.10)

for which the FSASFdata is shownin fig. 2. The dominantTR term for bothis the interferenceterm
pPp. But the quality of thesedata are evidentlyinadequatefor a quantitativeestimateof pPp; and
besidesthereis no quantitativelyreliable way of connectingthis to the interferenceterm of present
interest,i.e. fPP. None-the-less,it is reassuringthat both thesedata are at leastconsistentwith a
negligiblysmall interferenceterm (‘=0), in agreementwith our presentanalysis.

On the basis of the aboveexperiencewe haveextendedthe set I fit (6 termsand no interference
added)to other t values.Herewehavefixed

ap=1+0.25t (5.11)

Table 5.2
(In) sensitivity of the duff. TR couplings ~ and GPPR to the parametrisationof the nondiff. termsand the interferenceterm

ambiguity,asexplainedin thetext. Thecouplingsarein mb/GeV2 units (t = —0.05)

Fit ~2/v ap ~ ~ GRRP GRRR G,,,,p G,,,,R

9.6 0.995±0.003 3.94±0.20 0.43±0.13 6.6±5.1 26±16 559±110 72±182

ii ~j-~ ~ 4.02±0.12 0.49±0.13 425±49 265±126 (aR = 0.01±002)

~ 3.67±0.15 0.55±0.13 3.2±1.5 4.7 ±11.6 499±69 295±200
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Fig. 5.2. FSASF dataon the diffractive processes-n’p -+ ~X and thecorrespondingcross-sectiondifference.The latter measuresthetriple Regge
interferenceterm pPp.

as suggestedby 2 body data(we havealsorepeatedthe fit with a‘~. 0.4, aswill bediscussedlater).The
resultingcouplingsareshownin the following table.

Of course,the nondiffractiveparameters,as determinedfrom this fit haveratherlargeuncertainties.
It shouldbe noted,however,that the rrirP couplingis consistentwith the form

G —_~_.K!~.~ ~. (—t) 14.5x21 (—t) ‘512
— 4~. 4~.UT~1T~‘ (t — p2)2 4ir (t — 0.02)2

suggestedby an extrapolationfrom on-shellirN scattering[214]whichalso agreeswith thepn -+ px data
over the availablerange0.15 < frI [215,216]. Only at t = —0.05 doesthe presentestimateof G,,,,~show
an excess(fig. 3). But as indicatedin the tablebelow, this excesscan be tradedoff for a moderateGRRP
without affectingthe x2 of the fit or the diffractive parametersappreciably.

The diffractive parameters~ and GPPRaredeterminedquite precisely.Thesearecomparedwith
the fits of RR andFF in fig. 4. Evidently, the FSASF data favour the RR fit rather strongly— in
particulara ~ ~ GPPR at small t. Also shownarefits to the presentcouplingestimatesin the form

~ = 4.74et4~+ 2.23e31’ with ~2/v= 0.9/3, (5.13)

GPPR = 3.45[e43’ — e104’] with x2Iv = 4.3/4. (5.14)
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Table 5.3
The TR couplings (in mb/GeV

2) for the6 termsfit of eqs. (6,7)

—t x2/~ ~ GPPR ~ GRRR ~ G,,,,R

0.05 4.24±0.24 0.51±0.18 .15±5 27±18 619±112 21 ±150

(0.05 ~ 3.80±0.13 0.73±0.15 44±5 1±10 167 259±200)t

2.8 2.74±0.11 1.16±0.12 38±5 0±9 124±60 0±116

0.15 1.89±0.08 1.13±0.10 35±5 15±11 104±62 4±153

0.2 9.2 1.43±0.07 0.92±0.10 35±4 22±11 47±44 0±147

0.25 1.11±0.24 0.94±0.12 21±5 41±12 49±45 0±139

0.35 8.6 0.80±0.06 0.70±0.07 23±5 20±16 133±98 0±88

0.45 8.6 0.54±0.03 0.47±0.05 22±4 46±15 34±56 0±105

t Fit obtainedby restricting G,,,,~to <300.

I000 -

N
>5.1
(2

E

(2 0

too -

IC I — I I I
-t ‘2 ‘3 -4 ‘5

—t (GeV2)
Fig. 5.3. Their’nP triple Reggecouplingsof table 3 comparedwith extrapolationformula (eq. (12))of Bishari [214].The point x Correspondsto the
constrainedsolution,shown in bracketsin table 3.
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Fig. 5.4. The diffractive triple Reggecouplings~ and GPPR of thepresentfit. For comparisontheresultsof theFF [1691and RR [2081fits are
also shown.

The ~ can alsobe fitted by a quadraticexponent

= 6.22e(891±786t2) (5.13a)

but with a somewhatlargerx2I~(= 5.3/4). We should note that identical TR parametershave been
independentlyobtainedfrom thesedataby Roberts[217].

The energydependenceof the 1st momentI(s, r = 0.06)is shownagainstthe inputeddatapointsfor
—t = 0.05, 0.1 and 0.15 in fig. 5. Fig. 6 comparesthe I(s, r = 0.04) at —t = 0.05 of the presentfit with
thoseof RR and FF fits. In addition to the inputed FSASFand the BHM datapoints,the 2000eV/c
ANL-FNAL [202]dataand the20 0eV/c dataof Edelsteinet al. [218],arealsoshown.Comparisonof
the FSASFandthe low energydatapointsevidently suggestsa very smallnonscalingterm PPRunlike
the FF fit. We shall seebelow that the sameresultalso follows from the FSASFdataalone,whenone
looksatthe missingmassdependence.

The F(s, v/s) data are plotted against v/s for —t = 0.05, 0.1 and 0.15 in the figs. 7, 8 and 9. Also
shownare the cross-section(solid line) andthe diffractive contribution(dashedline) of the presentfit,
for the central FSASF energy of s = 261. The fit has, of course,very little energydependence,
particularlyat —t = 0.05 (s5percentovertheFSASFenergyrange).In theregion v/s <0.04,dominated
by diffraction, the FSASF data is flat, as requiredby a dominantscaling term PPP. Of course the
resonancebumpslie appreciablyabovethe scaling curve. This must not, however,be interpretedin
termsof a nonscalingcontributionPPRt. For this exactlycompensatesfor the fact that the inelastic

tThis point shouldbestressedasseveralexperimentalpapershavetriedto interpret theenergydependenceobservedover thevery low missing
massregion, in terms of thenonscalingcomponentPPR.
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Fig. 5.7. The ,‘/s dependenceof the presentfit comparedwith the availabledata at —t = 0.05. The diffractive component(PPP+PPR) is shown
separatelyby thedashedline.

thresholdis a nonscalingquantity— it goesdown like s~.The effect is particularlysignificant at low t,

since,the elasticcont. is suppressedby the (—t)/s factor. This contributionis shownat the bottomleft
corner-spreadoverthe sub-thresholdregion.The excessin the resonanceregion compensatesthe short
fall of the elasticcontribution,so that the first momentintegral is well matchedby a flat scalingterm at
all energies.This is separatelyillustratedin fig. 10 wherethelow massintegrals(0< v<2.6) areseento
agreewith our PPP dominatedfit to within 10—15 percent. On the other hand a sizeable PPR
contribution,as in the FF fit, would over shootall the data points,andmostof them by 30—40 percent.

In additionto theinputeddatawe haveshowntheANL-FNAL data[202]at s = 385 andtheISR data
[198]at s = 550 in figs. 7—9. They agreewith the FSASF data both in shapeandnormalisation.At
—t = 0.05, we also show the C-S data (interpolatedfrom the —t = 0.037 and 0.066 points using their
quotedslopeof 6.3) [219]andthe DRRFdata[210].The DRRFdatapointsareestimatedfrom pd —~dx
data using factorisation;but the s = 190 and 570 points havebeenextendedbeyond v/s = 0.017 and
0.025 using their pp—* px data at s= 290 and700 respectively.This agreesin shapewith the FSASF
data— i.e. a flat cross-sectionfor v/s <0.04 which also matcheswith the integral over the low mass
region (0< v <2.6). In contrastto all these data the C-S data, has a pronounceddip in the
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Fig. 5.8. Sameas fig. 7, for —t = 0.1.

0.02< v/s <0.03region,aflat extrapolationfrom which will also far undershootthe low massintegral.
This clearlyshowswhy theyneeda dominantPPRterm.

Finally we should commenton the energydependenceof the DRRFdatawhichseemsto fall by 20
percentfrom s = 190 to 1045. It seemsto us that this hasnothingto do with the relative size of the
scaling and nonscalingcomponentsof diffraction (i.e. PPPversus PPRt). For it showsa fall of this
magnitudefor a fixed M2 bite as well (as also for the individual duff, resonances),wherethe energy
dependencecan only come from nondiffractive exchanges.The integral over the low missing mass
region (0< v<2.6) is shownin fig. 10 againsts~.Although a sufficiently largenondiffractiveexchange
can accommodatea 20 percentfall in the s = 190to 1045 range,the resulting extrapolationwould far
overshootthe low energydata, as it correspondsto a s1 (vector—tensorexchange)or faster (pion
exchange)energydependence.Thus,in the conventionalReggeframeworkit is hardto reconcilesucha
rapid decreaseover the FNAL energyrangewith the nearconstancyof the diffractive cross-section
betweenPS andFNAL energies.Moreoverit seemsto beinconsistentwith the compilationof bubble
chamberdata over the FNAL energyrange[200,202],althoughtheyhavelimited statistics.Therefore

4 To checkthis explicitly wehavefitted the v/sdist. of theDRRFdata(fig. 7) to eqs. (6,7). At eachenergywe geta Gppp/GppR ratioof about
10, in agreementwith theFSASFfit.
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± s=sso C1-4LM— I I I I I I0 02 -04 06 08 tO -125332 45826 3 7 110551 0 Fig. 5.9. Sameas fig. 7, for —t = 0.15.we feel that this energydependencemaybe largely attributedto an energydependentnormalisation
error of -‘--15 percent.One should note that the quotednormalisationerror for the pd—*dx cross-
section,arisingfrom extrapolationto t = 0 (optical theorempoint), is 12 percent,and factorisationhas
been testedto a 15 percentaccuracyonly. Since a good part of theseuncertaintiescan be energy
dependent,a net energydependentuncertaintyof 15 percentis quite plausible.None-the-lessthe effect
seemsto us sufficiently intriguing to warranta high statisticsmeasurementof the pp—~pX cross-section
(like the FSASF)over the full FNAL energyrange.

Beforeclosingthis sectionwe would like to makea factorisationtestwith the FSASFdataon

(5.15)

For v/s <0.03, the inclusivecross-sections(1) and (15), areexpectedto be dominatedby the diffractive
component(seefig. 7) andhencePomeronfactorisationimplies

do- + + / do- do /do-

dtd(v/s)~p—*rr X)
1 ~ ~-(pp—*pp). (5.16)

The ratio of the 2 inclusivecross-sectionsfrom the FSASF expt. arecomparedwith the corresponding
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Edelsteinet al.

elasticcross-sectionratiosin fig. 11, at —t=0.05,0.15, 0.25 [2171.Thus whereasthe irp—*irX data is
inadequatefor an independentTR analysisit is reassuringthat it is at leastconsistentwith the Pomeron
factorisationprediction.

5.3. Consequences

The main resultsof the foregoing triple Reggeanalysis— i.e. (1) a nonvanishingtriple Pomeron
coupling at t =0 (G~~~(0)#0) and (2) dominanceof the triple Pomeroncomponentin diffraction
~ ~‘ GppR) — haveseveralconsequencesof interestto the theoreticalmodelsfor Pomeron.

5.3.1. Nonvanishingtriple Pomeroncoupling(G~~~(0)#0)
As discussedin the first section(subsection1.4.3), this result implies that the simplepole model for

Pomeronexchangeor the poleplus cut model a la the standardperturbativeGnbovcalculus [56] are
inconsistentwith the asymptoticunitarity constraint.It thereforefavoursthe so-calledstrongcoupling
solution to the Gribov calculus [64], where the multi-Pomeroncuts are treatednonperturbatively.
However, the thresholdsuppressionfor the multi-Pomeronexchangesare so severe,that over any
realistic energyrangethe total cross-sectioncanbe approximatedby the Pomeronpole and the first
order cut termsas in the standardperturbativeapproach[220,221].
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Fig. 5.11. The factorisationpredictionbetweenthe diffractive processespp —+ pX and ~rp—yirX comparedagainsttheFSASFdata [2171.

5.3.2. Diffractive cross-sectionrise
The integraldiffractive excitationcross-section

O.2s imin

o-~2 J dv J dt~2~~ (5.17)

calculatedfrom the presentfit is shown for the two extremeISR energies(s = 360 and 3600) in the
following table, along with the RR and FF results. To check the Sensitivity of the diffractive
cross-sectionrise on theinput Pomeronslopewe haverepeatedthe triple Reggeanalysiswith a

apl+0.4t. (5.18)
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Table 5.4
The inelasticdiffraction cross-sectiono’°(mb)from thepresentfit shownfor
the ISR energyrange (s = 360—3600).The RR andFF resultsarealsoshown

for comparison

~.PPR ~.D

FF 3.60 2.52 6.12
RR 5.64 1.29 6.93

360 Presentfit 5.84 0.84 6.68
Presentfit (aj.=0.4) 6.11 1.0 7.11
FF 5.06 2.18 7.24
RR 8.37 1.14 9.51

3600 Presentfit 8.62 0.75 9.37
Presentfit (al’O.4) 8.77 0.78 9.55

The resultingcouplingscan be parameterisedas

~ = 4.69e19.31+ 3.23e29’ (5.19)

GPPR = 7.74[e34~— e59’] (5.20)

and the correspondingcross-sectionsareshown in the sametable. The diffractive cross-sectionrise is
evidently insensitive to the choice of a~.One getsa rise of 2.7mbwith a’p = 0.25 and 2.4mbwith

= 0.4, which areclose to the RR estimateof 2.6mbt,but morethandoublethe FF valueof 1.1mb.
To this of course,oneshouldaddthe doublediffraction cont.

dDD dD d0!d~
dt dv dv’ = dt dv’/ ~ (5.21)

integratedover t, v and v’. This gives a further rise of ~1 mb over the sameenergyrange.Thusthe net
diffractive cross-sectionseemsto rise by 3.5 mb over the ISR range,which is numericallycloseto the
observedrise in the total inelasticcross-sectionoverthis range.

Thus the nondiffractivecross-section

= cr~— o-~— (5.22)

which correspondsto the cross-sectionfor productionof final stateswith no largerapidity gap,seemsto
remainapproximatelyconstant.Whetheror not it implies a constantmultiperipheralcross-sectiono-~,
which definesthe barePomeronpoleexchange,is of coursemodeldependent.In the simple minded2
componentmodel,which is assumedin mostof the multiperipheralmodel calculations,

= o~’~—> const.

4This correspondsto a rise of =1 mbover the FNAL range(a = 200—800),whichagreeswith therise estimatedfrom a compilationof thebubble
chamberdata[222].None-the-less,onestill needsahigh precisioncountermeasurementof thediffractive cross-sectionrise. It will be veryusefulin
this respect,if the FSASFmeasurementis extendedto coverthe full FNAL energyrangeandtheCHLM measurementat ISR is extendedto cover
the full range of 1.
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i.e.

ap(0)~1. (5.23)

On the otherhand,in the Gribov calculusmodel[220,221],which is theoreticallymoreattractive,

= o~l)+2(o~+ o~’)—* Rising

i.e.

ap(0)>1. (5.24)

Thesemodelsarediscussedin greaterdetail in section7.

5.3.3. Dual propertyofdiffractive resonances
Theresult~ ~- ~ is evidentlyin agreementwith thepredictionof ref. [36]basedon topological

considerations,and in disagreementwith the P-f proportionalityprediction [50]. This is in agreement
with an earlieranalysisby Inami andRoberts [52].Moreover the PPRcoupling, as estimatedhere,is
too small to describethe resonancecontributionto the low M2 integral. For instance,at —t = 0.05, the
PPR contribution to the integral

I= Jv~t~dv (5.25)

shown in fig. 10 is only 15—20 percent. Since the elastic contributionitself is ~=20percentand the
N*(1400) contribution is much bigger at this t value, onecannotevidently saturatethe resonance
contributionby PPR. In fact in most resonanceand backgroundseparationanalyses[213,2181the
former constitutesthe majorpart of this integral, and seemsthereforeto get substantialcontribution
from the PPPterm.

This result is in agreementwith the previousanalysesof refs. [206and 169] for pp -+ pX and the
analysisof ref. [197]for irp —* pX. We shouldcomment,however,on a recenttriple Reggeanalysisby
Hidaka [223]which arrivesat just the oppositeconclusion—i.e.diffractive resonancesin pp—~pXare
dual to PPR. It is basedon a limited setof data and on a very restrictedkinematic range(s > 200,
v/S ~z0.04 and 0.2< —t<0.4); and obtains GppR ~ We have followed through this analysis
closely. It seemsto usclear that the kinematicranges,as wehavestressedearlier,aretoo restrictedto
permit a meaningfulseparationbetweenPPPandPPR.

Finally Hoyer andThacker[224]haveobservedan interestingcorrelationbetweenthe t dependence
of elastic and N*(1400) production cross-sections,which strongly supports a duality betweenthe
diffractive resonancesand PPP.In the first momentintegralof eq. (25) above,i.e.

(—t)~(pp—*pp) + (PNo)~ (pp~~*pN*(1400))G~~~(t)’ (5.26)

thesteepN*(1400) slopecompensatesthe suppressionof the elasticcontributionatsmall tin suchaway
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that the two togethermatchthe t dependenceof G~~~(t),as obtainedfrom largeM2 fits, over a very
wide region.

Thus thereseemsto be ratherstrongevidences,suggestingthatthe diffractive resonancesarelargely
dual to the triple Pomeronexchangeas predictedin ref. [36].

5.3.4. Otherconsequences
It is evidentfrom eqs.(7) and (17) abovethat,

do~(PPP,PPR) 1 2

d(ln M2) CP,CR exp{—~ln M } (5.27)

o~D(PPP,PPR) — J [CP,CRexp{—~lnM2}} d(ln M2) (5.28)

M~

whereCPRareconstantsandthe tmjn cut-off in eq. (17) providesan effective cut-off for the diffractive
excitation mass at r s (r — 0.1). Thus,whereasa PPRdominancewould essentiallycorrespondto a
fixed massrangefor diffractive excitation,the observedPPPdominanceof diffraction implies that the
mass rangeincreasesindefinitely with the incident energy. Indeed, the diffractive cross-sectionrise
notedearlier, comesentirely from the productionof thesehigher massclusterswith increasingenergy,
as evidentfrom eq. (28). This hastwo interestingconsequences— (i) a logarithmicincreaseof average
diffractive multiplicity [225,226]and(ii) a diffractive contributionto the pionisationcross-section[2271.

(i) Pomeron factorisation would imply that the diffractive cluster decaysare identical to the
nondiffractiveones,i.e.

(n(M2))~ a In M2 (5.29)

wherea is the coff. of the lns multiplicity rise for nondiffractive events(=2 for chargedpions). More
importantly, the averagediffractive multiplicities of the FNAL bubble chamberdata [2021are in
agreementwith eq. (29). Approximatingn(M2) by its averagevalue,one getsfrom eqs. (27,29)

do-’~/dn— C~,/a. (5.30)

Thus,one expectsa flat diffractive multiplicity distributionover the range0< n <a ln rs — i.e. essen-
tially stretchingup to the Poissonpeakfor the nondiffractive part. It correspondsto an average
diffractive multiplicity

(n~D=~alnrs-+~alns (5.31)

i.e. a In s risesimilar to the nondiffractivecase,but with half its coefficient.

(ii) The CM rapidity of a clusterof massM is

y(M2) ~lnM2/s. (5.32)

Thenit follows from eq. (27) thatthe diffractive clusterspopulatethe CM rapidity spaceuniformly from
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Fig. 5.12. (a) Rapidity distributionof thediffractively excitedclusters(~)and their decaypions(—). (b) The resultingpionisation cross-section.

y ±~lns to i~in r (fig. 12a).Moreoveraclusterof massM is spacedat distance~ln M2 from the end.
Again like the nondiffractive case,the decaypions are expectedto be uniformly distributed over a
rapidity range±~lnM2, as indicatedin fig. 12a. Adding the decaypions from the two sides(beamand
target excitation) one gets the pionisationcross-sectionillustrated in fig. 12b. It evidently shows a
centralplateau.But since o ~ and less thanhalf the eventspopulatethe central region, the
diffractive contribution to the pionisationcross-sectionis expectedto be only S

Thetwo effectsdescribedabovearediscussedin greaterdetail in sections7 and8.

5.4. Summary

(1) TheFSASFdataon diffractive excitationis adequatefor a completetriple Reggeanalysison its
own, in spite of a limited energyrange.It gives a nonvanishingtriple Pomeroncoupling at t = 0 (i.e.
G~~~(0)#0), andalso adominanttriple Pomeroncomponentin diffraction (i.e. ~ ~ GPPR).

(2) Theseresultsarein quantitativeagreementwith the earlierdata,with the single exceptionof the
C-S data.Indeedthe triple Reggeparameters,resultingfrom the FSASFdata,arepractically identical
to thoseestimatedearlier [208],from a globaldata compilationexcludingthe C-S data.

(3) The C-S data,which is alsoadequatenow for a completetriple Reggeanalysison its own, gives
exactly the oppositeresult— i.e. no triple Pomeroncomponentin diffraction (PPP 0). However, the
weight of experimentalevidencenow is overwhelminglyagainstthis result. To that extentthe triple
Reggefits, basedon datacompilationsincluding the C-S points(e.g.ref. [169]),shouldalsobe treated
with caution.
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(4) The DRRF dataon pd—*dX gives PPPandPPRparameters,in quantitativeagreementwith (1)
and (2) above. But it shows a 20% drop in normalisationover the FNAL range,which persistsfor
individual diffractive resonanceslike N*(1400); and it seemshard to accountfor in the conventional
Reggepictureof diffraction. However,the experimenthasratherlargenormalisationuncertainty.

(5) The PPRcomponentfrom theseestimatesturn out to be too small to accountfor the diffractive
resonancecontributionto the FMSR, at least at small ti. Thus the diffractive resonancesseemto be
largelydual to (triple) Pomeronexchange,as predictedin ref. [36].

(6) The dominanceof the PPPcomponentimplies a significant rise of the diffractive excitation
cross-sectionwith energy— by —2.5mb over the ISR rangeand—‘1 mb over theFNAL range.The latter
is in agreementwith the FNAL bubblechamberdata,within their limited statistics.

(7) Finally we should emphasisethe necessityof a high precisioncountermeasurementof the
diffractive cross-sectionriseover the FNAL (and preferablythe ISR) energyrange. In this context it
will be very useful if the FSASFmeasurementareextendedover the full FNAL energyrangeand/or
the CHLM measurementat ISR are extendedto lower ti range. The latter seemsto be in progress
[228].

6. Double Pomeron exchange

A very interestingclass of diffractive excitationis the so-calledDoublePomeronExchange(DPE).

M
2

N ~ 1 ~ M
2 ~ N

— M
2—

cs,~It
2)

N

Thetheoreticalinterestin this process,as mentionedin subsection1.4.3,datesbackto 1964.It was first

observedby Verdiev et al. [54] and then by Finkelsteinand Kajantie [55], that a multiple Pomeron
recurrenceprocesses(of which the DPE is the 1st nontrivial step)asymptoticallyviolates the Froisart
bound. Two ways out of this contradiction havebeensuggested.The first, which was favoured by
Verdiev et al., was for the internal vertex to vanish as t1, t2 —*0. The secondalternative,which was
favouredby FinkelsteinandKajantiewasto do awaywith the factorisingPomeronpolehypothesis.In
particular it was suggestedthat thereare no recurrenceof the Pomeronexchange(DPE 0). This
would be a natural consequence,for instance,in the optical model approachto hadrondiffraction,
wherethe Pomeronis just a synonymfor the opticalabsorptionof hadronin the s-channel,as opposed
to a distinct t-channelexchange.Thus experimentalevidencefor or against DPE is of considerable
importancein decidingthe natureof the Pomeron.Of course,similar constraints,apply for the triple
Pomeronexchange,as discussedin the last section;but DPE is evidently a more explicit exampleof
Pomeronrecurrence.

During the last 3—4 yearsa clearexperimentalevidencefor DPEhasemerged,aswe shallseebelow.
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6.1. Formalism

In termsof the abovediagram

d DPE M2 1—2ap(ti) M2 1—2ap(t))

dt
1 dt2d(M~/s)d(M~/s)= y~(t1) yp(t2) (—~) (—i) ‘ o-pp(M

2,t
1, t~) (6.1)

andthe single diffractive background

d BG ji,q

2 t—2apQi) l—2anp(t))

dt
1 dt2d(M~/s)d(M~/s)= ‘y~(t1)7R(t2) ~ (___) tTPR(M1, t1, t2) + (1*42) (6.2)

wherethe subscriptR standscollectivelyfor all theleadingMesonexchanges.We alsohavethe approx.
equality

for M
24(P~.,,)=0.1. (6.3)

Of course,the eq. (1) for the DPEcross-sectioncan give only suchgeneralpropertiesas the lack of
correlationbetweenthe 2 outgoing protons (figs. 2 and 3 below). For a quantitativeestimateof this
quantity— its size and its dependenceon the centralclustermassand rapidity as well as the incoming
energyandmomentumtransfers— onehasto invoke amodel for crpp(M2, t

1, t2). A standardpracticehas
beento approximatethe PP cross-sectionby the leading Regge behaviour,so that it is immediately
relatedto the triple Reggecouplingsestimatedin the last section.

~~O)

a~It2) a~It1) a~It2) c~It1)

Onehas,of course,to bearin mind that thecross-sectiono-pp correspondsto anevencrossingamplitude
andit peaksin the very low energyregion (M 0.5). Thus extrapolatingthe Reggecontributionsdown
to suchlow energiesassumesa semilocalduality in Pomeron—Pomeronscatteringwhich hasnot been
adequatelytestedfor anyReggeon—Reggeonscatteringt[2291.None-the-less,let usproceedto calculate
the DPEcross-section;we get

do-~)t~E — G~~~(t1)G~~~(t2)(M~\1—

2~op(tj) fM~\l—2ap(t2)

dt~dt
2d(M~/s)d(M~/s)— o-~, ‘,~) ‘ (6.4)

4 The correspondingsemilocalduality for Pomeron—protonor Pomeron—pionscatteringseemsto work down to thelowestresonance(N°(1400)
or A1) butnot down to theBorn term (por ~r)[204,1971.
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where ~ is precisely the triple Pomeroncoupling of the last section ando-~is the Pomeron
contributionto thepp total cross-section(=‘40 mb). We haveneglectedthe PPRcontribution,sinceit is
muchsmallerthanthe PPP.Followingsimilar considerationsfor FPR we get

,~ BG 1.’ It \ (~‘ It \ /AJ
2~ S—2ap(ti) IAI2~ l—2aR(12)

uCT — ~.J PPP~1)‘-‘ RRP~’2) ~lvi i±~±~a 1 2 6 5

dt
1 dt2d(M~/s)d(M~/s)— ‘s,, s ) *4 .

Now the analysesof the last sectionimmediately tell us that in order for the DPEsignal to dominate
overthe single diffractive backgroundwe musthavet

M~/s,M~/s<0.05. (6.6)

Thenthe relation (3) aboveimplies that for areasonablebite of M
2, we musthaves >400. Thus the

DPEsignal is expectedto showup only at FNAL andISR energies;andthe energydependencecanbe
studiedonly at the ISR. In fact all 3 experimentswhich showclear signals for DPE, which will be
discussedbelow,are ISR experiments[230—232].

Onemaynotethat the roughmagnitudeof the DPEcross-sectioncan alreadybe obtainedfrom eq.
(4) above,i.e.

o-’~(M~
2/s<0.05)— o(M~/s<0.05). o-’~(M~/s<0.05)/o~~—2 x 2/40mb. (6.7)

The actualpredictionis howeverafactor of 3 lower as weseebelow.
ThepredictedDPEcross-sectionandtheBG areshownon aM~/sandM~/splot in fig. 1 for s = 940

alongwith the experimentalscatterplot [230].For simplicity wehaveapproximatedthe ~ by a single
exponential

G~~~(t)= A~e~”= 6.2e
791

and

ap(t) = 1 + 0.25t. (6.8)

Since,the BG is relativelysmallover the region of interestandsincea reliableseparationbetweenthe
vector—tensorand the pionic cont. to GRRP is not provided by the single diffraction data, we have
approximatedthe mesonexchangeby a single effectivetrajectory [208],with

GRRp(t)= ARe~ = 200e46’

aR(t) = 0.2+ 0.5t. (6.9)

The estimateof BG maybereliable to within a factor of 2, say.The centralclusterdecayseemsto be
dominatedby the 2 pion modefor the region of interest—M~.

2Is<0.05, i.e. M < 1.5. Hencewe have
multiplied the cross-sections(4) and(5) by ~ to take careof their°ir°mode, i.e.

DPE,BG — ~ DPE.BG

o-ch —3o-

4The nondiffractive backgroundis negligible over this regionandhencewe shall ignore it.
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to comparewith the pp—*ppi~ifdata.Thus the quantitiesplottedare

A DPE ‘~ iA
2’~ ILl2 ig2~—1UOch

d(M~/s)d(M~/s)3\4o) ~ s s

exp{[Bp — 2a ‘~ln(M~/s)1tr1~+ [B~— 2a~lnçM~/s)1t~’1~} (6 4 )
[B~ — 2a’pln(M~/s)][Bp— 2a~ln(M

2/s)] . a

and

A BG ‘1 / A A .~ /Al
2~—1 /AJ2~ l—2a~(O)

UfYth ....~.,r1pr’15~~fin ~ 1lVi~

d~M~/s)d~M~/s)— 3 ~. 40 ) ~T) kT
exp{[Bp — 2a~ln(M~/s)]t~t’~+ [BR— 2a’Rln(M~/s)]tr}+ 1*42 6 Sa

[B~— 2a’p ln(M~/s)][BR— 2a’R ln(M~js)] (

Finally the kinematicboundaryhasbeenchosenas

i~2 Al2 Al2 (‘I’~

(6.11)
5 S S S

in accordancewith the experimentalplot. Thiscorrespondsto aneffectivethresholdin the centralcluster
productionat

M=0.45 (6.lla)

which is also evident from the experimentalM distribution (fig. 5b). It is essentialto takecareof this
thresholdin estimatingthe DPEcross-sectionas eq. (4) increasessharplywith decreasingM. Onesees
from fig. la that

o.rM~E(M2Is<0.05)—20 p~b i.e. ~M~,
2/s <0.05)—30~b (6.7a)

which is abouta third of the naive estimateof eq. (7) above.The reasonsimplyis that the kinematic
boundary(11) aboveseverelycutsoff the lower endsof theM~IsandM~Isdistributions.

SincetheDPEexperimentsuserapidity cuts let usrecasttheaboveformulaein the rapidity variables
indicatedin the following diagram.

~ M
2 ~ M~

—Y ~2 ~

2 y1 11

t2( ~2 ~1
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Onecaneasilyderive the following approximaterelations

= Y — yi ln(sl/p~TmT) (6.12a)

LI2 = Y2 — (— Y) ln(s2/p,TmT) (6.12b)

= Yi — Y2 ln(M
2/p~-) (6.12c)

which are valid as long as the rapidity differencesare not too small (at least >~). This constraintis
guaranteedfor LI

12 by the experimentalcuts. Although thereis no explt. cut on L
1M, the effective

thresholdcut-off (eq. (ha)) correspondsto a

(6.llb)

Now

2Y = ln(s/m~-)=LI
1 +42+LIM (6.13)

gives

s1s2= p4s/M
2. (6.13a)

Similarly onecan derive

ln(M~/~TmT)= 2Y —

(6.14)
ln(M~/p~TmT)= 2 Y— LI

2

which give

M~s1= M~s2= jL~S. (6.14a)

From (13a) and (14a) the relation (3) abovefollows. Moreoverusing (14a) one gets(with (~-r) 0.35,
(mT)=1)

~ t,2 ln(s/M~2)= ln(s l,2//L-rmT)+ ln(mT/p~T) 1,2+ 1. (6.15)

Finally, the rapidity of the centralcluster is given by

_,Yi+Y2_LI2LI1

Yc 2 — 2

Of course, all practical applicationsof the above relations involve averaging over the transverse
momenta,i.e. substituting~T and mT by their averagevalues.There may howeverbe appreciable
smearingeffectsnearthe boundariesof someof the rapidity cuts.
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We shallconsider3 typesof rapidity cutsrelevantto the DPEexperimentsatISR. The analysishere,
closelyfollows the work of DesaiCt al. [233],with oneimportantnumericaldifference,however.These
authorsusethe triple Pomeroncouplingof ref. [169],which is smallerthanthe presentfit by a factor
1.5, as discussedin the last section. Hence their DPE estimateis smaller by a factor of 2 in
normalisation.This seemsto havebeencompensated,however,by their neglectof the thresholdcut-off
for clustermass(eqs. (ha,b)), so that their integratedDPEcross-sectionsarevery similar to ours[234].

(I) LI1,2> 3 i.e. LI 1,2>4: Using eq. (15) the cross-sections(4a) and(5a) can be rewrittenas

do~ 2 fA~\exp{~Bp+2a~11LI~)tr
1~+~ (6 17)

dLI~dLI~3~40) (Bp+2aoLI~)(Bp+2aoLI~)

do~ _2 (APAR\ exp{—LI ~(2— 2ag(0))} . exp{(Bp+ 2a,LI ~). t~”+ (BR +2a~LI ~ t~il~}

dLI~dz1~3~40 1 (Bp+2a,LI~)~(BR+2a
11~LI~)

(6.18)

The integratedcross-sections

In s—2—4~’ In s+2_A~7’_4
p .j DPE,BG

DPE.BG — I A Al I A A’ UUch
Och — UkII I WJ2AA,AAI

J J U0J1U0J2
4 4

wherethe integrationlimits easilyfollow from eqs. (13) and(15). It correspondsto the shadedtriangle
below.

I — N~~1+~1+:~2 = Ins + 2 -

Ins+2~~11_2~~1onb11

—4

One can theneasilysee the gross featuresof the DPE cross-sectionand BG as functionsof energy.
Neglectingthe tmmn effect and the Pomeronslope,the integrand(17) becomesa constant.Hence the
DPEcross-sectionis essentiallygiven by the areaof the triangle

O.DPE cc (ln ~+2— A — 2LI imin)2 (6.20)

On the otherhandsince(18) is stronglypeakedat~ the integral is essentiallyproportionalto twice

the baseof the triangle
o.BG cc (lns +2_LI~_2LIm

tfl). (6.21)

In either casethe thresholdis (with LI ~I” ~)atln s 6.5 i.e. s 700Ge\T2.
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(II) iYl.2
1 < yrnax(=1): For thisit is convenientto usethe variablesYc andAM. Onehas

do- — do- — do- 62
dyCdLIMdLIldLI

2dLI~dLI~ . ( . 2)

The integratedcross-sectionswith the aboverapidity cut aregivenby

2&m11x_Iy~))
P P A DPE.BG

DPE.BG — _________
tTch — I dy~ J dAM A A A (6.23a)

J J uyclJ)JM
4~ifl/2y0111X 4~ln

or alternativelyby

P P A DPE.BG
DPE.BG — I I Uo-ch

o-ch — J U~M J U)?c A ,IA
uYc ‘.‘-‘~M

Again one can easilyseethe energydependenceof ~ underthe sameapproximationsas above,
wherethe DPEintegrand(17) becomesa constantandthe BG integrand(18) cc exp{—A ~‘~“(2— 2aR(0))}
i.e. exp{—ln s(1— aR(O))}. Since the integrationregion is now independentof s we see that o-~’~is
essentiallya constantwhereaso-~goes down like 5

1±01R(O)Of course,this cut mergeswith the cut I
abovefor ln s = 8 (s 3000 GeV2) which is the top ISR energy.At lower energiesthe advantageof cut
I is that it keeps the DPE signal to BG ratio large,whereasthat of cut II is that it gives a larger
cross-sectionand a larger kinematic range to study things like the cluster mass M and rapidity Yc
dependence.

(III) iyi,
2i <yrnax( 1.5): The formulae (22) and(23) areapplicablehere,with yrnax = 1.5 insteadof 1.

From (23a) and (23b)one obtainsthe distributionin the clusterrapidity y~,andthe clustermassM.
They are

2(y

m°°—Iyd)

do~~O~BG 1~ dol~OE~BG
d = J dLIM d ~ (6.24a)Yc Yc M

3111111

do-~)~EBG2 do~~~~EBG
dM = M J dy~dy~dLIM (6.24b)

6.2. Resultsand comparisonwith data

The threeISR experimentsshowingDPE signal areby theARCGM [2321,CHOV [231]andCCHK
[230] groups.The latter two experimentsusethe split field magnet,and hencecan measureall the
momenta.The CCHK experimentis the most thoroughone,spanning5 energypointsanda numberof
alternativecuts— in particularcut I (sampleE) andcut II (sampleB) andonecorrespondingto cut III at
s = 940GeV2 (sampleC). The CHOV experimentusescut II andcovers2 energypoints.The ARCGM
experiment usescut III and covers 4 energypoints, but with a very limited t-bite. Besides this
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experimentdoesnot havemomentummeasurementfor the outgoingparticlest.None-the-less,having
threeexperimentsover the sameenergyrangehelpsa gooddeal in cross-checkingthe results;andthere
seemsto begeneralagreementamongstall the three,within their quoteduncertainties.Let us compare
thesedatawith the DPEpredictions.

6.2.1. Correlation and t-dependence
A characteristicfeatureof the DPEsignal is the lack of correlationbetweenthe 2 outgoingprotons.

This follows simply from eq. (1), i.e. doesnot requirethe duality assumptionfor the ~ Fig. 2 shows
the z~4~(azimuthalangledifferencefor the 2 outgoingprotons)distributionof the CCHK data (cut II)
at s = 940GeV2. Evidently thereis no azimuthalcorrelationbetweenthe 2 outgoingprotons.This also
agreeswith the CHOV data at s = 2025GeV2. However the 530GeV2 CHOV dataseemsto showan
appreciablecorrelation. If confirmed,this would suggesta significant BG cont. at this energy.This
would alsoexplainthe differencebetweenthe CCHK andthe CHOV cross-sectionsat 530GeV2(fig. 4),
sincethe latter hasbeencorrectedfor theobservedcorrelation.

Fig. 3(a,b) shows the lack of correlationbetweenthe momentumtransferst
1 and t2 for the above

CCHK data.An uncorrelatedexponentialdistribution

do-/dt1dt2 = ebhl el)12 (6.25a)

can be re-expressedas

do- — 1 (b(:1+t2)) 6 25b

The resultingsingle distributionsare

= J ~ dt2 = ebhh/b (6.26a)

—(:1±12)

d(t1+t2) = ~ I el~h1+t2)d(t1— t2) = —(t5 + t2) el~n1+t2). (6.26b)
fl+t2

fl
~2O0O
Dl

‘V

000
~ 0 45 90 135 180

~ (degrees)
Fig. 6.2. Azimuthal correlationdatafor the2 outgoingprotons(CCHK experiment, cut II. s = 940 GeV

2).

4 Thus their measurementof t and the rapidity differences areonly approximate.
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Fig. 6.3. The momentumtransferdistributions of the CCHK data (cut II) at 940GeV2. Thecurvedline in (a), showsthepredictionfrom the PPP
coupling of fig. 5.4.

The figures 3(a,b) demonstratethe equality betweendo-/dt
1 and (1/—b(t1+ t2))doid(ti + t2). This has

also been verified with the CHOV andthe ARCGM data.
Providedonemakesthe duality hypothesisfor o-pp, one canpredictthe t~,2dependenceas well, i.e.

from eq. (4). This is shownby thecurvedline in fig. 3a, with the ~ parametrisationof thelastsection
(fig. 5.4).For the range(0> t> —0.5GeV

2)over which~ was fitted thepredictionis compatiblewith
the experimentalt

1 distribution. One may notein particular that the distribution showsno sign of a
turnover as t—*0.

6.2.2. Sizeandenergydependence
The predictedDPEandBG cross-sectionsareshownin table1 for all the3 cuts andfor A ~“ =0 and

0.5. It is evidently sensitiveto the choice of LI ~ Since the experimentalLI1,2 distribution(fig. ib) and
M distribution (fig. 5b) suggestan effective thresholdaround LI ~ = 0.5, the comparisonwith data
should be done for this choice. This is shown in fig. 4. In view of the approximationinvolved, the
agreementis quite impressive.The size of the cross-sectionand the energydependencefor the cutsII,
III helpto discriminatebetweenthe DPEandBG contributions.Both of themsupportthe DPEto be
themain contribution.Oneshouldnotethatfor thecutsII andIII, the energydependencepredictionsfor
DPEandBG do not involve the duality assumption.

6.2.3. Cluster rapidity y~and massM dependence
The predictedy~,dependenceof the DPEandBG contributionsfor cut II (eq. (24a))areshownin fig.

5a alongwith the CCHK data. Again thereis generalagreement.Onemay note, however, that the
peakingat y~=0 is largely a kinematic effect— the rangeof

4M integrationgoesdown linearly with
increasingyc (eq. (24a)). This effect overwhelmsthe characteristicdynamicalfeaturesof a central
plateauandvalley for the DPE andBG respectively.To discriminatebetweenthe shapesof the DPE
signal andthe BG one musthavethe y~,distributionfor afixed AM bite, andalsohigher statisticsthan
presentlyavailable.

The predictedM dependenceof the DPEsignal andBG (eq. (24b)) are shownin fig. 5b. Here we
havechosencut III, sincethe rangefor cut 11(0.45<M < 0.9) is too small to studythe shape.The data
shownin this figure is the 940GeV2 CCHK data sampleC (41,2>2) which is essentiallyequivalentto
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Fig. 6.4. Comparisonof the predictedcross-sectionsfor pp—spp~r~irwith the experimentaldata (CCHK, CHOV and ARCGM) for the three
kinematiccutsdescribedin thetext.

cut III at this energy.There is evidently good agreementwith the experimentalM distribution.
However,one should againnote thata sharpfall with increasingM is largelyakinematiceffect— the
rangeof y~,integrationgoesdown linearly with increasingAM (eq. (24b)). Thus the dynamicalM~fall
off due to DPEis accentuatedinto M25. Similarly the BG cont. falls off like M~5insteadof risinglike
M°6as pereq. (9).

Onemayfinally notethatthereis no p signal in the ir~rmassspectrumof CCHK (fig. 5b) and CHOV
experimentsin agreementwith DPE. This is confirmedby the ir~rangulardistribution,whichsuggestsa
S-wavedominance.

It should be pointed out here that a fourth DPE probe experiment from ISR, by the CHM
collaboration [235],does show a significant p signal. However, this experimenthasa severe t cut
(t

1 <—0.35). This region containsonly the tail endof the DPE signal and besideshaspoorerDPE/BG

0

(b)
~300O
E

—OPE
I C ———BG

15 ‘ — DPE ~ �0-9 - ~2000 - -

BG IY,rI~l’0

~

-l 0 I 0-5 1-0 1-5 2-0

M (GeV)
Fig. 6.5. (a) Comparisonof thepredictedy5(clusterrapidity) distributionwith theCCHK data(cut II). (b) Comparisonof thepredictedM (cluster
mass)distributionwith theCCHK data (cut III). Both thecomparisonsaremade at s= 940GeV

2.
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ratio comparedto the CCHK cut (t12< —0.05), since diffractive exchangesare sharply peakedin t.
Indeedeqs.(8) and(9) suggestthatthe DPEsignalcontainedin the CHM cut is only about 10% of that
coveredby CCHK, andthe correspondingDPE/BG (i.e. PP/PR)ratio is smallerby a factor of 2. Thus
whereasthe PP/PRratio for the CCHK cut is —‘3 nearp massand—1 nearf (fig. Sb), the corresponding
ratiosfor CHM are expectedto be ‘—‘i and ~ respectively.This enhancementof PR may still not be
adequateto explain the p signal in the CHM data.It shouldbe stressed,none-the-less,thatthe two cuts
havevery little overlapandto thatextentthereis no real contradictionbetweenthe two results.

We should add herethat the CHM experimenthas the advantageof being a genuineinclusive
measurement(pp—sppX)unlike the others.Thereforeit will be very usefulfor DPEphenomenologyif
this measurementis extendedto the low t region. Even with their presentdata they can do a
meaningfultest for the DPEsignal by studyingthe energydependenceover the ISR range,for a fixed
bite of low M (0.5 to 1) and y~,(—0.5 to 0.5), roughly correspondingto the cut II describedabove.
Unfortunatelythe dataanalysedin ref. [235] correspondto a large massregion (M

2 10—30) at fixed
energy(s 1000)or a ratherlow energyregion(s 50—1000)at fixed mass(M = mf); andin eithercase
andDPE signal is a priori expectedto be negligible comparedto the PR (and RR) background.This
simply follows from the expectedratio PP/PR 1/2 at M = m~ands 1000,as noted above, and the
extrapolationformula

PP/PR cc (M2/s)a~~.

6.3. Onepion exchangemodel

As an alternativeto the dualityhypothesisfor the centralvertex, severalauthorshaveworkedwith

the OPEmodel[236,237] shown below.
7 iT

N N
S

2 Si

P ii P

t2 t’

N N

This essentiallycorrespondsto a doubleDeck effect.Theresulting cross-sectionis

2at’

= 16ir
3s2Jdt’ ~ t’)2 J ds

1 .c~o-’~’~Jds2~ (6.27)

wherethe pionpole is assumedto be ~e01l’/(J~
2— t’). Unfortunatelythe cross-sectionis very sensitiveto

the slope parametera. With a 2, as obtainedfrom np chargeexchangeor Deck processes,the u’~
turns out to be too large by a factor of 3. A reasonablemagnitudehasbeenobtained,however,by
changinga to =4 [233] or alternativelythroughsomeabsorptionmechanism[238].

6.4. Summary

(1) The three ISR experimentson pp—~ppirrr are in general agreementwith eachother. They
provideratherstrongevidencefor DPE.
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Table 6.1
ThepredictedDPE andBG contributionscorrespondingto the3 experimentalcutsarecomparedwith theISR dataof CCHK (I andII), CHOV (II,

shownin brackets)and ARCGM (III)

~b) I (42>3) II (Iy~<1) III (I~11I<1.5)
\4rlIin

\ 1J.DPE 0,BG 0.Expl ~DPE 0,BI 0,Expl 0.DPE ~BG ~Expl

V~(GeV)\\ 0.5 0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 0

23 7.5 13.2 2.0 3.0 14.4±3.1 21.0 29.8 9.5 11.9
(7.1±1.0)

31 0.4 2.0 0.03 0.2 3.6±1.7 7.4 12.9 1.3 1.9 11.0±1.2 20.7 29.3 6.1 7.5 28.4±8.1
45 3.9 8.0 0.3 0.5 6.8±2.7 7.1 12.4 0.7 0.9 9.4±1.9 20.0 28.4 3.2 3.7 22.2±3.1

(6.0±1.5)
53 6.4 11.5 0.4 0.6 8.8±2.8 7.0 12.2 0.5 0.7 10.2±2.1 19.7 28.0 2.2 2.8 16.8±3.3
62 9.5 15.4 0.6 0.8 11.7±3.0 6.9 12.1 0.35 0.53 11.5±3.0 19.4 27.6 1.7 2.1 20.2±3.3

100 21.9 30.3 1.0 1.2 6.6 11.5 0.15 0.23 18.6 26.4 0.7 0.9

(2) The supportfor DPEcomesfrom the lack of correlationbetweenthe2 outgoingprotonsandalso
from the energydependenceof the cross-section.

(3) In addition,the magnitudeof the cross-sectionand its dependenceon the momentumtransfers
(t1,2) andthe clustermassM all agreewith the predictionof DPEplus a semilocaldualityhypothesisfor
the Pomeron—Pomeroncross-section.One may regard this as experimentalsupport for both the
hypotheses.

(4) The DPEcross-sectionrises exponentiallydown to —t12 0.05, i.e. it showsno sign of vanishing
near t12 0.

(5) The features2 and3 supporta factorisingpolenatureof Pomeron.The feature4 thenshowsthat
the asymptoticconstrainthasno visible effect onDPEatISR energies.The samewere trueaboutsingle
diffraction and the PPPcouplingdiscussedin the last section.It seemsone can describeall diffractive
processesup to the highestISR energy,in termsof a factorisingpole Pomeron,with anintercept�1,
and normal residues— i.e. the asymptotic constraintsseem to have little impact on finite energy
phenomenology.

(6) DPE has beensuggestedas a “laboratory” for producing rare objects—f’, ‘r~2,glue balls etc.
However, at ISR energya reasonablycleanDPE signal (41,2> 2.5) is restrictedto the rangeM < 1.5.
The correspondingrangewould go up to 4GeV at the p collider energy.Evenat ISR energyone can
increasethe cluster massrangeby relaxing the LI12 cuts, provided one usesspecific final statesas
filters— e.g.K~K for f’ or 4~for glue ball.

7. Central region

Accordingto the Feynmanscalinghypothesisthe inclusivecross-sectionin the centralregion (C.M.
rapidity y 0) approachesa constantvalue at high energy. Furthermore,it is supposedto be
independentof the rapidity y as well, thus giving an energyindependentcentralplateau.This is the
so-calledpionisationplateau.Of course,the samething is supposedto hold for the production of
heavierparticlestoo, but at relativelyhigher energies.

In the Mueller—Reggepicturethis correspondsto the doubleReggediagram
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HH

Theleading term,correspondingto 2 Pomeronexchange,hasthesescalingfeatures,i.e.

do- — ( \ ap(O)—l tap(O)—i — I

A A 2 — 7pp~KjU —IT uy UPT

independentof s and y, for ap(O)= 1. The nonleadingterms, correspondingto Pomeron—Reggeonand
Reggeon—Reggeonexchangesgive

o- — j \ ap(O)—i~ag(O)--i

A A 2YPRkK) UIT u)’ UPT

= K U
2S114[ypR(K) e~2+ yRP(K)e~]

= 2ypR(K)~ K _1/2~—1/4cosh(y/2), for identicalincidentparticles (7.ha)
and

do- — ~ \ ~ tnR(O)—i — ( \ —1 —1/2
A ~4 2 — 7RR~K) I U — ‘YRR~K) K SIT uy UPT

wherethe summationover the leadingvectorand tensormesontrajectoriesis implied in ‘ypw andYRR.

Now, the simplest generalisationof the Harari—Freund2-componentduality to the 7-component
schemedescribedearlier (subsection1.3.3), implies the YPR term (correspondingto the components5
and6) to bezeroif aëandbeareexoticandpositiveotherwise.Similarly the ‘YRR term(correspondingto
the component3) is predictedto be zeroif abeis exotic (which will be true for almostall the processes
of interest)and positive otherwise.According to thesegeneralisedEXD scheme,the central cross-
sectionsshouldshowprecociousscalingfor exoticaëandbe andapproachthe scalinglimit from above
if they arenonexotic.

Experimentally,however,all the centralcross-sectionsrise with energyt in contrastto the dual
Reggeprediction.This hasbeenknownfrom the very beginningof the inclusivegame,but initially the
risewas believedto be restrictedto the sub-ISRenergies,at leastfor pionisation.In fact, the early ISR
data was consistentwith a constantpionisationcross-sectionwithin 10—15 per cent. However, the
second generationof ISR experimentshave shown as much as a 40 per cent rise for the if
cross-section.Thus not only is the approachto scalingpredictedby duality and the Mueller—Regge
model invalid, but eventhe Feynmanscalingphenomenonitself is in seriousdoubt.

4 Only thepp —±px central cross-sectionshowsan initial fall whichcan be attributedto a spill over from thefragmentationregion.
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7.1. Models

Therehavebeena plethoraof models,attemptingto explain this anomaly,andmanyof them arein
the Reggeframework.The presentsectionwould be devotedlargely to reviewingmodelsof this latter
category.We shouldmentionherethat althoughthe main attemptof thesemodelshavebeento explain
the energydependenceof the pionisationcross-section,therearetwo otherfeaturesof the pionisation
datawhich would provideimportantcheckson the validity of thesemodels.Theseare (1) the shapeof
the pionisationcross-sectionin y, which showsa significant curvature;and(2) theshrinkageof its PT

distributionwith increasingenergy.

7.1.1. Exchangedegeneracybreaking
This was the first model proposedfor the central cross-sectionrise [35]. As discussedearlier in

subsection1.3, it doesawaywith the Harari—Freundhypothesisthatthe vacuumexchange(topological
Pomeron)is simply representedby a singularity at a= 1. Insteadit assumesthat the topological
Pomeron(i.e. component2 in the 2-componentmodelor the components5, 6 and7 in the7-component
model),hasan importantnonleadingsingularity at the Reggeonlevel (a = ~)with a negativeresidue.

To seethe motivation let us recall that duality predicts exchangedegeneracyonly for the planar
amplitudes.That is, the planarcomponent1 is predictedto bezero (positive) for an exotic (nonexotic)
2-body systemab; and the planar components1—4 are predictedto be zero (positive) for an exotic
(nonexotic)3-bodysystemabC. It is possible,however,thatthenonplanarcomponents,generatedthrough
unitarity, havea singularity at the Reggeonlevel (a = ~). Then the physical amplitudeswould have
non-zeroReggeoncontributionevenfor exoticchannels,i.e. exchangedegeneracywould be broken.In
fact, Tye andVenezianohavegiven a plausibility argumentbasedon unitarity, that the nonplanar
components5, 6 and 7 havea negativenonleadingsingularityat the Reggeonlevel. Moreover,specific
DualUnitarisationModels for the 2-bodycasegive a negativenonleadingsingularityfor the non-planar
amplitude(component2) at the Reggeonlevel [32]. At the sametime one hasto bear in mind the
phenomenologicalsuccessesof exchangedegeneracyfor the total and the inclusive cross-sections
(fragmentationregion).Thesewould suggestagainsta largenonleadingtermin thecomponent2 for the
2 body case,and in the components5 and 6 for the inclusive case.However, it is possiblefor the
component7 to have a large negative nonleading(a = ~)contribution, which could accountfor the
centralcross-sectionrise.

Up to the 1st nonleadingterm,the model gives,at y = 0,

ir dydp~-= A�~)—B(j~-)s~4. (7.2)

Of course,the modelhasno predictionabout the size of the centralcross-sectionrise, i.e. the relative
magnitudeof B to A. None-the-less,it wouldhaveconsiderablepredictivevalueif the pionisationdata
from the PS energyonwards could be fitted by the above 2 parameterformula. For, in addition to
predicting the shapeof the pionisationcross-sectionrise to be linear on as~ plot, it would relatethe
slopesof thesestraight lines for different incidentparticles.Thiswas believedto be the casebefore or
evenduring the early ISR data on pp—~‘rr7Xwhich were consistentwith a 10—15 per cent rise, as
expectedfrom a linear extrapolationfrom the PSandNAL energies.In particulartherewere attempts
to fit the PSandNAL pionisationdatafor different incidentparticles,by straight lines andrelate their
slopesthroughfactorisation[239—244],sometimeswith conflicting results.However,with the improved
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ISR datashowinga 40 percentrise for thepp —* ‘rr~Xcross-sections,it is clear that the linear formula(2)
cannotdescribethesecross-sectionsevenfor s � 50 GeV2 (fig. 1). Consequentlytherehasbeena loss of
interest in thismodel for the centralcross-sectionrise.

We shouldmentionfor completeness,thataddingthe 2ndnonleadingtermwe get

do- — Al 2\ ~( 2\ —1/4 i-v 2~—1/2

A A 2 — “WT) ~-‘ WTJS ‘ ‘— LJ’r)SiTuy PT

whereC could haveeither sign. This formulacan describethe pp-+ir~Xdataof fig. 1 aswe shall see
later. Of course,the coefficient B now is very different from that obtainedfrom the Ferbel’s plot
[239—243].Unfortunatelyonecannotestimatethe correspondingcoefficient for otherincidentparticles,
sincethesedata arelimited to sub-ISRenergies.Thus one cannottest the factorisationconstraint.In
summary,the exchangedegeneracybreakingmodel, in its moregeneralform (eq. (3)), is not ruled out
by the ISR data.However,it can predictneitherthe grosssize nor theshapeof thecentralcross-section
rise;nor canit relatethe availabledataon thesecross-sectionrisefor different incidentparticles.Hence
it seemsto be of limited phenomenologicalinterest.

7.1.2. Thresholdeffectin multiperipheralmodel
This is by far the mostpopularmodel for the centralcross-sectionrise, within the Reggeframework

[245—250].The sourceof the rise in this model is very different from that in the Mueller—Regge
approachabove. The rise, according to this model, is similar to the threshold rise of the total
cross-sectionbefore it showsa constant(or const.+s”2) behaviour.(Seethe diagrambelow.)

UT

Thelatter part is simpler to interpretin termsof the t-channelReggesingularitiesand opticaltheorem
but hard in terms of the exclusives-channelcontributions.In contrastthe thresholdrise is easierto
understandin terms of the phasespacefactors of the exclusive s-channelcontributions,but hard in
terms of the t-channel Regge singularity. For the central cross-sectionrise, therefore, the model
dispenseswith the Mueller—Reggedescriptionin terms of the t-channelReggeexchanges.Insteadit
describesthe central inclusivecross-sectionas a sum of the exclusiveproductioncross-sections,which
are describedin turn by a multiperipheralmodel. Then the sharp t-dependenceof the production
vertex, characteristicof the multiperipheralmodel (or alternativelyof the PT cut-off of multiparticle
data)togetherwith the dependenceof tm~ on the total energy,results in a rapid riseof the central
cross-sectionover the ISR energyrange.Thusthe rise is not of purely kinematicorigin but comesfrom
the interplayof a dynamicaleffect (the sharpt-dependenceof the productionvertex)with the kinematic
one(the energydependenceof tm~). We shallseelater that with most reasonablechoiceof parameters,
the predictedriseover the ISR rangeis in fact largerthanthe observedrise.



SN. Ganguli and D.P. Roy. Regge phenomenology of inclusive reactions 331

It shouldbe emphasised,of course,that the multiperipheralmodelprovidesa consistentdescription
of thetotal (or the inclusive) cross-sectionas a sum of exclusives-channelcontributions,which displays
not only the thresholdrise but the asymptoticReggebehaviouras well [47, 65]. Thus it is not a
complimentaryapproachto the Mueller—Reggeprescriptionbut rathera specific dynamicalrealisation
of this; andnaturally it hasmorepredictivepower(seesubsection1.5).

For a detailedanalysiswe shall take the model of Caneschi[249,250], as its connectionwith the
standardmultiperipheralmodel is mostexplicit. In thismodel,the cross-sectionfor pp —~cX is givenby
the squareof the diagrambelow.

elm)

HR
aim) b(m)

The c standsfor a pion in the old version of the multiperipheralmodel and for a cluster of mass
=1 GeV in the new version.The s dependenceof the pp—~cXcross-sectionis givenby

ir dydp~= S I (ML — sLO)’~J~fI~(M~— sRO)~j~ J exp{A(tL + tR)} dtL dtR
SLO ‘gO

= —~— J ~ (ML— SLO)ns J ~ (M~— 5RO)~ - exp{A(tn’ + t~m)}. (7.4)As Sac 5bc
SLO SR

0

For the thresholdsonemayput

5L0 = 5R0 = (m + m~)2 (7.5)

andfor y = 0, wehave

sac~(Pa+Pc)2m2+m~+KV~

sI,~ (Pb + P~)2= m2+ m~+

ic=Vm~+pL. (7.6)

The ~ aregiven by

t~ = m2 + MLR + 2qqLR — Vs(q~R + MLR) (7.7)

where

q=~Vs_4m2 (7.8)
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and

qL,R = {[(\/~- K)2 - (MLR - VM~L +p~fl[(V~- K)2 - (MLR +VM~,L+p~]}~2.
2(V~-K)

(7.9)

Strictly speaking,eq. (7) abovefor t~ is exact only for p’r = 0. Onecan check,however,thatit is an
extremelygoodapproximationfor moderatePT(< 1 GeV).

We see from the eq. (4) that the leading term in the ML(M~)integration goes like s~’(s~),
correspondingto a s-independentcross-section.However, there are negative nonleadingterms
s~ ~)coming firstly from the SLO(SRO),but more importantly from the s~(s~) term presentin
ti~1~(t~1~).As a result the cross-sectionhas a negative nonleadingterm cc ~_1/2 Although these
nonleadingtermsin Sac ands~were obtainedwithout referenceto the Mueller’s optical theorem,they
can be interpretedin termsof the Mueller—Reggesingularities.For the squareof the above diagram
simplycorrespondsto:

andtaking the Pomeronsingularity in the Reggeon-particlechannels(ML andM~)anddoingthe loop
integrationgeneratesthe leadingPomeronsingularityalongwith aseriesof daughtersin the channelsaC
andbe.

Beforeevaluatingthe integral(4) above,onemayget a qualitativeestimateof the nonleadingterm.
This involvesevaluatingthe integralvia meanvaluetheorem,i.e.

do- — C (Sac — SLO)(s~— SRO) (~j~2— \ap (jij~2—

ir dy dpi- — Sac• ~ L 5L0) ~. R SRo)

exp{A(t~(MLR)+ t~~~(MLR))} (7.4a)

wherethe meanvalues ML,R areestimatedassumingthelast factor to be a constant[249].With ap= 1,

I~iLR=~[KV’~+m~+m2+(m +mc)2]

which givesafter a lengthy but straightforwardalgebra

t~(ML,R)= _~K2_[2K(m~+ mm~+~p~)+~K~]/V~+ O(1/s). (7.10)

Substitutingthesein (4a) onegets

do- ~ ~ 74b

irdydp~ A2 L K\/~ j+ (its). ( . )
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In the older version of the multiperipheralmodel, wherethe pions are produceddirectly on the
multiperipheralchain, we have m~= 0~h4,(p~) 0.1 and the correspondingA 5. Then eq. (4b)
reducesto ccl — 7/\/~.The s-dependence,coming from an exactevaluationof the eq. (4) is shown in
table1 (1st column).The 2nd column showsthe predictionwith bothReggeonandPomeronexchange
presentin channels(ML,R)with equalstrength,i.e.

do- — dMt 2 — ap 2 — a~ ~.!MI~ 2 —

A A 2 — A 2 j ((ML SLO) + (ML SLO) ) j ((MR SRO)
lruyupT uS

5ac 5bc
‘LU SRO

+ (M~— SRO~~)~exp{A(t~+ t~)}. (7.11)

Sincethe two exchangesseemto occurwith roughly equalstrengthin the total cross-sectiondata, this
shouldbe a morerealisticpredictionof the model.Although the predictedrise of a factor of 2 between
the PS andISR energiesis in roughagreementwith data, the rise cannotbe sustainedthroughthe ISR
energyrange.The 3rd column showsthe rise atx = 0.1. Thereis a significant slowing down of the rise
with increasingx (or y) in roughagreementwith data.The shapein x (or y) is alsoin roughagreement.
The last column showsthe riseat x = 0, but for a higher PT (=0.3). We note a smallincreasein the rise
with increasingPT, which is in disagreementwith the observedshrinkage,however.The last 2 features
(the slowingdown of the riseawayfrom the centralregion andthe antishrinkage)areexpectedto hold
alsofor the multiperipheralclustermodel, discussedbelow.

Over the past5 years,therehavebeenoverwhelmingexperimentalevidencessuggestingthat the
pions arenot produceddirectly on the multiperipheralchainbut throughclustersof massm~ 1 GeV
and (p~-) ~GeV2 (correspondingto A 2 GeV2). They come from the correlation analyses(next
section)andalsofrom the inclusivep, w, ‘ri, f productiondatawhich seemto accountfor the bulk of the
pion production [251].With thesevalues,eq. (4b) gives a s-dependencecc 1 — 40/\/~.Such a big
nonleadingterm would mean firstly that do-/dy rises violently evenfor the ISR energyrangeand
secondlythat the higher order termscannotbeneglected*.

The do-/dy risecoming from the exactevaluationof eq. (11) is shownin table2, for 3 valuesof the
clustermassmc= 1.25, 1 and0.75GeV. It is alsopossiblethat \/‘~‘ and\/~, correspondingto the
ba,~y

2niccluster mass,are not as largeas m + mc. Therefore,we havealso shownthe do-/dy rise for
VSLO and ~ = m + ~ In generalthe predictedriseseemsto be strongerthanthe data,evenfor
the ISR range.If onesticks,however,to thelower endof the admissiblerangeof mesonicandbaryonic

Table 7.1
Pionisationcross-sectionrise for a multiperipheralpion model

dr/dy (arbitraryunits) P+=0.1 P~=0.1 P~=0.1 P~=0.3
s(GeV

2)~’~—~ x=0 x=0 x=0.1 x=0
P P+R P+R P+R

40 0.58 2.52 1.56 0.82
126.5 1.36 4.31 2.19 1.95
400 2.09 5.17 2.28 2.55

1265 2.64 5.35 2.21 2.73
4000 3.00 5.20 2.13 2.69

* This analysiswasfirst done by Caneschi[2501.Unfortunatelythe numericalresultsof this work areincorrect.
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Table 7.2
Piomsationcross-sectionrise for a multiperipheralclustermodel(P + R; x = 0; p4 = (P4) = 0.55GeV

2
A = (P4y’ = 1.9 GeV2). Compare the2nd column of table 1

d~/dy(arbitra~units) sw,5~o= (m + ~ SLO, S~o= (m +

s (GeV2Y”-’..,.~ m~(0eV) m~(GeV)
1.25 1 0.75 1.25 1 0.75

40 0 0 0.1 0 0.2 1.4
126.5 0.05 0.5 4 0.9 3.4 10.6
400 0.93 3.7 12 3.5 8.8 20.2

1265 3.01 8.2 20 5.9 12.8 25.7

4000 5.13 11.7 24 7.3 14.8 27.9

12650 6.57 13.6 26 8.0 15.5 28.3
40000 7.35 14.5 27 8.2 15.6 27.9

clustermasses(i.e. m~= 1 0eVandV’SLO, v’1~= m +~ thenthepredictedriseof 60percentoverthe
ISR rangeis not too far from the experimentalrise of 40 per cent. But the two cannotbe reconciled
over the sub-ISRenergies.The discrepancymaybe dueto the fact that with a clustermassof =10eV
anda meanclustermultiplicity of =3 pions,theaveragenumberof clustersproducedis lessthan4 atPS
energiesand is only 6—8 evenat ISR. Thus the multiperipheralmodel in the simple form above is
expectedto work only at muchhigher energiesthanoriginally supposed— perhapsonly ISR energies
andabove.Significantsubasymptoticmodificationsareexpectedat lower energies.It shouldbe notedin
this connectionthat a recentmultiperipheralclustermodel calculationby ArneodoandMeunier [252],
with a clustermass=1.3GeV,in factgetsa centralcross-sectiondecreasingfrom the FNAL to the ISR
energies.The main differenceof their model from the aboveis thattheytakethe ML.R dependenceof
the Reggeon-particleamplitudesfrom an exclusivemulti-Reggemodel via a Monte Carlo calculation,
insteadof their asymptoticapprox. in termsof the leading Regge(P+ R) exchanges.The latter hasa
strongphenomenologicalsupport,however,from the triple Reggeanalyses(sections3, 5), wherethese
Reggeon—particleamplitudeswereseento bewell approximatedby theleadingRegge(P+ R) exchanges
down to rather low M2. All the same, the abovementionedwork helps to illustrate the degreeof
uncertaintyin the model predictionsat sub-ISRenergies.Keeping this in mind, we haveshown the
predictedrise up to s = 40000, a typical energyfor the Isabellemachine. One should note that the
predictedrise flattens out rapidly after the ISR range,reflecting the ~ behaviourof the nonleading
term. For instance the minimal choice of cluster masses,giving a 60 per cent rise in the range
400<s <4000gives only a 5 percentrise in the range4000< s <40000,andthe maximalchoice,giving
a 500 per centriseover the formerrangegives only a 40 per cent rise over the latter.

Anothercharacteristicpredictionof the model is, of course,that the ir andp productiondatashould
showa similar rise. This seemsto be consistentwith whateverp productiondatais availableso far (fig.
4). Similarly a fasterrise for K and p productionis a naturalfeature of this model; as theywould be
associatedwith heavierclusters.Of course,a quantitativepredictionfor theseprocessesis evenmore
difficult, as it would involve the propertiesof thesenew clustersin addition to the mesonicandbaryomc
clustersmentionedabove.Finally, the modelseemsto haveone seriousproblem in commonwith its
earlier version, i.e. in accountingfor the observedshrinkage.We can think of no naturalmodification
which can accountfor this.

In summary,the multiperipheralclustermodelprovidesby far the mostplausibleexplanationfor the
pionisationcross-sectionrise. On a quantitativelevel, however, its use is limited at best to the ISR
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energiesand above. It seemsto havea problemalso in the qualitative level, i.e. to accountfor the
observedshrinkagein PT.

In themodelsdiscussedabove,the rise in thepionisationcross-sectionis completelyunrelatedto the
total cross-sectionriseobservedin the ISR range.Therehavebeenmodels,however,wherethesetwo
risesareclosely related.Thesearediscussedbelow.

7.1.3. Gribov calculusand eikonalmodels
Although the asymptoticform of the Gribov calculusis completelydifferentfrom the eikonal model,

it is very similar to the latter in its perturbativeform, which seemsto bejustified for anyrealisticrange
of energy.They involve summingover multiple Pomeronexchangesin the s-channel,as shownbelow:

:-~~:
The only differenceis that the s-channelintermediatestates(the blobs) are restrictedto the elastic
channelin the eikonalmodel,whereasthe Gribov calculusincludesthe diffractive inelasticchannelsas
well. We shalldescribebelowthe Gribov calculusresultsfor the total andthe pionisationcross-section
rise;but the essentialconclusionswould be valid alsofor the Cheng—Wutypeeikonalmodels[253].

There are also two versionsof the Gribov calculus model— (a) without and (b) with the energy
conservationconstraint.Essentiallytheversion(a) is the pureGribov calculusmodelwhereasin version
(b) somefinite energymodificationsareimposedon it. Theformalismis almostidenticalfor the 2 cases,
but the phenomenologicalcontentsarevery different.

The first point in the formalism is that the. v-Pomeronexchangediagramabovegives acontribution
to the pp totalcross-section

~ (7.12)

where

S~= crB(—~Z)

‘~ 4ir(R2+a~lns)

o-B = g2s”~°~ (7.13)

g~
0(t)= g exp(~R

2t).

Note that o-B is the 1 PomeronexchangeBorn term; andthe aboveformulaearethe familiar eikonal
model resultsexceptfor the factor X~which takescare of inelastic diffraction via an enhancement
factor A [254],i.e.

X~=~[(1+A)~+(1+A)~1. (7.14)
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More preciselythe low masspart (PPR)of inelasticdiffraction is takencareof by thisA factor, whereas
the scalingpart (PPP)is addedseparately,as we shall seelater.

The secondand the most importantpoint is that the s-channelunitarity contentof the ~-Pomeron
exchangediagramis given by the AGK cutting rule [255].Accordingto this,the diagramcontributesto
diffractive, multiperipheraland polyperipheralstates,arising out of cutting it throughzero, one and
morethanonePomeronlines (diagrambelow) with givenweight factors.

The weightfactorsare*

B~�
1= ~ n!(v—n)!2~ B0= 1_2~1 (7.15)

with

~ B~=h.
n =0

Thus the 2-Pomeronexchange contributesto the diffractive (n = 0), multiperipheral (n = 1) and
polyperipheral(n = 2) stateswith weights—h, 4 and —2.

Version (a): If one doesnot imposeany energyconservationconstraint,then the productioncross-
sectionfor the n-polyperipheralstaterelativeto the multiperipheralstateis simply givenby the relative
weight factors(15). Moreover,theaveragepion multiplicity (or piondensityon the rapidity plot) for the
former is simply n timesthat of the latter.Hencetheycontributeto do-/dy with weight factorsnB ~, i.e.

~ o-v ~ nB~ (7.16)
vt ni

apartfrom a constantfactor. Now onecaneasilycheckfrom eq. (15) that

~nB~=0 foranyi’�l (7.17)

which is a generalisationof the cancellationbetweenthe 4 X 1 and —2 X 2 factors for 2-Pomeron
exchangecasementionedabove. This is the famousAGK cancellation,which meansthat do-/dy is
simply givenby the onePomeronexchangeBorn term,

do-/dy cc o-B cc ~ (7.18)

* This appliesto theeikonalmodel aswell.
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Thus if the Pomeroninterceptap(O) is largerthan 1 by 4, thenthe pionisationcross-sectionis simply
predictedto rise like ~

Capellaetal. [221] haveobtaineda barePomeroninterceptof 1.13, i.e.

4 =0.13

from a detailedfit to the pp total cross-sectionrise usingthismodel.Howeverthe precisevalueof 4 is
sensitiveto thedetailedmodelassumptions,as we seefrom the simpleconsiderationsbelow. Restricting
to 1 and 2 Pomeronexchange,onegets

= o-T+ o-eI + cr~

i.e. the 1 PomeronexchangeBorn term equals the sum of total, elastic and the inelasticdiffraction
cross-sections.With the inelasticdiffraction rising by =3mb over the ISR (aswe saw in the section5)
andthe correspondingrises of 4 and 1 mb for the total and the elasticcross-sections,onehasa Born
term going up from 55 to 63 mb. This correspondsto a 4 0.07.

The zl = 0.07 correspondsto a 15 per cent rise for the centralcross-sectionover the ISR range,
whereasthe 4 = 0.13 valuecorrespondsto a 30 percent rise. Of course,the risecontinuesindefinitely
in this model.Theotherfeaturesof this model areaflat y-distributionanda risewhich is independent
of PT (no shrinkageor antishrinkage)andalso of the particletype (samerise for rr, K and p). All the
threefeaturesare,of course,characteristicof a single pole exchangein the aboveMueller amplitude,
andall are atvariancewith thedata.

Quite apartfrom the questionof the centralcross-sectionrise, however, the model has2 serious
problems,which maybe inter-related.

(1) It violatesenergy-momentumconservation,at leastasymptotically.The simplestway to seethis
[256]is to considerthe sum rule

Y
1 r C do-

— J dy dp~~A A 2 (E + PL)C =
cTT J .‘ UYUPT

-Y

i.e.

Y
1 1 do-p

—~= i dy — e = const.X o-T (7.19)
VsJ dy

-Y

with Y = ~ln s andy = ln{(E + PL)/K}. This follows from energy-momentumconservationandunitarity.
Although asummationover thedetectedparticlec is implied in thissumrule,we canrestrictto pionfor
obtaining the following lower bound. Since the AGK cancellationgives do-/dy cc s4 over a region
—(1 — s)Y< y < (1 — e)Y for arbitrarily small e, the left hand side hasa lower bound 5~8~t2~ This is
inconsistentwith the Froissart bound for o-T for 4 > ~.g. And since the model satisfies s-channel
unitarity, the inconsistencyevidently implies violation of energy-momentumconservation.(2) The
secondproblem which is phenomenologicallymore serious,is that the nondiffractive cross-section
(n � 1) seemsto satisya Poissonianmultiplicity distributionup to anincident momentumof 400GeV/c
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at least,whereasthe modelpredictsa significant broadeningat the high multiplicity end[257].This is
due to the polyperipheralterms (n > 1) which haveaveragemultiplicities n timesthe multiperipheral
term.The relativemagnitudesof theseterms

(7.20)

are fixed by eqs. (12—15). Thus the size of the high multiplicity tail is fairly unambiguous,and its
discrepancy with the exponential multiplicity distribution seems to be quite serious.

Version (b): The energy-momentumconservationproblemcan be overcomeby directly incorporating
this constraintinto the model, as first shownby ChangandYan [256].They postulatedthat for the
polyperipheralterm with n cut Pomerons,the total energy\/~is sharedequallybetweenthe n chains.
Thus eachchainhasaneffectives

= s/n2. (7.21)

The averagemultiplicity for this term is then

n(lns—21nn) (7.22)

as compared to ln s for the multiperipheral term. This means that the pion density of the nth
polyperipheral term is still n times that of the multiperipheral term at y =0, but the width of rapidity
distributiongoesdown with increasingn. Thus the AGK cancellationno longer holds for the entire
rapidity range±~ln 5; and as a result the inconsistencyassociatedwith eq. (19) above is averted*.
Moreover, the samemodification alsohelps to removethe discrepancywith the observedmultiplicity
distribution as shown by Snider and Wyld [257].The reasonsimply is that the eq. (22) gives an
appreciablereductionof the polyperipheralmultiplicity from the original valuen ln s. For instance,at
In s 6, correspondingto the top of the fitted energyrange,the averagemultiplicity for n =2 relative
to n = 1 goesdown from 2 to 1.5. Thus the departurefrom a Poissoniandistribution is significantly
reducedat the availableenergies.

Theseenergyconservationeffectsareexpected,of course,to reducenot only the multiplicity of the
polyperipheraltermsbut alsotheir magnitudeo~atfinite energies.As aresultonecan reproducethe 10
per centriseof o-T over the ISR rangeevenwith a Pomeroninterceptof 1, as shownby Capellaand
Kaidalov[254].The correspondingriseof the pionisationcross-sectionis =25 per cent.Theypostulatea
suppressionfactor

(n�1)
j=1 Sj

Ko(s)=1. (7.23)

Moreover, instead of the energy equi-partition formula (21), they postulatea sequentialpartition

* One can in fact see that the averagen goesup in this model like s’~and since the AGK cancellation is expectedto hold between

±(lIns — ln(n)), correspondingto a e = 24. the inconsistencyis preciselyaverted[254].
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formula for the Jth chain

s~= [(1— a)2]’’a2s (7.21a)

where a is fraction of energy going into pion production.But, for comparison,we shall alsoshow some
of the results for the equipartition formula (21). The nondiffractive cross-section ó~and the pionisation
cross-sectiondo-/dyI

5...oaregiven by

(7.24)

do-/dy = no-,,K,. (7.25)

The o-,. is given by eq. (20) and eqs. (12—15). In fact, the summationover v can be doneanalytically,
giving

o-,, =‘~[(h +A)
2 F~(Z

1)+(1—A)
2F~(Z

2)-f-(1—A
2)F~(Z

5)] (7.26)

where

Z1=(1+A)
2Z, Z

2=(1—A)
2Z, Z

3=(1—A
2)Z,

and

F
1(Z)= 1 ~

Ffl(Z)=hZe_e~~-(Z4~ +(1)t)~ n>1.

The parameters used were

g
2 = 61.885 mb, R2 = 3.3 GeV2, a~= 0.25 GeV2, A = 0.4

which were takenfrom a fit to the pp elastic scattering. The Pomeron interceptwas taken at the
so-called critical value* ap(O)= 1.0042. Of course, the slight excessover 1 is of little phenomenological
consequence.Finally a is set=

The resulting nondiffractive total cross-sectionand pionisationcross-sectionare shown in table 3.
The individual contributionso-. ando-~K~arealsoshownfor n = 1 to 5. It is interestingto notethat the
bulk of the pionisationcross-sectionrisecomesnot from the n = 2 term,but from thosewith n � 3.

This doesnot include,of course,the contributionfrom the triple Pomeronterm.However,this term
may not affect the energydependencesignificantly, as the rising o-ppp is partly compensatedby the

‘This correspondsto a renormalisedinterceptof I — therenormalisationbeingdoneby thetriplePomeroncoupling.
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Table 7.3
Thenondiffractivecross-section~, i o’~K,andthepionisationcross-section~ nu,K~from Gribov calculusmodel with finite energy

modification.All thecross-sectionsarein mb

lns=4 6 8 10

n 0’, o~, 0’,,K,, o’~ oAK,, 0’, o,K,

1 18.4 15.6 20.1 19.6 21.6 21.6 23.1 23.1
2 7.1 4.1 7.5 6.9 7.8 7.7 8.1 8.1

3 3.5 0.9 3.6 3.0 3.7 3.6 3.7 3.7
4 1.9 0.08 1.9 1.2 1.9 1.8 1.8 1.8
5 1.1 0.0006 1.1 0.4 1.0 0.9 0.9 0.9

10 10 JO 10 10 10 10 10

~ o’,K, ~ nu,K, ~ o,K, ~ no’,K, ~ cr,K, ~ no’,K, ~ o,K, ~ no~K,

20.7 26.9 31.2 49.7 36.1 62.6 38.4 67.1
(33.6) (58.6) (36.7) (66.1)

falling kinematicfactor. One can get a qualitative estimateof this contribution by restricting to the

lowestorder in v (=2). Thenthe contributionsto o-~,,anddo-/dy are

— o-~~~(4K~— 2K~— K~) (7.24a)

—o-~~~(4K~— 4K~) (7.25a)

wherethe kinematicfactorsareassumed,as in ref. [254],to be

K~(s)= eh/MZ.K~(s/M2), n � 1 (7.23a)

K~(s)=1

with an effective M2 5. Using the phenomenologicalestimateof o-ppp from section5* one gets the
following contributionsat the two endsof the ISR energyrange:

(o-jn)ppp (doidy)ppp In 5

—4mb —3.25 mb 6

—5.6mb —0.9mb 8

of course theseestimatesare only qualitative, since one is restricting to the lowest order in ii and
besidesthe kinematicfactors(23a) areevenmorespeculativethan(23). It is alsopossiblethat apart of
the PPPcontributionhavealreadybeenaccountedfor throughthe choiceof the A factor.

We see from table 3, that the modelpredicts a 15 per centrise for d~.Adding to this the above
estimate for (o-~

0)~~~would give a 10 per cent rise for the sum. This essentially corresponds to a 10 per
centin the total inelasticcross-sectiono-,,,, sincethis sum= o-~,,— o-ppR; and o-ppR is smallandpractically
energyindependent.

* Unfortunatelythe0’ppp values usedin ref. [254]areroughlysmallerby a factorof 2.
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The correspondingrise in the pionisationcross-sectionis 25 percentwith possiblyanother5 per cent
coming from the triple Pomeroncontribution.However,both the o-~,,andthe pionisationcross-section
rises are sensitiveto the choice of the kinematic factorsK0(s). To illustratethis, the results for the
energyequipartitionformula (21) are shownin the brackets,for the ISR energyrange.One seesthat
both the risego down by a factor of 2.

The other phenomenologicalfeaturesof the model are the following: (1) The rise slows down
appreciablybeyondthe ISR range.For instance,the 25 per cent riseover the ISR rangeln s =6 to 8
correspondsto only a 7 per centrise over ln s = 8 to 10. (2) Sincethe width of the rapidity distribution
goesdown with increasingn, one expectsthe pionisationcross-sectionto be convexin y. For the same
reasonthe rate of riseshould go down with increasingy. (3) K- and p cross-sectionsareexpectedto
showa fasterrise thanir, sincethe kinematicsuppressionfor a chaincontainingK— or p shouldbe more
severe.For the samereasonone expectssomeantishrinkagein PT. It is practically impossibleof course,
to quantify theseeffects. It is interestingto note, however,that all thesefeaturesarevery muchunlike
the pure Gribov calculus model with ap(O)>1 (i.e. the version (a) above)but very similar to the
multiperipheral model.

In summary,the pure Gribov calculus or eikonal model seemsto have serious conflict with the
observedPoissonianmultiplicity distribution in addition to violating asymptoticenergy-momentum
conservation.The version,incorporatingthe energy-momentumconservationconstraint,can reproduce
the multiplicity distributionin the availablerange(going up to 400GeV/c incidentmomentum),but the
departurefrom the Poissonianshapewould showup at higher energies.A significant departureat the
highestISR energyhasbeenclaimedin ref. [257],althoughit seemsto usthat the size is sensitiveto the
choice of the energydistribution function etc. In any case,the multiplicity distribution data at the
highestISR energywill be very helpful. If it showsa distinct broadeningover the Poissonianshapeat
the high multiplicity end,it would providethe first experimentalevidencefor this model.On the other
handa roughly Poissoniandistributionat this energycan still be reconciledwith this model,but it will
makethe model phenomenologicallyless attractive.As regardsthe pionisationcross-sectionrise, the
modelpredictionis sensitiveto the choiceof parameters,but is in generala little over twicethe rise in
the total inelasticcross-section.Thus if one assumesthe model to accountfor the 10 percent rise in the
total inelastic cross-sectionover the ISR range,thenthe correspondingpionisationcross-sectionrise is
fairly unambiguous(=25 per cent). The other featureof the predictedpionisationcross-sectionare
similar to the modelII above.

7.1.4. Dipole Pomeronmodel
The dipole Pomeronhasbeeninvoked before as a model for the total cross-sectionrise. It gives a

logarithmic rise for the total cross-sectionand can also reproducesthe observedgeometricalscaling
propertyof the elastic amplitude[258].Its applicationto the central inclusivecorss-sectionhasbeen
worked out by Roberts[259]. Substitutinga dipole Pomeronin the doubleReggeexhcangediagram
gives an invariant cross-section

A / ~ / ~ r, 2 2uo- 2 ~ u i 2 1(5 2

ITdydP2T$( )(1n_)(ln~—)=~/3(K )[(ln—~-) —4y . (7.27)

Notethat therise dependson the scale-parameter
5o, which is expectedto be differentfrom oneprocess

to another.Thus thereis no quantitativecorrelationin thismodelbetweenthe pionisationandthe total
cross-sectionrises.However, the size of the observedpionisationcross-sectionrisewould require an
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extremelysmall scaleparameter(5o = m~),for whichoneseesno prior justification. Moreover,although
eq. (27) hassome convexity in y, the magnitudeis far smaller thanthe observedy-dependence(figs.
5, 6). All thesemake the model ratherunattractive.There is one attractivefeature of this model,
however— this is about the only model which can naturally accountfor the shrinkagein PT. This is
evident from eq. (27), assumingof coursethat the scaleparameteris insensitive to K. The size of the
shrinkagealso seemsto be in agreementwith data (fig. 7).

7.1.5. Other models
Finally let us discusssomemodelsof the total cross-sectionrise,which havenegligible impacton the

pionisationcross-sectionrise. The purposeis simply to demonstratethat a rise in the total cross-section
doesnot necessarilylead to a rise in the pionisationcross-section.

Firstly considerthe s-channelunitarity model, i.e., the so-called2-componentmodel [207]. Herethe
total nondiffractive cross-section(i.e. the multiperipheralcomponent)is simply describedby a pole
Pomeronwith intercept~=l. The rise of the diffractive componento-ppp over the ISR range (=3 mb)
completelyaccountsfor the 10 per centrise of the total inelasticcross-section.This correspondsto only
a 5 per cent rise of the pionisationcross-section,since the averagemultiplicity associatedwith a PPP
term is only half that of the nondiffractiveterm,as discussedin section5. Although the modelis known
to conflict with t-channelunitarity, it has beenquite popularin view of its phenomenologicalsuccesses.
The modernversionof this model,wherethe multiperipheralcomponentis treatedvia clusteremission
hasbeenphenomenologicallythe mostpopularmodelboth for pionisationcross-sectionrise (i.e. model
II above)andfor the correlationphenomena(to bediscussedin the nextsection).

Secondlytherehavebeenattemptsto attributethe total cross-sectionrise to the openingup of the
antiproton—protonpair production [260—265].Let us look at its prediction for the pionisationcross-
section.From the ISR antiprotonspectrumonegetsa total antinucleonproductioncross-section

fdo-ii 1do-i~
o-i.~j~—dyi~i=2J ~—dy~

which goesup by 6 mb overthe ISR range(o-1~=4—*10 mb).This meansthat the remainingnondiffrac-

tive cross-section

o-o=o-in~o-D~o-N (7.28)

should go down by 6mb (from 22 to 16 mb), which is attributed in this model to a bare Pomeron
interceptap(O)< 1. Now, the pionisationcross-sectionassociatedwith theNN term is expectedto show
a kinematicsuppressionrelativeto o-0. This hasbeenparametrisedby Chiuand Tow [266]:

1 \_ IA - ~ I (v~— y~)
2l1Po(Y=)

PN~Y~)—I uyN A - I ~exp-~ A2 II
J uyNL I. ~ )J o-

0

where4 hasbeenestimatedto be = 1. Such a suppressionfactor implies the rise in pi~i(O)is in fact less
thanthe fall in po(O). Putting in the ISR antiprotonspectrumone seesthat the sum pi~t(O)+po(O)goes
down by 7 per cent, which is enoughto neutralise the 5 per cent rise expectedfrom the PPP
contribution. -

Lastlyone can considercombinationsof different models,as for instance,the NN productionmodel
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abovewith a pureeikonalor Gribov calculusmodel for the remainder.Such modelswouldaccountfor
the 6mb fall for o-0 quite naturally, that is with ap(0)=1. This simply comes from the ~

2o-Dterm
occurringin the nondiffractive cross-section.With aconstantPo, resultingfrom the AGK cancellation,
the sumpi~i(O)+po(O)would rise by 25—30 percent.Oneshouldnote,however,that thereareversionsof
eikonalandGribov calculusmodelwithout the AGK cutting rule— i.e. whereonehasthe ~2o-Dterm at
the single chain level without any polyperipheral term. For this version, of course,the pionisation
predictionsareidenticalto the earliercase— i.e. a ~ +po falling by 7 per centover ISR.

7.2. Fits to the centralcross-sectiondata

We shall describein this sectionsomequantitativefits to the centralcross-sectiondata.

7.2.1. s-dependence
Considerfirst the s-dependenceof the invariant cross-sectiondo-/ir dy dp~-at fixed y (=0) andPT

(=0.20eV). We shall takethe simplestformulaecharacteristicof the models(I—IV) above(seeeqs.(3),
(4b), (18) and (27)), i.e.

(I) A — Bs~4+ Cs~2

(II) A—Bs~2+Cs~

(III) ASB (7.30)

(IV) [A +B ln ~]2

andleavethe parametersfree,to bedeterminedby the fits. We aretreatingthemof course,asempirical
formulae inspired by the above models, rather than as realistic parametrisationof thesemodel
predictions.Thus, for instance,the B-parameterin II will not be constrainedby the valuesobtaining
from the multiperipheralclustermodel (II); andthat in III will not be constrainedto be the samefor ir
andp production,as requiredby the pureGribov calculus(or eikonal) model (lIla). Unfortunatelywe
do not havea simple parametricform for the Gribov calculus model with the energyconservation
threshold(Ilib). However,its phenomenologicalfeaturesarevery similar to the modelII, as discussed
earlier.

The experimental‘rr~,(p,p) andK~cross-sectionsare shownin figs. 1, 2 and3 respectively,for the
ISR, FNAL, Serpukovand the top PS energies.The ISR data points are from the British—Scan-
dinavian—MITcollaboration[267], which are consistentwith the earlier British—Scandinaviandata[268]
(not shown),but considerablymoreaccurate.It gives roughly a 40 per centrisefor ir~,50 percent for
K~,70 per cent for K and 80 per cent for p, whereasp is essentiallyflat. Quantitativefits to the K
cross-sectionshavenot beenattemptedsince it haslarge uncertainties,particularly at the low energy
end.For thesamereasonquantitativefits to the p cross-sectionshownin fig. 4 havenot beenattempted.

The fits to the ir and p cross-sectionswith formulae (30) are shown in figs. 1 and 2. (The
correspondingparticle—antiparticle differences are fitted separatelybelow.) The corresponding
parametervaluesandx2/~areshownin table4. All the datapointsdown to thetop PS energy(s = 46)
areincludedin the fit, exceptfor the fit II for rr which is restrictedto the ISR andFNAL points. One
seesthat essentiallyall the 4 formulae give acceptablefits over this energy,despitesomediscrepancies
at the lowest energypoint (s = 46). The predictionsdivergesignificantly, however,beyondthe ISR
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Table 7.4
Fits to theinvariantcross-sectiond~/irdy dp~z(y = 0, pi. = 0.2) for ir and p with formulae(30)

IT

Model A B C x
2/v A B C ~

mb mb mb 4.5 2.1
1 95 333 381 ~ —~— 2.93 12.9 14.4 .3

mb mb 4.2 2.6II 7l.9—~ 888— 4617mb — 1.97 31.8 130 —
GeV- GeV 3 3

III 11 0.21 — 0.065 0.39 —

I mb \l12 / mb \112 2.7 7.6

IV 2.39 ~ 0.65 ~ — -~- —0.31 0.19 —

energyrange.For instance,betweenthe top ISR energyands 40000 (typicalof the Isabellemachine)
modelII predictsonly a 10 per centrise for ir, in contrastto a 25 per centrisefor I andrise of 50 per
centandmorefor IV and III. The correspondingrisesfor ~ are 20 per cent,50 per cent, 100 per cent
andmore. Thus datain the Isabelleenergyrangeshouldprovide acrucial test for thesemodels.

7.2.2. y-dependence
Considernext the y-dependence.The formulae(30) extendedto non-zeroy give

(I) A — Bs114cosh(y/2)+ Cs112

(II) A—Bs’2cosh(y)+Cs’ (7.31)

(III) A5B

(IV) [A +B ln ~]2 — 4B2y2.

The ISR cross-sectionsat s = 2025 (\/~= 45)areplottedagainsty in figs. 5 and6 for ir andp. These
data points arefrom the British—Scandinaviancollaboration,the British—Scandinavia—MITdata being
restricted essentially to y = 0. Becauseof this and also becausesomePT values other than 0.2 are
included, the normalisationpredictionhas beenleft free. However, the shape in y is completely
specifiedby the aboveformulaeusingtheparameters*of table4. Thesearealsoshownin figs. 5 and 6.
The flat y-distributionof model III andthe marginalconvexity of model IV areclearly in disagreement
with data.The modelII predictionprovidesthe maximumconvexity andthe bestagreementwith data.
Only the p dataat PT = 0.1, showsa convexityevensharperthanthis prediction,but with ratherlarge
errorbars.

7.2.3. Shrinkagein PT

Fig. 7 showsthe ir cross-sectionriseat ISR as a functionof PT. The British—Scandinaviandataand
the British—Scandinavian—MITdata— the latter covering a smaller PT region but with considerably
better accuracy— are shownseparately.The shrinkagephenomenonseemsto be clearly discernible,
particularlyfrom the latter data. As discussedearlier the only modelwhich can naturally accountfor

* Althoughtheseparametersshowsomepr-dependence,theeffect is negligible over the Pr rangeshown.
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shrinkageis model IV. The predictionof the model (seeeq. (27)) correspondingto the parametersof
table4 areshownin this figure. As discussedearlier the modelIII predictsa PT independentriseand
model II predictsa smallantishrinkage,whereasmodel I hasessentiallyno prediction.

7.2.4. pT-dependence
Although the Reggemodels haveessentiallyno prediction for the p-p-dependence,let us briefly

summarisethe experimentalsituationfor completeness.The British—Scandinaviandatacoveringa wide
rangeof PT andy havebeenparametrisedas

do- 2 = A exp(—BPT+ CP~exp(—Dy2) (7.32)
IT y PT

wherethe parametershavebeenlistedfor thesix detectedparticlesatfive ISR energiesin ref. [268].On
the otherhand,theBritish—Scandinavian—MITdata,restrictedto a smallerrangeof p-~andto y =0, can
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be parametrisedby 3 alternativeforms,

do- —A” BPT
2”5 eirdydp-r

As” eB1’
2

As” eTh’ (7.33)

and the parametershave been listed in ref. [267]. However, the best fit is provided by the last
parametrisation(in termsof the transversemassK). It is interestingto note that in the last parametrisa-
tion the slopes turn out to be roughly the samefor all the six particle— more exactly for ir and K.
Moreover the magnitudesof the ii andK cross-sectionsat the sametransversemassK areroughly in
the ratio 2/1. Both thesefeatureswere predictedby Yazaki [272]from Mueller—Reggemodel and
brokenSU(3). The transversemassparametrisationis supposedto takecareof the SU(3)breakingin ir
andK masses,whereastheratio of the centralcouplingsis given by the f-dominatedPomeronmodel to
be (1 — at(0))1/(1 — af’(0))1 2/1.
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7.3. Particle—antiparticlecross-sectiondifference

Let usfinally look atthe particle—antiparticlecross-sectiondifference4 in the centralregion.Quite
earlyin thegame,it wassuggestedby Chanetal. [273]that thesedifferencesmaynot be affectedby the
nonleadingvacuumsingularities(e.g. the Pomerondaughtersof modelII), responsiblefor the central
cross-sectionrise. In this case,one getsat fixed y(=0) andPT,

4ab(c) do- 2 (ab—* cX) — do- 2 (ab —* ëX)= Bs1”4 (7.34)IrdydpT irdydp-r

coming from the Pomeron—Reggeonexchangesof eq. (la). Moreoverthe difference4ab(’Tr) for various
incident particles are relatedby factorisation,assumingexchangedegeneracyrelation for the central
Pomeron—Reggeoncouplings.Thus onegetsthe ratio

4 ~ : ~,T+P(1r~): 4K~P(1r~):&-p(1r~):4’lT~) = 2:3:7/4: —2: —3/4. (7.35)
The energydependenceof eq. (34) may be expectedto hold over a wider energyrangefor the

differenceof pp —* ir~Xcross-sections,wherethe Reggeon—Reggeonexchanges(as112)are suppressed
by exchangedegeneracy.This cross-sectiondifferencedatais plottedagainst~_1/4(fig. 8) from PS to the
highestISR energies.It seemsto showa cleardeparturefrom linearity. The 2 solid lines are fits with

4ab(c) = Bs_hh’4 + Cs”2 (7.34a)

but with very differentparametervalues as shown in table 5. Thus the data seemsto be strongly
suggestiveof a nonleadingterm*, althoughstill inadequateto fix its relativesize.The correspondingfit
to the 4~

0(p)data is shown in fig. 9 andthe parametervaluesgiven in table 5.
In the difference of pp—* ir~Xcross-sections,the above nonleadingterm can arisefrom exchange

o 20 -

Fig. 7.8. Thedifferencepp—’IT~central cross-sections,from thedatasetof fig. 1. Thesolid linesarefits to eq. (34a).

* This was first noticed by Inami [244].He had also observedsystematicdecreaseof the nonleadingpart with increasingpr from the old

British—Scandinaviandata.If true, this phenomenoncouldbe naturally tied up with thedecreaseof thenonleadingtermwith increasingpi for the
individual cross-sections,as evidencedby the Shrinkagephenomenon.However, the new British—Scandinaviandata doesnot seemto show a
systematicdecreaseof any statisticalsignificance.
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Fig. 7.9. The differenceof pp.-’ (p,p)X centralcross-sections.The 12GeV/cdata[212]hasbeenaddedto thedatapointsof fIg. 2. The solidline is a
fit to eq. (34a).

degeneracybreakingas in model I. Alternatively it can arisefrom the Pomerondaughtercontributions
as in modelII. In generalsuchcontributionsareexpectedto show up in the cross-sectiondifferences
too*, as pointedout in ref. [249].In anycase,if oneoptimisticallyassumesthenonleadingcontribution
to be relativelysmall at the FNAL energies(as in fit II, say) thenonecan comparethe factorisation
predictions(eq. (35))with theFNAL data.The dataat y =0 andintegratedover PT, give

= 6.9±2.3, 4,~+~(~)= 6.1±1.4, 4K÷p(7r~)= 3 ±1.5

at 1000eV/c [274],and 4,,-~(ir~)= —2.7±0.3 at 2050eV/c [275],all in mb units. These seemto be
roughly consistentwith the factorisationprediction.

Finally onemaynote an interestingcombinationof cross-sections

(ab—* cX) — (Ab —* cX)+ (ab—* ëX)— (äb—* ~X)

from which both the Pomeron—Pomeronandthe Pomeron—Reggeonexchangesdrop out as shownby

Table 7.5
Fits to the differenceof invariant cross-sectionpp—~IT~Xand

alsopp.-’ (p.p)X, with eq. (34a) (.y = 0, pr = 0.2)

Fit B (mb/GeV
3°) C(mb/GeV) x2/v

ir(I) 2.5 60 3.4/7

ir(II) 10 42 5.0/8
p 4.4 16 6.4/6

* The modelsIII(a) andIV, on theotherhand,would predicta slower than~ fall for thecross-sectiondifference,in disagreementwith data.
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Rushbrookeand Webber[92].Thus the leadingtermhereis the Reggeon—Reggeonterm as”2. These
authorshave shown that the relative magnitudesof theseterms in ir~p~ 1T~Xand (p,p)p—* ir~X
cross-sectiondata conflicts with the exchangedegeneracyprediction. One should bear in mind,
however,that thereareothermechanismsgiving ~_1/2 terms,as mentionedabove.

7.4. Summary

Let ussummarisethe essentialconclusionsof thissection.
1. The most attractiveexplanationsfor the centralcross-sectionriseare provided by the threshold

effects in the multiperipheralcluster model (II) and the Gribov calculus model incorporatingenergy
conservation(IlIb). These,at least,predictthe roughscaleof the riseunlike the othermodels.

2. An essentialsignal for the Gribov calculus model (III), however,is a ‘broaderthanPoissonian’
nondiffractive multiplicity distribution,which hasnot yet beenobserved.The approximatelyPoissonian
distribution, observedup to 400GeV/c rules out the Pure Gribov Calculus model (lila), but is still
consistentwith IIIb, which hasadelayedthresholdin broadening.In this respectan accuratemultiplicity
distributiondataatthehighestISR energywill beveryuseful.A distinctbroadeningatthehighmultiplicity
end,wouldprovidethe first experimentalconfirmation of the model (in particularthe underlyingAGK
cuttingrule).Ontheotherhanda nearlyPoissondistributioncanstill bereconciledwith themodelbut will
makeit phenomenologicallyunattractive.

3. The difficulty with the multiperipheralclustermodel (II) is that, in its simplestform, it gives too
rapid a rise, particularly in the sub-ISRenergyrange. It maybe attributedto the averagenumberof
cluster(4 to 6) beingtoo smallfor thissimple form to be valid.None-the-less,thenecessary‘low energy’
modificationsarecalled for if the model is to be of anyphenomenologicaluse,particularlyat sub-ISR
energies.

4. A secondproblem,sharedby both thesemodels,is that they predicta smallantishrinkagein PT

whereasthe dataseemto show a shrinkage.We can think of no naturalway to incorporatethisfeature
into thesemodels.The only model,whichcan naturally accountfor the shrinkageis the dipole Pomeron
model (IV) which conflicts with the observedrapidity distribution, however,apartfrom beingrather
adhoc.Moreaccuratedataon thisshrinkagephenomenonis, of course,calledfor inviewof its theoretical
significance.

5. Both themodelsII andIIIb suggesta significant slow down of the rise beyondthe ISR range.For
instance,in contrastto a 40% rise in the ISR range(6 < lns<8) theypredicta lessthan10 per centrise
for the range8< In s < 10. All the othermodelspredictsignificantly faster rise over the latter range.
The measurementsat the Isabelleenergieswould, therefore,provide a critical test.

6. The canonical Mueller—Regge-Dualitymodel seemsto be untenablenot only for the central
cross-sections,but for the central particle—antiparticlecross-sectiondifferencestoo, at least if one
includesthe PS energyrange.

Noteaddedin proof:

(I) Multiplicity distribution at the highestISR energyhas beenmeasuredby the Aachen—CERN—
Heidelberg—Munichcollaboration;andthedataseemsto show a broaderthanPoissondistributionat the
highmultiplicity end[314,315],in qualitativeagreementwith theGribovcalculusprediction.However,the
fluctuation in the datapointsaretoo largeto do a quantitativeanalysis.
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(II) In the energyrangeof s -~i0~0eV2(ln s = 11—12) thereis cosmicray databy the Brazil—Japan
collaboration,with several unexpectedfeatures[316].The most relevant ones for the pionisation
cross-sectionarealarger(pr) andmore importantlyaplateauheight50—100 percent largerthanat ISR.
Sucha largerise wouldevidentlyconflict with thetwo mostpopularmodels— themultiperipheralcluster
model (II) andtheGribov calculus(IlIb). Severalunconventionalinterpretationsfor thisdatahavebeen
suggested— rangingfrom the presenceof anexoticcomponent(quarks)in theprimary cosmicrays to the
excitationof a secondclassof clusters(mass—20 GeV) abovethe incidentenergyof a few TeV [317].
However, thecosmicray datahasseveralexperimentaluncertainties[318,319]. Therefore,it seemsto us
that any reliableconclusionscan only be drawnafter the SPScollideror Isabelledata are available.

(III) It hasbeennotedrecentlythattheaveragepionmultiplicity (orequivalentlythepionisationplateau
height) in pp is very similar to that in e~ecollision. As a function of the pionisation energy
W’ = W — Wleadingnucleons, the (nCh)

00seemsin fact to be identicalto (flch)e~e up to the highestavailable
energy[320]— in this scale((W’) ~W) the ISR energiesfor pp correspondto the PETRAenergiesfor
e~e.The limited amountof (n~h)dataavailablein otherprocesses(e.g. pp,Vp) arealso very similar. It
shouldbe pointedout that over this range,the rise is equallyconsistentwith the multiperipheralcluster
model formula [314,315] (n~h)~= a + b ln s + cs~

5~’2,(b 2) and the perturbativeQCD formula [321]
= a + b exp[c(ln s/A 2)1/2] WhendataatLEPandIsabelleenergiesareavailable,it wouldbevery

interestingto checkif thetwo multiplicities risedifferently, as suggestedby the two formulaeabove;or
continueto follow a common path, underscoringa basic universality in the multiparticle production
phenomena.

8. Two-particlecorrelations

The subjectof two-particle inclusive cross-sectionsand correlationsis, of course,vast enough to
covera completereviewby itself. Naturally our discussionof this subjectwill not be anywherenearas
thoroughasthat of the single particleinclusiveprocesses.We shall insteadconcentrateon thoseaspects
of the two-particleinclusivedata which aremost relevantfor the Reggemodels.In particularwe shall
concentrateon the two-particlecorrelationsin the centralregionfor whichthe Reggemodelsdescribed
in the last section(i.e. the Mueller—ReggeModel, the multiperipheralclustermodel and the Gribov
calculus)makefairly precisepredictions.In addition to the inclusiverapidity correlationwe shall also
discusssomeaspectsof the azimuthalcorrelationandthe semi-inclusiverapidity correlation,which are
particularlyrelevantfor the cluster model.

In termsof the one andtwo-particleinclusive cross-sections

do-~b 1 do-~bFab(Yc, PCT) = E~~j”T = — A 2
uPc ITUYCUPCT

and

— do-~_1 do-~ ~82
Fab(yc, PCT, Yd, PdT) — C d A 3 A 3 — 2 A A 2 A A 2 ‘.

“Pc uPd IT Yc PcT Yd PdT
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the correlationfunction is definedas

C~(y~,PCT; Yd, PdT) = —~----F~(y~,PCT; Yd, PdT) — —~—-F~b(y~,PCT) . ~ F~b(yd,PdT) (8.3)
o-ab o-ab o-ab

wherethe cross-sectiono-ab in the denominatoris usuallytakento be the total inelasticcross-section

— inelastic

o-ab~o-ab

Very often thecorrelationfunction is presentedin the normalisedform

R~t= c~/(_LF~b.-i-F~b). (8.5)
o-ab o-ab

We shall,of course,be mostly interestedin irrr correlationsin thepp collision i.e.

“pp

However,theISR correlationdataavailableso far lacksparticleor eventhe chargeidentification.What
areavailableare the charge—chargecorrelationR~and the charge—ycorrelationR~.Assumingthe
chargedparticlesin the centralregionsto be mostlypionsandthe centralir~inclusivecross-sectionsto
be roughlyequal,wehavethe approximaterelation

R~= ~ —1 ~ (8.5a)

R~‘~ R~ — ~(R~‘~° + R~7T0)• (8.5b)

Theseshouldbe reasonableapproximationsover the ISR energyrange.

8.1. Mueller—Reggemodel

Asymptotically,the two particleinclusivecross-sectionin thecentralregion is given by



354 SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions

F~= $ ~ [2coshy~112 (8.6)

whereR standsfor the leadingvector-tensortrajectorieswith

aR(O)~.

The asymptoticsingle particleinclusivecross-sectionsin the centralregion are

— a b c.dI

‘ ab — P

andtotal cross-section

o-ab~,$p/3p. (8.8)

Hence,assuminga factorising polePomeron,the asymptoticcorrelationfunction, definedin terms of
the total cross-section,is given by

r’cd_ g~’cd rc L’d
‘-‘ab T’ab T’ab T’ab

o-ab o-ab o-ab

= 7~~R(PcT)7~R(pd-r)~ [2coshy]112 (8.9)

and

— ‘YPR(Pc’r) YPR(PdT). i’i t~ 1-1/2
1~ab — c ~ ~ d ~ ~ ~. cos~~y~

)‘PP~PCV

Thus themodelpredictsan asymptoticcorrelationfunctionthat is firstly independentof the energyand
the typeof the incidentparticlesandsecondlyindependentof the individual rapiditiesYe, Yd for a given
rapidity difference Y(Yc — Yd). Thirdly it predictsan exponentialfall off with increasingrapidity
difference(—e~2)— i.e. a short rangecorrelationwith a range of —2 units in rapidity. Finally it also
predictsthe magnitudeof this correlation,sincethe Pomeron—Reggeonvertex y~can be estimated
from the energydependenceof the single particlecentralcross-section— i.e. the slopeon a ~hI4 plot as
discussedin the last section(fig. 7.1).

In the past there hasbeenseveralexploratory studiesof the inclusive correlationsR~ in the
Mueller—Reggepicture [104,242—244,2761. However, in most of theseanalysesthe centralPomeron—
Reggeonvertexwasestimatedfrom the slopeof the ~1/4 plot of the pionisationcross-section,over the
PS energies.As we saw in the lastsection,this slopeis about~ of the asymptoticslope,as measured
by theFNAL andISR data;andthe error getssquaredin the estimateof the correlationfunction. The
oneexceptionis thework of Inami [244]who estimatedthe centralPomeron—pvertexfrom the central
~ cross-sectiondifferenceat ISR andcomputedtheresultingdifferenceof IT41f andir’rr correlations.

In the following, the centralP—p andP—f verticeswill be estimatedfrom the asymptoticslopesof the
central~ cross-sections,as measuredover the top FNAL and ISR energies;and the resulting~4rr
and‘rrir correlationscomparedwith the dataover this energyrange.Still the comparisonis expected
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to beof only qualitativesignificance,however,becauseof the following uncertainties:
(1) The Mueller—Reggemodel can predict the correlation,only if one assumesthe net Pomeron

contributionas appearingin the total (andtheinclusive)cross-section,to beafactorisingpolesingularity.
On the other hand, it seemsquite plausible, as discussedin the last section,that the net Pomeron
contributionmayhavein addition to the pole, a cut componentarisingfrom the elasticanddiffractive
contributions.In that case,normalisingwith respectto the total cross-sectionwould haveno particular
significance;and the correlationfunction would in general contain a long rangecomponent,whose
magnitudecannotbe predictedby the model. In anycasethecorrelationdatais usuallynormalisedwith
respectto theinelasticcross-section(eqs. (3—5))whereasthe predictedcorrelationfunction (eqs.(9, 10))
correspondsto normalisationby the total cross-section.

(2) The modelpredictionapplies to the truly asymptoticcorrelation,whereasthe correlationdatais
expectedto havesubstantialsub-asymptoticeffects evenover the top FNAL and ISR energyrange.
One expectsthis from the significant energydependenceof the single particle inclusive cross-section
observedover this rangeand the significant differencebetweenthe two particlecross-sections(ir~ir~
andrrir) observedat FNAL*.

In view of the aboveuncertaintiesa quantitativeagreementor disagreementbetweentheprediction
and datawill not beof greattheoreticalsignificance.It will be significant,however,if thereis an order
of magnitudedifferencebetweenthe two. We shall, indeedseethat whereasthe differenceof ‘ir~rr and
ir~ir~correlationspredictedfrom the p—p vertex is in rough agreementwith data, the individual
correlationfunctions,predictedfrom the p—f vertex, aretoo largeby roughly two ordersof magnitude.

8.2. Comparisonwith inclusivecorrelation data

8.2.1. Shortrangecorrelation
The eqs. (6—9) above,give

C~’~= (y~±~ [2coshyf”2 (8.11)

i.e.

C~” — C~” = 2y~[2coshy]~2 (8.12)

wherethe transversemomentaof the pionshavebeenintegratedover. The energydependenceof the

central~ -~~ X cross-sectionsaregivenby
F~= $P2~r+~ ±$P~~r)~_l/4 (8.13)

i.e.

4$~/3P.y~.~_1/4 (8.14)

* However,thereseemsto bean effectivecancellationof thesesubasymptoticeffects in thecombinationR, so that R appearsto be roughly
energyindependentandsymmetricbetweenthe++ and — — channels,down to 100GeV/c.
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The slopeof thePT integratedISR data on 4~[267] gives

4$~$~y~~= 2±1 mb. (8.15)

The centralvalue correspondsto the slope 10mb/GeV2,obtainedfor PT = 0.2 in the last section,and
the error bar includesboth the uncertaintyin the ISR data and the possiblecontributionsfrom ~_1/2

termsas describedin the last section.With

6.3mb1’2, $~ 1.2 mb~2 (8.16)

asobtainedfrom the totalcross-sectiondata[28]onegets

= 0.07±0.035. (8.17)

The resultingcorrelationdifferenceis

C~~”— C~” 0.007(coshy)”2 (8.18)

with an uncertaintyof a factor of 2 on either side.Normalisingwith

F~=7mb, o-~~=40mb (8.19)

appropriatefor the top FNAL energy,gives

~ — R~” = 2y~[2coshy]~2/(F~/o-~~)20.23[coshy]”2 (8.20)

againwith a normalisationuncertaintyof a factor of 2.
The highest energycorrelation data available with charge identification is the FNAL data at

400 0eV/c [277], shown in fig. 1. A priori the Mueller—Reggeprediction is expectedto work only
for a large rapidity difference—Y > 1 say. None-the-less,one seesfrom fig. 1, that the correlation
difference

D 1T+~r— D
“pp “pp

is in reasonableagreementwith the abovepredictionboth in shapeandnormalisation.
In contrastthe individual correlationsR~“ are predictedto be largerthanthe difference(eq. (20))

by 2 ordersof magnitude,in violent disagreementwith data.Onecan seethis simply by comparingthe
asymptoticslopes of the cross-sectionF~and the difference LIT~,on a ~—1/4 plot. We see from the
analysisof the last section(figs. 1, 8 andtables4, 5) that the formerslope (= —333) is largerthanthe
latter (= 10) by afactor of ——30. Although the analysisof the last sectionwas carriedout specificallyat
PT = 0.2, essentiallythe samemagnitudesof slopeshold for the PT integratedcross-sections,as well. It
thenfollows from eqs.(13, 14 and16) that

—l2’y~, (8.21)
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Fig. 8.1. The 1r,r and iri~ correlationdatafor 400GeV/cpp collisionfrom theMichigan—RochesterCoIl. [277].

which meansthat the individual correlationsR~“ shouldbe largerthanthe correspondingcorrelation
differenceof eq. (20) by roughly 2 ordersof magnitude.This is evidentlyin violent contradictionwith
the R~ dataof fig. 1*. In fact the roughsize of the ir~if~correlationseemsto beof similarmagnitude
as the correlationdifference,which implies

(8.21a)

— the positive sign correspondingto the exchangedegeneracyprediction.It maybe pointedout thatin
the past, therehasbeenan attemptto reconcilethis featureof the correlationdata with the exchange
degeneracybreakingevidentlyrequiredby the pionisationcross-sectionriseby postulatingthe antiex-
changedegeneracysolution— i.e. the negativesignin eq. (21a) above[2421.Sucha solution,was indeed

* Indeedthesamecontradictionexists with the ISR dataon charge—chargecorrelation(fig. 3a) and charge—ycorrelation(fig. 3b) asone can

easilycheckfrom eqs. (5a, b); i.e. R~= RC~~= vI~[2 coshyJ’°/(F’
5/u,~~-.-20 (coshyf”

2.
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roughly consistentwith the slopesof ~ and~i~, as measuredfrom the PS data(seefigs. 7.1 and7.8).
As we saw in the last sectionhowever,the asymptoticslopes,as measuredby the ISR data,area factor
of 3—4 higherfor F~and —‘2 lower for L1~.This resultsin the y]~vertexbeingan orderof magnitude
larger thany~and the correspondingir~if correlationsbeing two ordersof magnitudelarger than
their difference.

In summary,the Mueller—Reggedescriptionof theISR pionisationcross-sectionrise requiresa large
y~vertex,which resultsin a iiir correlation2 ordersof magnitudelargerthanthe data.Thus the data
on pionisationcross-sectionrise andrrir correlationarein grossdisagreementwith the Mueller—Regge
model irrespective of any exchangedegeneracyconstraints.However the less ambitious scheme
wherethe central~ cross-sectionrisesareattributedto somekind of a thresholdeffect andonly the
differenceis interpretedin termsof the Mueller—Reggemodel, gives a y~vertexin roughagreement

with the differenceof ‘rr~’tf correlations.Moreover the short-rangepartsof the individual correlations
are in roughagreementwith the exchangedegeneracypredictiony~= y~.There is a priori no

reasonof course,why the abovethresholdeffectsshouldnot affect the centralcross-sectiondifference
and the correlationssubstantially; and to that extent some or all of these agreementsmay be
fortuitous.

8.2.2. Long rangecorrelation
The correlationdata~ shownin fig. 1 andR~shownin fig. 3a seemall consistentwith a purely

shortrangecorrelation(of range—2); althoughwithin theerrorbars along rangecomponentof —0.1 to
0.2 units may also be accommodated.One should note however, that normalising the correlation
function by the total insteadof the inelasticcross-sectionwould adda long rangecomponentof ~0.2
units (seeeqs. (3—5) above).Thus the correlationfunction, as normalisedby the total cross-section,
would seemto havea positivelongrangecomponent.In termsof the Mueller—Reggemodel this would
imply that thenet Pomeroncontributionto the total andthe inclusivecross-sectioncannotbedescribed
by a factorisingpole singularity.Of course,the size of the long rangecomponentis quite smallandthe
subasymptoticeffects, as discussedearlier,aresignificant evenin the ISR energyrange.

8.2.3. Energyand rapidity (in)dependence
Finally let uscheckif thecentralcorrelationdataare, indeed,independentof theincidentenergyand

particletype andalso of the individual rapiditiesYc,d, for a fixed rapidity differencey. Fig. 2 showsthe
dependenceon the energyand the type of the incident particle. It is an updatedversion of the
compilation of Ko [278],which shows the Serpukovand FNAL data on R~(0,0) for pp and ~
collision. Evidently both the correlationsare roughly independentof the incident energyandparticle
type. (The~ dataarevery similar to theR~.)Fig. 3a showsthe energyindependenceof the central
charge-chargecorrelationdataR~(0,0) from ISR*. One can also checkwith eq. (5a) above,that its
magnitudeis consistentwith thoseof R~ (0,0) shown in fig. 2. Fig. 4 showsthat this correlationis
independentof the individual rapidities,for a fixed rapidity difference (y = 0). This last featureis, of
course, clearly visible only at the top ISR energy,becauseof the larger rapidity range available
there.

* One may notethat the correspondingC(0. 0) would showsignificant rise (by a factor of ~2 over the ISR range).
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Fig.8.2. Compilationof R(0, 0) andR~(0,0) in pp, ~rp and ~ collision. The400GeV pp datahasbeenaddedto thecompilationof Ko [278].
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Fig. 8.4. Rapidity dependenceof theISR charge—chargecorrelationdata(Pisa—StonybrookCoIl. [279])at fixed rapiditydifferencem — ‘72 = 0.

Beforeclosing this subsectionit may be appropriateto commenton the choiceof variable. For the
Mueller—Reggeanalysis,the cd invariant mass

M2 = m~+ m~+ 2m~TmdTcoshv — 2PcT. PdT (8.22)

is evidentlya more appropriatevariable thanthe rapidity differencey. Whereasmostcorrelationdata
are given only in the rapidity variablesthereis one pieceof correlationdata,which is availablein the
M2 variable as well—i.e. the ANL—FNAL 200GeV/cdata. This correlationdata (in M2) hasbeen
analysedin termsof the Mueller—Reggemodelby Bergeret al. [2811.It is reassuringthat this analysis
agreeswith the conclusionslisted above.In particular the ii~rr data (fig. 5a) shows a short range
correlationof rangeconsistentwith aR(O) 0.5 andmagnituderoughly consistentwith eq. (20) above,
i.e.

~ ~-‘0.23(V~(m,rT))M’ 0.15M~. (8.23)

On the otherhandtherr~ir~correlationis of muchsmallermagnitudeandshorterrange(fig. 5b),which
may be interpretedin terms of a low lying effective trajectory (a(0) —0.5), coming from exchange
degeneracybreakingcontributions (e.g. non-leadingtrajectories,Regge—Reggecuts, etc.). One may
note that the corresponding(ir’rr) correlation data of fig. 1 seemsto show a somewhatlarger
magnitudeandrangebut the differenceis compatiblewith the size of the error bars.
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Fig. 8.5. Invariantmassdependenceof the200GeV/ccorrelationdataof theANL—FNAL CoIl., takenfrom ref. [281].(a)R~,(b) R/R~.

8.3. Multiperipheral clustermodel

This model has beenby far the most successfulReggemodel in describingthe correlationdata. It
was discussedin the last section, in the context of the pionisation cross-sectionrise. The correlation
data, of course,hasa muchwider scopein testingthe modelpredictionsandin determiningthe model
parameters.Thereis, indeed an extensiveliterature devotedto the analysesof inclusive and semi-
inclusive correlationdata in the multiperipheralcluster model. We shall, therefore,discussit in some
detail.

This is an extensionof the standardmultiperipheralmodel, wherethe objectsproducedalongthe
multiperipheralchain are not pions, but the multipion resonanceslike ~, p, io, f, A2 (see diagram
below). Thephenomenologicalmotivation for this are the following: (a) Inclusive resonanceproduction
dataindicatethat theseresonancesalreadyaccountfor the bulk (60—90%)of the pion production[251].
(b) In the simplestmultiperipheralmodel the averagenumberof objectsproduced(eq. (28)below) is
roughly a third of the averagenumberof pions ((n,,) 3 ln s) experimentallyobserved.This would
suggestthe objectsto be clustersof =~3pions (i.e. ~‘2 chargedpions) on the average.(c) This pion
multiplicity correspondsto anaveragesubenergyfor neighbouringpions

M,~ (m,~T~(2 cosh(0.3))1/2 0.5 GeV

where significant resonanceenhancementsare expectedany way. Since, the simplestmultiperipheral
model has no correlationbetweenthe neighbouringpions, such effectsmust be put in by hand. (d)
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Finally to reproducethe pionisationcross-sectionriseover the ISR rangein themultiperipheralmodel
oneseemsto requirethe massof theproducedobjectsto be —1 0eV as we sawin the last section.

A realistictreatmentof the multiple resonanceproductionwould, of course,involve a multitude of
resonanceparameters.It would also involve the inter-clustercorrelationeffectscoming, for instance,
from chargeandenergymomentumconservation.In the simplestand most popular version of the
model, however,one assumesuncorrelatedproductionof identical and neutralclusters,representing
somesort of an averageoverthe producedresonances.This productionamplitudeis describedby the
familiar multiperipheraldiagram,

i.e.

AN = gN s~
t~f(t~). (8.24)

The model is widely coveredin the literature[2,6,47,65,2821.Integratingover the subenergiesand
the momentatransferonegetsthe following asymptoticresults.The N clusterproductioncross-section

O.N = 52aR_2g2N(lns~’/N! (8.25)

~ ~.N =

52ax—2+g

2 const. (8.26)

i.e.

g2=2—2aR~’1 foraR~-’0.5. (8.27)

The averagecluster multiplicity

(N> = g2 ln s Ins. (8.28)

The multiplicity distributioncan be written in the familiar Poissonform

UN = a-e~ (N>~”/N!. (8.25a)

The inclusiveclusterdistributionis
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(8.29)a-dy lns

which is both s and y independent.

8.3.1. Shortrangecorrelation
Oneexpectsa shortrangecorrelationbetweenpions comingfrom the decayof thesamecluster. Its

magnitudeandrangewould dependon the cluster parameters— mass,spin anddecaymultiplicity. For
simplicity it hasbeencustomaryto assumean isotropicdecay,correspondingto a spin zero cluster.It
would evidently be more appropriateto considerspin 1 or 2, characteristicof the abovementioned
resonances;but one hopesthe resultswould not changeappreciably.In anycase,given this isotropic
decayassumption,one seesthat the correlationfunctioncan be approximatedby a Gaussian

exp{—(y1 — Y2)/
43}

with o — 0.7—0.9.We sketchthe derivationfollowing Berger[6].
Defining (w, q, 0, ~)as the energymomentumandanglesof the decaypion in the clusterrestframe

andy as the correspondingrapidity we have

w—m,TTcoshy, qcos0=m,,Tsinhy

i.e.

g d cos0 = dtanh = dy (8.30)
cv coshy

Thus the invariant decaypion distributioncan be written as

d3D d3D d3

~ =2cosh2Ydq2d~dy

i.e.

cosh2yJD(q)dq2d~. (8.31)

For isotropicdecaydistribution(D(q) = D(q)) we have

~i~cosh2y I D(q)dq2~~~JD(r)dr2
(m,,sinhy)2 L

with

r = q/(q> and L = (m.,.sinhy/(q))2. (8.32)
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Empirically(q> is largecomparedto rn,, andhencefor smally,L =0 and

dD/dy (coshy)—2

which can be numericallyapproximatedby the Gaussian

dD/dy o~exp(—y2/282), 8 0.9. (8.33)

Correction due to L� 0, in general, reduce 8 by a small amount (8 0.7—0.9); but to a first
approximation it is independentof both cluster mass and multiplicity. Normalising the integrated
distributionD to the averageclusterdecaymultiplicity (K) gives

g(y) ~ exp(—y2/262), 8 0.7—0.9. (8.34)

Fromeqs. (29) and(34) weget the single pion inclusivecross-section

ida-” I
~-j~--= j p(y~)g(y—y~)dy~

(8.35)
lns Ins

whichis bothenergy(s) andrapidity (y) independent.The corresponding2 pion inclusivecross-section
is

1 d2a-” C I
— A = i dy~p(y~)g(Yi — Ye, Y2 — Ye)+ dy~dy~

2P(Ycl)P(Yc2)g(y1— Yet) g(y2— Yc2) (8.36)O•uyiuY2 J J

wherethe 1st term correspondsto both the pionscoming from the sameclusterand the 2nd to those
coming from different clusters.The factorisationof the two cluster densitiesin the 2nd term, simply
reflects the uncorrelatedclusterproductionassumptionas discussedabove.As a result this term drops
out from the correlationfunction

d
2a-” dcr” da-”C” (Yi Y2) — ____ ____

a-dy
1dy2 a-dy1 a-dy2

= Jdy~P(Yc)g(y~— Ye, Y2 — Ye)~ (8.37)

Assumingfor simplicity, that the two decaypion distributionsfrom the samecluster areindependent,
gives

g(y1— Ye, Y2 — Ye) = (K(K—21)> exp~—~ — Ye)
2~(Y2 — Ye)2} (8.38)
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Substitutingeqs. (38) and(29) in (37) andusingthe identity

I r (Y1—Y)
2+(Y2—Y)2) ,— í (y~—y~)2iJ exp

1— 252 j’dy=Svirexpc1— 452 ~ (8.39)

onegets

(K(K — 1)) f(n~>\ 2 2
C” (Yi, y2) = 25\/~(K)~ exp{—(yi — Y2) /45 }

(K(K—1)>/da-”\ 2
= i exp{—(y~— Y2)

2/45 }. (8.40)
25\/~(K)\crdyl

The correspondingnormalisedcorrelationfunction is

R””(y
1, y2) = ~ (~~_)1exp{—(y1 — y2)

2148}. (8.41)

Thus thecorrelationfunction is independentof the incidentenergyandtheindividual rapiditiesY1,2 for
a fixed rapidity difference. One may also note that the correlation function and the other physical
quantitiesdescribedaboveareall independentof the type of incidentparticles.The correlationrangeis
25 =2, i.e. similar to that predictedby the Mueller—Reggemodel. The detailedshapesdiffer (i.e.
Gaussianversus exponential);but the accuracyof the correlationdata is inadequateto distinguish
betweenthe two. Besides,the cluster model prediction(eq. (40)) is expectedto work better at small
rapidity difference (i.e. L 0), whereasthe Mueller—Reggeprediction (eq. (11)) is more reliable at
largerrapidity difference.The mostdistinctivefeatureof the cluster model,however,is the size of the
predictedshort rangecorrelation.As we seefrom eqs. (40 and41), this size is governedby the cluster
decaymultiplicity, which hasessentiallyno connectionwith the pionisationcross-sectionrise. Before
proceedingto comparethis with the correlation data, however,we must estimatethe long range
correlationpredictedby the model, since the 2 componentscannotbe clearlydisentangledfrom the
data.

8.3.2. Long rangecorrelation
As we haveseenin the last sections,the total inelasticcross-sectiona- containsa small diffractive

componenta-D(=~a-)in additionto the abovemultiperipheralcomponent,which maybedenotedas a-M.
It is common practiceto neglectthe interferencebetweenthe two sincetheyhavesmalloverlapin the
phasespace.Onecanthenshowby straightforwardalgebrathat the net correlation

C”’(y
1, Y2) = ~ C~”(y1,Y2)+~ C~,”(y1,Y2)+’ C~(yi,Y2) (8.42)a- a- a-M

whereC”M” is the short rangecorrelationcomingfrom the multiperipheralcomponent(i.e. eq. (40)) and
C”D” is the correspondingcorrelationfrom the diffractive componentshownbelow.
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Thequantity

— (1 da-” 1 do~\(ida-” 1 da-~MD(Y1~Y2)~_~T) ~a-o~dy (8.43)

gives a long range correlation. It has no dynamical content,but simply arises from the way the
correlationfunction is definedabove. In generalwheneverthereareseveralnoncoherentcomponentsin
the cross-section,the correlation function, will contain long range components.We see from eqs.
(42,43) that the contributionof the product termto R””(y1, Y2) is

(844)

a-M\ a-ID dyiI a-dy11!\ a-1~dy~/a-dy2i

8.4. Comparisonwith inclusivecorrelation data

Therehavebeenanumberof fits to the ISR correlationdatain this model [283—287].We shall just
enumeratethe essentialfeatures.

We haveseenin section5 thatdependingon whetherdiffraction is dominatedby (a) PPRor (b) PPP
the ratio

da-] /da-”
a-Ddy/ a-dy

in the centralregion is 0 or ~ respectively.Theseare the choices,for instanceof Pirila and Pokorski
[2831andof BergerandFox [285] respectively,whereasLe Bellac,MiettinenandRoberts[287] obtaina
ratio =~ (c) by taking a mixture of the PPPand PPRterms. With a a-D/a-M ~, the corresponding
magnitudesof thelong rangecomponentin R are roughly

(a) 0.25, (b) 0.06, (c) 0.12. (8.45)

Thus in the charge—chargecorrelationR”’(O, 0) the majorpart (0.4—0.6) is attributedto the short range
components.Now thecomponentC”D” comingfrom the diffractively excitedcluster,can becalculatedin
the sameway as the componentC~”.Onethenseesfrom eq. (40) that the ratio

.-I “ IA

C”” C”” — UO•D / Ua-MID M a-Ddy/a-MdY~

Hence the diffractive clustercontributionto R~(0,0) is a tiny fraction i.e. roughly

(a) 0, (b) 0.06, (c) 0.04. (8.46)
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Any way subtracting(45) and (46) from the net R(0, 0) (=0.65) onegets the multiperipheralcluster
contribution.This gives usingeqs.(40,41)anda chargedpion centralcross-section

1 da-”’~’18
a-dy —

(K(K— 1)) (a) 2, (b) 2.7, (c) 2.4. (8.47)

Fig. 6 showsthe predictedcharge-chargecorrelation,with the choice(c) (and5 = 0.9) alongwith the
highestISR energydata. The part coming from pure diffraction plus the long rangeproduct term is
shownseparately.The changeof sign nearthe endsof the rapidity plot, simplycomesfrom the change
of signof the long rangeterm (eq. (44)).

Finally let us see what does the size of the charge-chargecorrelationimply for the cluster decay
multiplicity. Since the diffraction is dominatedby the PPP term, the phenomenologicallyacceptable
solutionsareonly (b) and(c) i.e. for the clusterchargemultiplicity K,

(K(K— 1)) 2.4—2.7. (8.47a)

This would still not give the averagechargemultiplicity (K) without knowing the dispersion.For
instance,the abovequantitycorrespondsto (K — 1) for anarrow multiplicity distributionandto (K) for
a Poissondistribution. The two quantities, averagemultiplicity and dispersion,can be separately
determinedonly from the semi-inclusivecorrelation,which hasthefurtheradvantageof eliminating the
diffractive contributions. Before going into the semi-inclusivecorrelation analysis,however, let us
simply statethe results.It suggestsa very narrow decay multiplicity distribution, and a significantly
smallervalueof (K(K — 1))I(K) 1. Thus the averageclusterdecaymultiplicity from the inclusiveand
the semi-inclusivecorrelationanalysesseemto be =3.5—4 chargedpions (5—6 pions) and=2 charged
pions (3 pions) respectively.The latter estimate agrees with what one expects from the pionic
multiplicity of the prominentresonancesand also with the result ((N> lns ~(n~))of the simplest
multiperipheralmodel; but the former estimateis evidentlytoo large. Partof this discrepancymaybe

RCC( yy)/y=O

.

2 -

Fig. 8.6. Comparisonof theISR charge—chargecorrelationdata[279]with themultiperipheralclustermodelprediction.The dashedline showsthe
contribution from thediffractive clusterplus the long rangeproduct term.
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attributedto the uncertaintyin the diffractive contributions.Besidesrestrictingoneselfto the region
I Yi — Y21 <2, one could get a reasonablefit with somewhatsmaller 5 and (K(K — 1))/(K) (by around
20%). But we do not seeenoughroom in theseto accountfor thewhole or eventhe majorpart of the
discrepancy.In fact thisdiscrepancy(in particularthe internalinconsistencyof afactor of 2 betweenthe
inclusiveandthe semi-inclusiveestimatesof (K(K — 1))/(K)) seemsto be the single majorfailing of the
clustermodel.

8.5. Semi-inclusiverapidity correlation (clusterdecaymultiplicity)

The semi-inclusivecorrelationmeasuresthe correlationfunction, for a fixed numberof particlesin
the final state— chargedpionsor separatelyrr~andrr. Thusit givesthe correlationas afunction of the
particlenumbern, from which onecan estimatethe clusterdecaymultiplicity anddispersionseparately.
It also has the advantageof filtering out the diffractive contributionby taking largen(�(n)). It is
thereforeconsideredthe most reliablebasis for determiningthe cluster decayproperties;and a large
numberof experimental[288—2961andphenomenological[297—304]papershavebeendevotedto this
purpose.The semi-inclusiverapidity correlationis definedas

Cn(yi, Y2) = P2n(yi, y2)p~(y1)pfl(y2)

— 1 d2a-~ 1 da-, 1 da-~ 8 48
~ dy

1dy~a-~dy~ a-, dy2

which obey,of course,the normalisationconstraints

Jp~(yi)dy1 n

JP~(Yi~y2)dyidy2=(n—1)Jp~(yi)dyt=n(n —1) (8.49)

JC,,(y~,y2)dy1 dy2 = _Jp~(yi)dyi= —n.

The clustermodel expressionsfor thesequantitieswere first derivedby Berger [2971. We shall sketch
this derivation, which is less elegantbut far more transparentthan the alternativederivationvia
generatingfunctions[304].

Dealingwith final statesof fixed multiplicity n involvesconvolutionof clusterdecaymultiplicity dist.
p(K) with the multiplicity dist. PN (—a-N/a-) of clusterproduction. Let us define the probability of a
clusteri, in a N clusterand n particle state,decayinginto K, particlesas

•~flp~(J<,) (8.50)
KN K1 j1

wherethe summationis over N—I quantitiesK1(j�i) for a fixed K,, andsubjectto the constraint
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i.e. effectively overN —2 quantities.The probabilityof a N clusterstatedecayinginto n particlesis then

qN(n)=~p,(K,,N,n). (8.51)

It is easyto checkthat

~qN(n)= 1

(fl>N ~ nqN(n) = N(K). (8.52)

The net probability of producingn particlesis then

Q,. a-,,/a-= ~ P~q1~,,(n) (8.53)

with

(n) ~ nQ,, = (N) (K). (8.54)

Similar to eq. (50) above,onecan definethe joint probability of clustersi andj (i � j), in a N cluster
andn particlestate,decayingto K, andK1 particlesas

~flp,(K,) (8.55)
KN KI !1

with K, andK1 heldfixed and

K1 = n.

Of course

N, n) = ~ J~1(K,,K1,N, n) (8.56)
K1

andfrom the standarddefinition of averagedquantities

(K),, =~j—>~PN~K,j3,(K,,N,n)

(8.57)
(K(K—1)),, =~-~.~PN~K,(K,—1)p,(K,,N,n).
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All the above relationshold for arbitrary production and decay distributions, as long as the two
processesareindependent.

Now in the multiperipheralor in any independentclusterproductionmodelone has

1 dUN N
P~(Ye)~’~ (8.58)

and

1 d2a-N N—i
P~e(Yei,Yc2) = a-N dyei dy~

2= N P~(Ye1)P~(Ye2). (8.59)

Thenfollowing the sameprocedureas subsection8.3 (seeeqs. (34—36)) onegets

exp{—(yi — yj
2/252} ~ Kj3(K, N, n)

Q~~ JdYePN(Ye)
cr,, dy

1 N SV2ir K

(YQ)’~PNq~n =n/Y (8.60)
N

And

1 d
2a-,, exp{—(y

1 — Y2)

2/43} _____
p~~(yi,Y2) = a-,, dy

1 dy2 = 2ir5
2 Q~~PN Jdyep~’i(Ye)exp~_(y— Yi + Y2)2/

52}C 2
N

~ K(K — 1)13(K,N, n)+ Q~~PN JJdy~dye2 2 exp{—(yi — Yci)
2/282}N(Ycl,Yc2)

exp{~(y2~Ye2)2/252} . ~ K
1K2J(K1,K2, N, n)

K~,K2

— exp{—(y1 — y2)

2/43 } v
- 25Vir~Y~Q,,~PN.N~K(K-1)J3(K,N,n)K

+~~
0~PN~N(N—l)~ K1K2J(K1,K2,N,n). (8.61)

KI,K2

Now becauseof the factorsN andN(N — 1) inside thesummation,this equationcannotbe expressedin
termsof the averagequantitiesat fixed n like

(K),,, (K(K — 1)),, etc.

This canbe done only for specific cluster decaydistributions.We shall considertwo distributions(I)
5-functionand(II) Poissonian,as typical of a narrowandabroadclusterdecaydistributionrespectively.

8.5.1. 5-functiondecay
Here
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p(K)=5(K—Ko)

j3~(K,, N, n) = 5(n— NK0)5(K, — I(~)

qN(n)— &(n —NK0) = ~ s (N—i-) (8.62)

1

“~ N—n/K1)

J,1(K,,K~,,N,n)= S(n—NK0).5(I(, —I(~)~5(K1 —K0).

Hence

(K),, = K0= (K)

(K(K — 1)),, = K0(K0— 1) = (K(K — 1)). (8.63)

From eqs.(61) and (62) onegets

1 d
2a-,. — exp{—(y

1 y2)
2145} . n~K

0—1)~n(n— K0)
a-,,dy1dy2 25\/~ Y

i.e.

C _exp{—(y1—y2)
2/4S2}~n(Ko—1)

n(yl,y2)— 25V’~ V V2

which canbe re-expressedusing eq. (63) as

C (y~Y2) = exp{—(,yi — ~)2/452} ~ (K(K— 1)),, n (i ~(K(K— 1)),.~ (8.64)
“ ‘ 2SVir V (K),. V2 \ (K)~ /

Oneusuallysubstitutesbackthe densityfunctionp~for ni V andwrites

C,,(y
1,Y2) = exp{—(y1 — y2) /45}p~(yi)y(n)—

1p~(yi)p~(y
2)~(1+ y(n)),25’V~

(8.65)

y(n) (K(K — 1)),,/(K),,.

Althougheq. (65) is no moreexactthan(64), onehopesby this to partially takeaccountof the observed
deviationfrom the plateau.

8.5.2. Poissondecay
Here

p(K) = e~Z”/K!, Z = (K).
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And sincethe productof N Poissonis againa Poisson,i.e.

N

~
KN Kj iI

Onehas

((N — 1)Z)”” (N — 1)”~~,Nn)=e~ .~-j-~e (n—K,)! =e~ Z K,!(n—K,)!

.~ (N—1)”” _e~~Z”~N”
qN(n)—e .zn *K,!(n—K,)! n! (8.66)

NZ~ Z~(N—2)~””K.! K.! (n_K—K.)!~

Fromeqs. (57) and(66) onegets,following somesimplealgebra

(K),, (K)cr,,1/a-,,

(K(K — 1)),, = (K)
2 a-,,_

2/a-,, (8.67)

(K(K — 1))/(K) = (K).

Fromeqs. (61), (66) and (67) one gets,againfollowing somesimple algebra,

1 d
2cr,, = exp{—(y

1 — Y2)/

45} (n — iXK),. + n(n —1) (n — 1XK),.

a-,,dy
1dy2 2a-\/~ V V

2 V2

i.e.

exp{—(y
1 — Y2)

2148} n — 1(K),. —~ P~(Yi)p~~(y2)(i + ~ (K)~). (8.68)
C,,(y

1,y2)= 25\/~
n n

Now

(K),, . ~!_Li — (K(K — 1)),, [ a-n_i/a-n n — 1] (K(K — 1)),, (8.69)n — (K),. a-n 2/a-n_lU fl — (K),.

sincethelast factor is 1 for almostanyreasonabledistribution(it is exactly1 for a Poissondistribution
in n). Thus to a good accuracyone againgets eq. (65), for the correlationfunction. Moreover, the
clusterparameter

(K(K — 1)),, — (K(K — 1)) . o~ “~‘~‘~> (K(K — 1)) (8.70)(K),, (K) a-n-I (K)

As mentionedearlier the (1) 5-functionand(2) Poissoncasesareprototypesof a narrowanda broad
decaymultiplicity distribution.Thus in either casethe semi-inclusivecorrelationfunction is expectedto
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obeyeq. (65), andthe resultingclusterparametery(n) at n (n) shouldcorrespondto the quantity

(K(K — 1))I(K)

evaluatedearlier from the inclusivecorrelation.Therearetwo significantdifferenceshowever.(a) The
abovequantity correspondsto (K) — 1 for caseI andto (K) for caseII. Thus from the sameinclusive
correlation(or the semi-inclusivecorrelationat n (n)) onewould get a bigger or smallerclusterdecay
multiplicity dependingon whetherthe multiplicity distributionis narrowor broad.(b) Whereasfor case
I the parametery is n-independent,for caseII it increasessignificantly with n for n > (n) as onesees
from eq. (70) (e.g. for a Poisson distribution in n it will be proportional to n). Thus from the
n-dependenceof the semi-inclusivecorrelationdata, one can distinguishbetweennarrow and broad
decaymultiplicity distributions.

8.5.3. Comparisonwith data
Let us now comparethe abovepredictionswith thesemi-inclusiverapidity correlationdata.The data

comeprimarily from 4 experiments— Pisa—Stony Brook [2881and Aachen—CERN—Munich[289]col-
laborationsat ISR andANL—FNAL—Stony Brook[290]andRochester—Michigan[292] bubblechamber
collaborationsat FNAL. We shall concentrateon the PSBdata,which alonehassufficient statisticsfor a
quantitativestudyof the rapidity andthe n dependence.It, of course,hastwo problems.Firstly it gives
only the pseudorapidity i~as it lacksmomentummeasurement.Secondlyit hasratherseriouscounting
problem— the measuredcross-sectiondo-,jdy and da-,,/dy1dy2 actually correspondto several prong
cross-sectionsaround the observedvalue of n. The counting losses(and gains)have,however,been
estimatedby this group, on the basis of which they obtain an effective n and the correspondingC~
function (seeref. [288] for details).TheseC,. functionsarethen seento satisfythepropernormalisation
constraints(eq. (49)) and also to agreewith the other measurementsmentionedabove.There is only
onenaggingdiscrepancy— at very largen (=2(n)) the 200GeV/c bubblechamberdata [2901seemsto
give a significantly lower correlation((‘14(0, 0) = —1.2±0.6) thanthe corresponding(V~= 23) PSBdata
(C14(0, 0) = 0.236 ±0.052). Following the practicein the literaturewe shall ignore the bubblechamber
result in thisregion in view of its poor statistics.

The semi-inclusivecharge-chargecorrelationdata from the 200GeV/cFNAL experimentand the
PSBexperimentat \/~= 23 areshownin figs. 7 and8 for n = 8 andaneffectiven = 9.1 respectively(i.e.
n (n)). The uncertaintyin the FNAL datais evidentlytoo largefor a quantitativeanalysis,but within
this largeuncertaintyit is consistentwith the PSBdata. The PSBdata is comparedwith the prediction
of eq. (65) for several cluster parameters.The data is evidently incompatible with a large cluster
parameter‘y 2, assuggestedby the inclusivedata.The latter giveseithertoo largea height (5 = 0.7)or
too largea width (5 = 1) for the short rangepeak.A reasonableagreementis obtainedhowever,with a
small cluster parametery = 0.8 and 5 = 0.62. For a more detailed analysis, the PSB group have
extractedthe shortrangepeakfrom their data,by fitting it to

‘ 2 1C,.(0,y) = A,,exp(—y/45 ) — B,.p.,(y) (8.71)

(compareeq. (65)*). The short rangepartscorrespondingto the first term, havebeenreproducedfrom

* It shouldbementioned,however,that therelativemagnitudesof thecoefficientsB, and A,so obtainedarein agreementwith eq.(65) for n =

but showsignificantdepartureat largern values.



374 SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions

~II
~ c~ (~J C’J

t ~ \ V
II
__III . .-

,_,0
3
~

*1

I ,‘T I I ______________________________________________________________
________________________ I I I I_______________ I

~ .~.___

0
00.

.—~-.

—~ _I*I-___--__,~.0 ~

\‘~ .)

~_, ~“ / .~ 0
.../‘ ,,.-~

,~‘.- 0-

— o ~
~4, I,—

— ~ ,~a
4”.

~. ~ .E 8

V

E

• ‘3
‘-J. ~—0---~

>,

I I
I’

I I
0

F I
I -0 I

___________________ 810 0 I

I I j I~_____, ................~ I I I

I —0 I

I I

— I I “a
>~ IL’) __________ .0.’-.

I 0 I
>‘.

V ~ I ID I
—

II I- —0~—----1
V
It)
c~J oo~,

IL)



SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions 375

ref. [288] alongwith their fits (fig. 9). The fits yield a S = 0.6 andthe correspondingy(n) areshownin
fig. 10. One notes that at the highestISR energyVi~= 62, the clusterj,arametery is practically
n-independent.There is an appreciablen-dependence,however, at Vs = 23. This would be an
embarrassmentfor the clustermodel,sincethe clusterparametersareenergyindependentquantities.It
hashowever,beendemonstratedby Arneodoand Plaut[300]that thingslike energyconservationand
leading particle effect,when incorporatedinto the aboveformalism,can accountfor such a spurious
energydependence.More precisely they start with a y = 1.2, independentof energyand practically
independentof n andgeneratethe correlationfunctionsC,. througha MonteCarlo calculation,which
incorporatesthe aboveeffects. Whenthesecorrelationfunctionsarefitted to the simpleformula (65),
onegetsan effective y(n) (fig. 11), showingthe sameenergyand n-dependenceas the PSB result (fig.
10).

Thus it is reasonableto concludethat the semi-inclusivelongitudinal correlationdatais in agreement
with the cluster model with 5 = 0.7 and a practically n-independentcluster parametery = 1. This
suggestsa narrow multiplicity distribution for cluster decayand an averagedecaymultiplicity of =2
chargedpions (=3 pions) per cluster; which is perfectly consistentwith its identification with the
prominentresonances(~,p, cv, f, A2). Note finally thatthe correspondingmultiplicity of =1positive (or
negative)pion perclusterimplies a negligible shortrangecomponentin C~÷(or C;). This is consistent
with the meagreFNAL dataavailableon thesequantities.

3.5

10

2.5 )~ ~\
2.0

05

0 - __________
-5 —4 -3 -2 -i 2 3 4 5

Fig. 8.9. The short rangepart of the PSB data [2881on C’,(O, ,~)compa;edwith the clustermodel prediction with 6 = 0.6. (a) \/~= 23GeV:
n,~.,= 10, 11(A); 14,15~I~);20,21(S).(b) \/~= 62 GeV: n0~= 10,11(A); 20,21~);30, 31(I).
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Fig. 8.10. Theclusterparametery(n)obtainedby thePSB fit to theirdataon C,(0, ti); asshownin fig. 9.
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Fig. 8.11. Incorporatingenergyconservationand leadingparticle effects into a clustermodel with a practicallyn-independentclusterparametery
(solid line) leadsto aneffective y(n) verysimilar to thePSB fit (fig. 9). This is takenfrom a MonteCarlo calculationby Arneodoand Plaut [300].

8.6. Azimuthalcorrelation (clustermass)

The rapidity correlations,describedabove, provided a fairly preciseestimateof the cluster decay
multiplicity ((K) = 3) but not of the cluster massM. This is becausethe width 5 is insensitiveto the
cluster massor the q (decaypion momentumin the cluster restframe)as long as the latter is large
comparedto the pion mass*.To estimatethis onemustconsiderthe azimuthalcorrelationbetweenthe
decaypions.

* None-the-lessavalueof M = 1.3 GeV hasbeenobtainedby ArneodoandMeunier [2521,correspondingto 6 = 0.7 and K = 3 (seeeqs.(32—34)
above).It is reassuringthat this is roughlyconsistentwith theestimatefrom azimuthalcorrelation(eq. (91)).
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Beforegoing to the azimuthalcorrelationhowever,let us notethat the sharptransversemomentum
cut-off of the decaypions ((p4i-) = 0.15) alreadyprovidean upper-boundon the clustermass(or q-value).
This is becausethe PT distributionis obtainedby convolutingtheclustertransversemomentumkT with
qT; anda small (PT) implies that (q-~-)cannotbe too largeirrespectiveof (kT). Let usbriefly describea
semiquantitativeestimateof this boundfollowing Hayotet al. [305].

Let z be the longitudinal direction andx the direction of the clustertransversemomentumkT. Since
wearenot interestedin the clusterlongitudinalmomentum,we canwork in aframewherethis quantity
is zero.Then in termsof the cluster transverserapidity ~

MT = M cosh~, kT = M sinh ~ (8.72)

and

p~=q~coshoi+Esinhn,p~=q~ (8.73)

whereE, q arethe pion energy,momentumin thecluster restframe.Assumingisotropicclusterdecay

asbefore,

/ 2~,..../ 2\_jJ 2
— ~qy

1 — 2’1qT

andneglectingpion massterms, onegetsthe approximateequality*,

(E)
2 = (q2

1.). (8.75)

Since the clusterproductionanddecayareindependentone can averageoverthe two separately.Thus

eqs. (72—75) give

(p~’)= (q~)(cosh
2~ + (E2)(sinh2~ +(q~)

= (q~). (1+2(k~./M2))

= (E)2. (1 + 2(k~/M2)). (8.76)

Finally

(E) = M/(K) = M/3

i.e.

(p~)= 0.15= ~ (i + 2(a)) (8.77)

which gives an upperboundon the averageclustermass

MS1.2GeV.

* The exact relation would depend,of course,on the shape of q-distnbution.For a Boltzmann distribution one can easily check that

(E)2 = (4Iir)(qi-).
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If the quantity

X = (k?iJM2) (8.78)

is ~1 (i.e. for smallclustertransversemomentum)theclustermasswill becloseto the upperbound.But
for large cluster transversemomentumit could be significantly smaller. Thus for an estimateof the
clustermassoneneedssomeknowledgeof its averagetransversemomentum(kT). This canbe obtained
from the inclusiveazimuthalcorrelationdataas weseebelow.

We shall againrestrictto the aspectsof azimuthalcorrelationmost relevantfor the presentanalysis.
A more detailedaccountcan be found in refs. [304,306, 307]. The quantitymost readily calculablein
the clustermodel is

(PTI pT2)/(PT)

whereasthat moreeasilymeasurableis (cos4)) —4) beingthe azimuthalanglebetweenthe two detected
pions. The two are not exactly the same,of course,since the former is a weightedaverageof cos4)
which emphasisesthelargePT contribution. Assumingthisquantity to benot too severelyPT dependent
however,oneexpects

(PTI p-r
2)/(p~)= cos4). (8.79)

The azimuthalcorrelationdataseemsto showa shortrangecomponentof this quantity in i~y= y1 — Y2

(see fig. 13). Let us concentrateon this short range component,for which one can give a fairly
unambiguousestimate.This componentcorrespondsevidentlyto boththe chargedpionscoming from
the samecluster.For this configurationonegets from eqs. (73,74)

(pTI ~o~) = (PXIPX2) + (PYOPY2)

= (q~1q~2)(cosh
2‘q) + (E

1E2)(sinh
2‘q) + (q~lq~2). (8.80)

Now it simply follows from energymomentumconservation(~,E, = M, ~, q, = 0) that

((~E
1)) = K(E

2)+ K(K — 1XE
1E2)=

2 (8.81)((~qx~)) = K(q~)+K(K — lXqXlqX2) = 0

andsimilarly for the y-component.Pluggingthesein eq. (80) gives via eqs.(74—78)

(PTO p-n)— — (1 + X) + X (8 82)
(p~) — (1+2X)(K—1) 1+2X

Onehasto finally multiply this quantity by the probability of both the chargedpionscoming from the
sameclusterto get the net short rangecomponent,i.e.

(pTl PT2)~— [ (1 +X) + x 1. [ Ns 1 (8 83)
(p~-) 1(1+2X)(K—1) 1+2XJ LNS+ND] .
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where(seeeq. (36))

NS Jdy~p(y~) g(yi — Ye, y2 — y~)= (K(K — 1))Ch . ex~—(y1— y2~/45
2}

25\/~

ND = Jdy~idy~
2p(Yci) p(ye2) g(yi — y~1)g(y2— y~2) (K)~h. (8.84)

Here we haveapproximatedthe cluster densityP(Ye)= 1 following eqs. (28,29). Substitutingfor the
cluster chargemultiplicity (K)~h=2 gives

NS/(NS+ ND) = ~ exp{—(y1 — y2)
2/452} (8.85)

i.e.

SR [ (1 + X) + X 1! f_. (y~— y
2~ 8 86

(cos4)) — 1 (1+ 2X) (K — 1) (1 + 2X)j 5exp1 452 . ( . )
Note that a negative (positive) short rangecomponentis (cos4)) would correspondto the average
cluster transversemomentumbeingsmall,X ~ 1 (large, X = 1). The dataseemsto suggesta negative
componentas we seebelow.

The fig. 12 shows the distribution at ISR from the CERN—Bolognaexperiment[308].The data
samplehasbeenso chosenas to minimisethe effectsfrom diffraction andBosestatistics(seeref. [3081
for details).Onecould, of course,calculatethe (cos4)) from this. We areinterestedhoweverin the Ay
distribution, which is availableonly for the asymmetryparameter(fig. 13)
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Fig. 8.12. Azimuthal-correlation—angIedistributionof the2 pion inclusivecross-section1308]; (a)±rpairs,(b) —— pairs, (c) =++ pairs(~y<1.5).
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Fig. 8.13. Asymmetryparameteras a function of ~y; (a) unlike, (b) like, (c) all chargepairs.The dashedline indicate theprocedurefollowed in
separatingtheshort rangecomponent[3081.

B = (J ~ dqS — ~ d4))/J~ d4). (8.87)

One seesnone-the-lessfrom fig. 12 that the numeratoris peakednearcos4) =±1. Thus to a crude
approximation

B = J~(—cos4))d4)/J~d4)=—(cos4)). (8.88)
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Of course, a comparisonof the shape of y distribution would require estimatingthe long range
componentandalso a morerealistic treatmentof the quantitiesP(Yc) etc. thandoneabove*.We shall
therefore,restrictto the L~y=0 region wherethe predictionshould be most reliable and isolate the
shortrangecomponentfrom the data,following the rathersimplistic procedure,as indicatedin fig. 13.
The dataseemsto suggestashort rangecomponent(all chargepairs)

B~~.0=0.04. (8.89)

This implies througheq. (86)

X=0.3 (8.90)

with K = 3. Putting this in eqs. (77, 78) gives finally

M = 1 GeV, (k~)= 0.3 GeV
2 (8.91)

whereboth the estimatesshouldbe takenwith anuncertaintyof 50% on either side. Oneshouldnote
finally that both the estimatesare roughly consistentwith those obtainedin the last section, from
the pionisationcross-sectionrise in the multiperipheralclustermodel.They arealsoconsistentwith the
averagemassandtransversemomentumof the resonances(i’~,p, cv, f, A

2) which seemto dominatepion
production— the 16 GeV data suggestsroughly a common (k~)= 0.3, for the production of these
resonances[251].Finally suchanaveragetransversemomentumis alsovery roughlyconsistentwith the
multiperipheralcluster modelcalculationof the elasticoverlapfunction,which gives [304]

= 0.14/(k~.). (8.92)

8.7. Othertypesof correlation (clustercharge)

There are a numberof more modernand fancy correlationfunctionson which one hasdata from
FNAL. These are(a) gap distributions(inclusive),(b) left—right fluctuationparameter(semi-inclusive),
(c) zonecharacteristics(inclusive andsemi-inclusive)and (d) chargetransfercorrelation(inclusive). A
clear and comprehensiveaccountof thesecorrelationdata vis a vis the cluster model predictionsis
containedin the two papersof ArneodoandPlaut[300],referredto earlier.We shall simply statetheir
main conclusions.Firstly the gapdistributioncanaccommodateanyclustersize in the range(K)Ch = 2 to
4, whenfinite energyeffectsare takeninto account.Secondlythe semi-inclusivefluctuationparameteris
sensitiveto the clusterrapidity width 5 and the width of decaymultiplicity distributionandalsoto the
energyconservationandleadingparticleeffects.Thus any informationon the clustersize (K)Ch derived
from this quantity is highly modeldependent.Finally thesameis alsotrue for the two otherquantities.
Thus these new correlation quantities cannot provide an unambiguousestimateof the cluster
parametersunlike the good old semi-inclusiverapidity correlation data. Furthermore,the cluster
parametersestimatedfrom thelatter (i.e. 5 = 0.7, (K)eh=2 anddispersionmuchnarrowerthanPoisson)

* A moredetailedcalculationby Arneodoand Meunier [309],wherethe longrangecomponentis estimatedin a multiperipheralmodel (via the

neighbouringclusterterm), seemsto be in very roughagreementwith theshapeof this dataover t~y= 0—3, for X = 0.3.
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are seento be consistentwith all the new correlationfunctionswhenthe energyconservationand the
leadingparticleeffectsaretakeninto account*.

There is one aspect,however,wherethesenew correlationfunctionsprovide additionalinformation
on the clustercharacteristics— i.e. the clusterchargedistribution. The analysisof the longitudinal and
azimuthalcorrelations,as given above,involved only the averageclustercharge;andthereforecannot
distinguishbetweendifferentchargedistributions of the clusteras long as the averagechargeis zero.
The simplest model, of course,is to assumeneutral cluster, which also hasthe advantageof being
strictly consistentwith the independentclusteremissionhypothesis.However,the neutralclustermodel
would conflict with the identificationof the clusterwith the prominentresonances,a good fraction of
which camein charged(0 = ±1) states.It is thereforesignificant to studythe correlations,which can
probe the clusterchargedistribution. These are the gap distribution, zonecharacteristicsand charge-
transfer correlations.Let us just look at the simplest of thesequantities— the gap distribution. For
independentclusteremission,the probability of occurrenceof largerapidity gaps r (i.e. r ~ 5) between
final pions,which is the sameas that betweenneighbouringclusters,is given by

G(r) ~ r ~‘ 5 (8.93)

wherep is the cluster rapidity density(=1) as discussedearlier.Moreoveronecanmeasurethe charge
transferacrossa gap

~0(y) = 01 O(y — y~)— Qbeam O(y— Ybeam) — Qtarget O(y — ytarget) (8.94)

wherey is the rapidity of anypoint on the gap. Now in the neutralcluster model thereis no chargeto
be transferredbetweenthe clustersand hencethe probability of largegaps (ra~5) with 1~Q= ±1are
expectedto be small relative to thosewith L~Q=0. On the other hand, a significant percentageof
charged(0 = ±1)clusters,would imply chargetransfersof ±1unitsbetweenclusters;andhencethe large
gapswith LtQ = ±1areasprobableasthosewith t~Q=0. Fig. 14 showsthe FNAL dataon ~ =0, 1
and 2 distributionsalongwith the fits of Arneodoand Plaut.Whereasthe largegapswith Ii~QI= 2 are
indeedsuppressed,thosewith ~QI= 1 remaintwice as frequentas thosewith t~Q=0, thus implying a
significant fraction of charged(0 = ±1)cluster. The fits correspondto a fraction of chargedclusters
R~= 0.55 with the otherclusterparametersfixed atthe valuesobtainedfrom the semi-inclusiverapidity
correlation. Similar fits have been obtained by these authors to the FNAL data on the zone
characteristicsandchargetransfercorrelation.Theyhavealsodemonstratedthat in eachcasethereis a
perceptiblediscrepancywith the neutralclustermodel, evenwith the leading chargeflow takeninto
account[312,313]. For an acceptablefit theyneeda significant fraction of the cluster to be charged
(Re= 0.45 to 0.70).Let usnotefinally that a chargedclusterfractionin this rangeis alsoconsistentwith
its identificationwith the prominentmesonresonances.

In closing this subsectionit should be noted that the estimateof the cluster propertiesfrom the
correlationdata did not explicitly invokethe multiperipheraldynamicsfor cluster production.It only
used the hypothesisof independentclusteremissionleadingto such generalpropertiesas the energy

* It may berecalledthat thegapdistributiondatawas first usedby Pirila, Thomasand Quigg [310],who obtaineda (K)~
5= 2 in theasymptotic

approximation(eq. (93)). Ludlamand Slansky[3111pointedout that thegapdistributionwasinsensitiveto theclustersize in thepresenceof finite
energyeffects,andsuggestedasignificantly largerclustersize((K),~,= 4) on thebasisof thesemi-inclusivefluctuationparameter.They hadassumed,
however, too broad rapiditywidth (5 = 0.85)anddecaymultiplicity distribution(Poissonian)for theclusterandignoredthe leadingparticleeffect.
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Fig. 8.14. The FNAL dataon gap distributioncomparedwith theclustermodel calculation of Arneodoand Plaut. The model correspondsto a
S = 0.7, (K)~

5= 2, dispersionnarrowerthePoissonandR = 0.55. Figuretakenfrom ref. [3001.

and rapidity independentcluster density and exponential gap distribution. Of course, the multi-
peripheralmodel is the simplestand theoreticallythe most attractive realisationof the independent
cluster emission hypothesis.The results are expectedto be valid, none-the-less,in a wider class of
clusterproductionmodels.It is only in the comparisonwith the clustercharacteristicsobtainedfrom the
pionisationcross-sectionrise or with the elastic overlapfunction (eq. (92)) that the multiperipheral
dynamicsof clusterproductionis explicitly tested.

8.8. Gribov calculusandEikonal models

Finally let us look at the implications of Gribov calculusor Eikonal modelsalong with the AGK
cutting rule, on correlation. This model hasbeendescribedat length in the last section.A priori it
seemsreasonableto expect that incorporationof the polyperipheral terms, correspondingto the
numberof cut Pomeronlines:

n�2

will significantly affect the results of the last sections,which were basedon the 2-componentmodel
(n =0, 1). Unfortunately,however,theseeffectshaveremainedalmostentirely unexplored.

One of the very few placeswherethis effect hasbeenexplored is forward—backwardmultiplicity
correlation[307].The ISR data by the ACHM collaborationseemto show a positive correlation— the
averagemultiplicity in the forwardhemisphere(flF) goesup with increasingmultiplicity in the backward
hemisphereflB. In the independentclusteremissionmodeloneexpectsno correlationbetweenthe two
hemispheres,particularly at large multiplicity*. In the Gribov calculus model, on the other hand,

* At small multiplicity nB, a positivecorrelationis expectedfrom energy-momentumconservationasalsofrom thediffractive component(n = 0).
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increasing flB providesan increasingbias in favour of the polyperipheral (n ~ 2) eventsandhence
predictsan increasing(flF). The trendof the data is comparedwith the standard2-componentcluster
model andthe Gribov calculusmodel in fig. 15 (takenfrom ref. [307]).The dataseemsto favour the
Gribov calculusmodel. Onemaynote, however,that the modelpredictionshownhereis restrictedto
the lowestpolyperipheralcontribution(n � 2) andhenceonly qualitative.

We havetried to seeif the Gribov calculusmodelcould helpto resolvethe anomalouslylargecluster
size (K(K — 1))/(K) = 2.5 chargedparticles (eq. (47a)), as estimatedfrom the inclusive rapidity cor-
relationdata in subsection8.4. The answerseemsto bein the affirmative. We haveto make,of course,
some simplistic assumptions.The terms with different number of cut Pomeronchains (n) would
populatedifferent multiplicity domainsand henceadd incoherentlyin the cross-section.They would
thusgive rise to long rangeinterferencetermsin the correlationanalogousto the 3rd term in eq. (42).
In contrastthe terms with the same n but different number of uncut Pomerons(v) would add
coherentlyandhencegive no suchinterferenceterm. We shall thereforeassumethat they arejointly
describedby an independentclusteremissionmodel. This seemsto us a reasonableassumption,in so
far as one is not explicitly using a multiperipheralproduction dynamics. Any way, granting this
assumptionit is straightforwardto obtainthe following formulae,where o~,refers to the cross-section
with n cutPomeronsand all the uncutPomerons(~)summedover.

,-,~ ,~— 1 ~ d2ci,. 1 .~ dcr~ 1 .~ dci,’
Y1,Y2)—Z~ ,~

,, uyi uy2 0 , u~i 0 ~‘ u)’z

ci,. i
= — C,.(y~,y

2)+~~—~‘-— (p,.(y1)—p,.’(yo)) (p,,(y2)—p,.’(y2)) (8.95)

<flF>
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7- /,.“

5 ~ :~‘~
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Fig. 8.15. The averageforward multiplicity (nF) as a function of the backwardmultiplicity nB. Full line — trendof ISR dataat ‘I/i = 63; dotted
line — resultsof the 2-componentclustermodel of Arneodoand Plaut;dotted-dashedline — resultsof the Gribov calculusmodel with 1 and 2
Pomeronchains(n = 1,2). Figure takenfrom ref. [3071.
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where*

1 d2o-,.
C~(y

1,y2)=—,,1,.~ —pn(yl)pn(y2)
0,. u)’1 uy2

p15(y) = —k- dci,./dy

ci=>~ci,.. (8.96)

Now eachshort-rangecomponentis givenby the independentclustermodel resultof eq. (40), i.e.

— (K(K — 1)) f dci,. \~ L (yi — y2)
2 8 97

n(Yi,Y2) — 25\/~(K)~ci,. dy) exp
1 452 (. )

Thus

~ p(y)~exp{_ /2)} ~ ~ (p,.(y1)—p,.(y1))~(pn(y2)—pn’(y2))

or

(K(K—1)) —1 1 (y1—y2)
2

R(y
1,y2) = 25’s/(K) ~ (y)~exp1— 452

—2 I O,.O~,’+p (y)~~ ~ (p,.(y1)—p,.(y1)). (pn(y2)—pn’(y2)). (8.98)

Thus the short rangepart of the correlationis identical to that of the 2-componentmodel, while the
longrangepart is substantiallybigger atYi = Y2 = 0, sinceit hasa multitudeof interferenceterms,all of
which are positiveat this point. We haveevaluatedthe long rangepart by taking the ci,. andp.(0) from
the modelof CapellaandKaidalov [254](i.e. table 7.3). For the highestTSR energy(ln s = 8), we get

R’~(0,0) = 0.48 (8.99)

in contrastto a valueof =0.06only for the 2-componentcaset.We mayadd that the resultconverges
ratherslowly in n. Restrictingto n � 2 (i.e. the 1stpolyperipheralterm)gives a valueof =0.20.

Of course,with sucha largelong rangecomponentas in eq. (99), the remainderwould give a small
cluster size

(K(K— 1))/(K) = 1 (8.100)

in agreementwith the semi-inclusive correlation result. One may also note that the long range
componentis not so long rangeafter all, in the presenceof the energy-conservationeffects, discussedin

* The eqs. (42,43)earlierare,of course,a specialcaseof eqs.(95.96) herewith n = 0, 1; although expressedin a slightly different form.
t This correspondsto thecaseb of subsection8.4, i.e. po(O)/pI(O)= ~. Thecorrespondingvalue,for thecasea (po(O)/p~(O)= 0). is 0.64 as against

0.25 in the2-componentmodel.
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the last section.With increasingy
2 the p,.(y2) is expectedto go down rapidly for high n, so that the

interferenceterms changesign one by one. Thus the shape of the correlation data can also be
reproduced,qualitatively at least.

Let us finally notethat in contrastto the inclusivecorrelation,the semi-inclusivecorrelationanalysis
of the last subsectionsmaynot be significantly affectedfor n (referringhereto the multiplicity) = (n).
The reasonsimply is that for thesemultiplicities, both the diffractive and the polyperipheralcom-
ponents are expected to be effectively suppressed.Of course,more detailed conclusionslike the
constancyof the cluster size with increasingn mayget modified. The systematicinvestigationof such
questionsareevidentlycalled for. However,they arebeyondthe scopeof this project.

8.9. Summary

Let ussummarisethe essentialconclusionsof this section.
(1) The Mueller—Reggedescriptionof the ISR pionisationcross-sectionrise, implies an inclusive

rapidity correlation,almost2 ordersof magnitudelargerthan the data.Thus the Mueller-Reggemodel
is grosslyinconsistentwith the ISR dataon inclusivecorrelationplus the pionisationcross-sectionrise
irrespectiveof anyexchangedegeneracyconstraints.

(2) The inclusive rapidity correlationdata can be describedin terms of a multiperipheralcluster
model plus diffraction with a clustersize parameter

(K(K — 1))/(K) = 2.5 chargedparticles

and a rapidity width 5 = 0.9. However, this size parameteris twice as large as the corresponding
estimatefrom the semi-inclusiverapidity correlation.The formercan be broughtdown by around25%
within the uncertaintyof the estimateof thediffractive contributionand 5; but not by a factor of 2.

(3) Any way, the estimatesfrom the semi-inclusiverapidity correlationdata havebeenconsidered
the cleanerones,since the diffractive contributiongets filtered out by choosingn �~(n). One gets a
clustersize parameter

((K(K — 1))/(K)),. .<,.> = 1 chargedparticle

anda rapidity width 5 = 0.7. Moreoverthe clustersizeparameterseemsto be roughlyindependentof n,
which implies a narrow width for its decay multiplicity distribution. Thus one gets an average
multiplicity (K) = 2 chargedparticles(or 3 pions)per cluster.

(4) The azimuthalcorrelationdata, combinedwith the pion averagetransversemomentumsquare
((p~.)= 0.15)provide estimatesof clustermassM and averagetransversemomentumsquare(k~)but
with considerablylargeruncertainty.Onegets

M -~ 1 GeV, (k~)-~ 0.3 GeV
2

whereboth the estimatesshould be takenwith an uncertaintyof ±50%.
(5) Othercorrelationquantitieslike gapdistribution, fluctuationparameter,zonecharacteristicsand

chargetransfercorrelationseemto provide no moreinformationon the clusterparameterslike 5, (K)
and multiplicity dispersion,than thoseobtainedearlier from the rapidity correlationdata. However,
they provide an estimateof the cluster chargedistribution— i.e. roughly half the clusterscome in
charged(0 = ±1)states.



SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions 387

(6) The cluster propertiesestimatedin (3—5) above,are strongly suggestiveof their identification
with the prominentmesonresonances— i.e. ~, p, cv, f, A2. It maybe addedthat theseresonancesseemto
largely saturate,the inclusivepion production(60—90%)andhaveroughly a common(k~)= 0.3.

(7) The above analyses(2—5) of correlationdata assumeindependentcluster production, but not
specificallythe multiperipheralproductiondynamics.They areexpectedto be valid for a wider classof
clustermodels.To test specifically the multiperipheralmodelfor clusterproductionone maycompare
the clustermassand (k~)estimatedabovewith thoseobtainedfrom the pionisationcross-sectionrise
(M = 1 GeV) andthe elasticoverlapfunction calculation

k~= 0.14/a,= 0.5 GeV
2

bothusingthe multiperipheraldynamicsexplicity. Noting the 50% uncertaintyin the former estimates
andequallylargeonesin thelatter, onemayconcludethat thereis avery roughagreement(to within a
factor of 2) with the multiperipheralmodelprediction.

(8) The Gribov calculusmodelpredictionsfor correlationremainalmosttotally unexplored.It seems
to offer a possibilityto describeboth the inclusiveandsemi-inclusive(n = (n)) rapidity correlationswith
a small cluster size parameter,(K(K — 1))/(K) = 1. However, the calculation is admittedly crude, and
besidesit remainsto be seenwhetheror not it will changesomeof the more attractiveresultsof the
standardclustermodel.

(9) It is important to note that within the correlationdata, what are most sensitiveto the cluster
productionmodelsarethe long rangepartswhereastheshortrangepartsmostlyprobethe intra-cluster
characteristics.A more detailed study of the long range behavior of the correlation quantities
(correlationfunction, azimuthalasymmetryparameteretc.) is called for.

(10) Lastlyweshoulddrawattentionto theabsenceof practicallyanycorrelationdatainvolving heavier
particles(kaons, nucleons).This would provide valuable information on mechanismsof new quantum
numberexcitation.

In concludingthis sectionit mustbe stressedthat comparedto the single particleinclusivecase,the
study of correlation,is still very much an open subject.The rough agreementamongstthe cluster
parametersestimatedfrom different types of correlationsand from the multiperipheralmodel cal-
culationsof the pionisationcross-sectionriseandthe elasticoverlapfunction do not meanthat theissue
is settled. They only mean that one has a sufficiently interestingcase for a rigorous quantitative
investigation.Themodelsandthe quality of dataareboth very crude.It is notclearwhetherwith more
refinedmodels and data the agreementwill improve or get worse.There are evidences,in fact, that
someof the moresophisticatedmodelpredictionsarein pooreragreementwith data[252]. Indeed,the
subject is in its infancy, unlike those discussedin the previoussections.And it will be a greatpity to
leaveit off at thisstage.

Acknowledgements

Thisprojectwas startedin collaborationwith Dick Roberts.AlthoughDick hassinceleft for greener
pastures,he hascontinuedto help us with data tables and interpolations,which would havebeen
otherwiseinaccessible.We gratefullyacknowledgehis invaluablecontributionto the project.We are
also grateful to Rajiv Gavai for his generoushelp in the courseof computationanddata compilation.
Communicationsfrom L. Caneschi,F.C. Erne, M. Jacoband J.L. Meunier, regardingsomeof their
works reportedin here,aregratefullyacknowledged.Finally we acknowledgeour gratitudeto Maurice



388 S.N. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions

Jacobfor entrustingthe projectto usandfor his kind lettersof encouragement,which helpedus during

the longhaul.

References

Ill For areview seee.g.W. Kittel, Proc.X Intl. Symp.on Multiparticle Dynamics,Goa, India (1979).
[2] W.R. Frazeret al., Revs.ModernPhys.44 (1972) 284.
[31D. Horn,Phys. Rep.4C (1972) 1.
[41ChanHong-Mo,Proc. IV Intl. Conf. on High EnergyCollisions(Oxford) 1972.
[51M. Jacob,Proc.Intl. Schoolof SubnuclearPhysics,Erice,Sicily, 1971.
[6] E. Berger,Proc.Intl. Schoolof SubnuclearPhysics,Erice,Sicily, 1973.
[7] R.G. RobertsandD.P. Roy,Lecturesgivenat theXIII CracowSchoolof TheoreticalPhysics(1973);Acta PhysicsPolonicaB5 (1974) 23.
[8] R.G. Roberts,Proc.14th ScottishUniversitiesSummerSchool,Edinburgh,1973.

[91R.C.Brower,C.E. De Tar and J.H.Weis, Phys.Rep.14C (1974) 258.
[101R.P. Feynman,Phys.Rev.Lett. 23 (1969) 1414.
[111J. Benecke,T.T.Chou, CM. Yang andE. Yen, Phys.Rev.188 (1969)2159.
[121A.H. Mueller, Phys.Rev. D2(1970) 2963.
[131H.P. Stapp,Phys. Rev.D3 (1971) 3177.
[14] J.C. Polkinghorne,NuovoCim. 7A (1972)555.
[15] Cl. Tan, Phys.Rev. D4 (1971) 2412.
[161CE. Detar,CE. Jones,FE. Low, J. Weis, J.E. YoungandCI. Tan,Phys. Rev.Lett. 26 (1971)675.
[171P.V. Landshoff,NucI. Phys.B15 (1970)284.
[181CE. De Tar and J.H.Weis, Phys.Rev. D4 (1971) 3141.
[191J. Kwiecinski, NuovoCim. Lett. 3 (1972) 619.
[201MB. Einhorn,J. Ellis andJ. Finkelstein,Phys.Rev. D5 (1972)2063.
[211P. Olesen,Preprint CERN-TH-1376(1971).
[22] Al. Sanda,Phys.Rev.D6 (1972) 280.
[231For a review seee.g. R.J.N.Phillips andD.P. Roy,Reportson Progressin Physics37 (1974) 1035.
[24] R. Dolen,D. Horn andC. Schmid,Phys.Rev. Lett. 19 (1967)402; Phys.Rev. 166 (1968) 1768.
[25] P. Hoyer,R.G. Robertsand D.P. Roy, Mud. Phys. B56 (1973) 173.
[261P.G.O.Freund,Phys. Rev. Lett. 20 (1968) 235.
[27] H. Harari, Phys.Rev. Lett. 20 (1968)1395.
[28] V. Bargerand RJ.N.Phillips, NucI. Phys.B32 (1971)93.
[291SN. Ganguli, NucI. Phys. B9l (1975)69.
[30] C. Quigg andE. Rabinovici, Phys. Rev.D13 (1976) 2525.
[31] R.G. Roberts,R.V. Gavaiand D.P. Roy, NucI. Phys.B133 (1978) 285.
[32]G.F. ChewandC. Rosenzweig,Phys. Rev.D12 (1975) 3907.
[33]J.W. Dash,ST. Jonesand E.K. Manesis,Phys.Rev. D18 (1978)303.
[34] D. GordonandG. Veneziano,Phys.Rev. D3 (1971)2116;

G. Veneziano,NuovoCim. Lett. 1(1971)681.
[35] S.-H.H.Tye andG. Veneziano,Phys. Lett. 38B (1972)30; NuovoCim. 14A (1973) 711.
[36] M.B. Einhorn,MB. GreenandMA. Virasoro,Phys.Lett. 37B (1971) 292; Phys. Rev. D6 (1972) 1675;D7 (1973) 102.
[36alJ. Ellis, J. Finkelstein,P. FramptonandM. Jacob,Phys.Lett. 35B (1971)227.
[37]ChanHong-Mo,CS.Hsue,C. Quiggand J.M. Wang, Phys. Rev.Lett. 26 (1971) 672.
[38] ChanHong-Mo and P. Hoyer, Phys.Lett. 36B (1971)79.
[39]J.L. Rosner,Phys.Rev. Lett. 21(1968)950.
[40] D.P. Roy andM. Suzuki,Phys. Lett. 28B (1969) 558.
[411J.L. Rosner,Phys.Rev. Lett. 22 (1969) 689.
[421R.V. Gavai andD.P. Roy, NucI. Phys. B137 (1978)301.
[43] T. Inami and HI. Miettinen, Phys.Lett. 49B (1974) 67.
[44] Y. Eylon andH. Harari, Mud. Phys. B80(1974) 349.

[45] G.C. Rossiand G. Veneziano,NucI. Phys. B123 (1977)507.
[461M. Imachi, S. Otsuki andT.Toyoda, Prog. Theo. Phys.57 (1977)517;

Y. Igarashiet al., Suppl. Prog. Theo. Phys.63 (1978) 122.

[47] S. Fubini, in: Strong Interactionand High EnergyPhysics,ed. R.G. Moorhouse(Oliver andBoyd, Edinburgh,1964).
[48] J. Pumplinand G.L. Kane,Phys. Rev.Lett. 32 (1974)963.



S.N. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions 3gu

[49] D. Leith, Proc. 16th Intl. Conf. on High EnergyPhysics,Chicago,1972.
[50] R. Carlitz, M.B. GreenandA. Zee,Phys.Rev.D4 (1971) 3439.
[51] V. BargerandR.J.N.Phillips, NucI. Phys. B32(1971) 93.
[52] T. Inami and R.G. Roberts,NucI. Phys.B93 (1975)497.
[53] LAP. Balazs,Phys.Lett. 40B (1972) 269; 48B (1974)232.
[54] l.A. Verdiev,O.V. Kancheli,S.G. Matinyan,AM. Popovaand K.A. Termartirosyan,JETP19 (1964) 148.
[55] J. FinkelsteinandK. Kajantie, Phys.Lett. 26B (1968) 305; NuovoCim. 56A (1968) 659.
[56] V.N. Gribov andA.A. Migdal, SovietJ. NucI. Phys.8 (1968)583.
[57] H.D.I. Abarbanel,G.F. Chew,M.L. GoldbergerandL.M. Saunders,Phys.Rev. Lett. 26 (1971) 937.
[58] C.E. Jones,F.E. Low, S.H.H. Tye, G. VenezianoandJ.E. Young,Phys.Rev. D6(1972) 1033.
[59] CE. Dc Tar, D.Z. FreedmanandG. Veneziano,Phys. Rev.D4 (1971) 906;

G. Veneziano,Phys. Lett. 36B (1971) 397.
[60] R.C.BrowerandJ.H.Weis, Phys. Left. 41B (1972) 631.
[61] J. CardyandA. White, Phys.Left. 47B (1973) 445.
[62] 1G.Halliday and C.T. Sachradjda,Phys. Rev.D8 (1973) 3598.
[63] V.N. Gnbov,Proc. 16th Intl. Conf. on High EnergyPhysics,Chicago,1972.
[64] H.D.I. Abarbanel,J. Bronzan,R. SugarandA. White, Phys.Rep.21(1975)119.
[65] Fora review seee.g. J. Paton,Proc.VI Intl. Coil, on Multiparticle Reactions,Oxford, 1975.
[66] K. Paleret al., Phys.Lett. 43B (1973) 437.
[67] CERN/HERACompilation, 1979.
[68] E. Beieret al., Phys. Rev. D17 (1978)2864 and 2875.
[69] P. Bosettiet al., NucI. Phys.B60 (1973) 307.
[70] A.C. Borg et al., NucI. Phys.B106 (1976)430.
[71] PA. Baker et al., Nuci. Phys.B89 (1975) 189.
[72] W.P. Swansonet al., Phys.Rev.D6 (1972) 170.
[73] Seee.g.B.M. Udgaonkar,Phys.Rev.Lett. 8 (1962)142.
[74] Seee.g.D.P. Roy, Proc.VI Intl. CoIl, on Multiparticle Reactions,Oxford, 1975.
[751P. Hoyer,R.G. RobertsandD.P. Roy, Phys.Lett. 44B (1973)258.
[76] B. Nicolescu,Mud. Phys.B134 (1978)495.
[77] R.V. Gavai andD.P. Roy, Phys.Lett. 82B (1979)139.
[78] AS. Carroll et al., Phys. Lett. 61B (1976) 303.
[79] P. Bosettiet al., Nuci. Phys.B54(1973) 141.The M

2/s, t doubledistributionof this datawasobtainedthroughR.G. Roberts.
[80] ChanHong-Mo,HI. Miettinen andW.S. Lam, Phys.Lett. 40B (1972) 112.
[81] K.C. Moffiet et al., Phys. Rev.D5 (1972) 1603.
[82] J. Whitmoreet al., Phys.Lett. 60B (1976)211.
[83] HI. Miettinen, Phys.Lett. 38B (1972) 431.
[84] J. Whitmore,Phys.Rep.27C (1976) 187.

[85] p-’~sir~data:
(0.0365,0.0719)Bromberget al.,Mud. Phys. B107(1976) 82;
(0.0727)Morseet al., Phys. Rev. D15 (1977)66;
(0.087)Ammosovet al., SaclayPrepnnt(1976);
(0.147,0.203)Blobel et at., Nuci. Phys. B69 (1974) 454;
(0.134)Sims et at.,NucI. Phys. B41 (1972) 317;
(0.163)Boggild et al., Mud. Phys.B57 (1973)77;
(0.051)Cho et al., Phys. Rev.Lett. 31(1973)413;
(0.087)Bumazchnovet al., Phys.Lett. 50B (1974) 283.

[86] p-~*ir~data:
(0.073)Whitmore et al., Phys.Rev. Lett. 38 (1977) 996;
(0.151)Booset al., Mud. Phys.B121 (1977) 381;
(0.203)Gall et al., Proc.Intl. Symp.pp Int., Loma-Koli, Finland(1975)414;
(0.230,0.307)Gregoryet al., NucI. Phys. B78 (1974) 222; B122 (1977)435.

[87] p*1r~data:
(0.0727)Morseet al., Phys.Rev.D15 (1977) 66;
(0.167)Go et al., Phys.Rev.Dli (1975)3092;

Powerset al., Phys.Rev.D8 (1973) 1947;
(0.180,0.251)Bosettiet al., NucI. Phys.B54 (1973) 141;
(0.154,0.287)Crennellet al., Phys.Rev.Lett. 28 (1972) 643;
(0.167,0.267)Alston et al., Phys.Lett. 39B (1971)402.



390 SN. Ganguli and D.P. Roy, Regge phenomenology ofinclusive reactions

[88] p~Tr~data:
(0.073)Morriset at.,Phys.Lett. 56B (1975) 395;
(0.117)Abdrakhmanovet at., NucI. Phys. B72 (1974) 189;
(0.145)Shephardetal., Phys.Rev. Lett. 27 (1971) 1164;
(0.167,0.250)Goet al., Phys.Rev. Dli (1975)3092;

Powerset al., Phys. Rev.D8 (1973) 1947;
(0.180)Bosetti etal., NucI. Phys.B54 (1973)141;
(0.213)Borzattaet al., NuovoCimentol5A (1973) 45;
(0.167,0.250)Alstonet al., Phys.Lett. 39B (1971) 402.

[89]p~s1rdata:
(0.0727)Morseet at., Phys.Rev.D15 (1977) 66;
(0.200)Stoneet al., Phys. Rev.D5 (1972) 1621;
(0.179)Chliapnikovet al., NucI. Phys.B112 (1976) 1.

[90] p—~ir~data:
(0.128)Facciniet al., Mud. Phys.B127 (1977) 109;
(0.191)Borg et at.,NucI. Phys.B106 (1976)430;
(0.179,0.224)Bosettiet al., Mud. Phys.B60 (1973)307;
(0.200)Barlettaet at., Phys. Rev.D7 (1973) 3233.

[91] p
1+~r~data:

(0.234)Moffiet et al., Phys.Rev.D5 (1972) 1603;
(0.258)Grandsmanet al., NucI. Phys.B61 (1973)32.

[92] J.G. RushbrookeandBR. Weber,Phys.Rep.44C (1978) 1.
[93] J. Bartkeet al., NucI. Phys. B107 (1976)93.
[94]JR.Fry et al., Mud. Phys. B58 (1973)420.
[95] Dataon K~,p°,A and~ in pp interactionswere obtainedfrom:

V. Blobet et al., NucI.Phys. B69 (1974) 454; B92 (1975)221;

K. Jaegeret al.,Phys. Rev.Dli (1975) 1756, 2405;
H. Boggild et at., Nucl. Phys. B57 (1973) 77;
Ammosovet al., Mud. Phys.BuS(1976) 269;
J.W. Chapmanet al.,Phys. Lett. 47B(1973)465;
A. Shenget al., Phys.Rev. Dli (1975) 1733;
K. Bockmannet at.,preprintBOMN-HE-77-21;
H. Kichimi et al., Phys.Lett. 72B (1978)411.

[96]Data on K~,p°,A and~ in pp interactionswere obtainedfrom:
S. Banerjeeet at.,Nuct. Phys. B150 (1979) 119;
MT. Reganet al., Mud. Phys.B141 (1978)65;
SM. GanguliandB. Sadoulet,NucI. Phys. B53 (1973) 458;
DR. Bertrandet al., NucI. Phys. B128 (1977)365;
E.G.Booset al., DubnapreprintEl-11666 (1978);

Jabiol et al., NucI.Phys. B127 (1977) 365;
R. Rajaet al., Phys.Rev.D15 (1977) 627;
AM. Cooperetal., Mud. Phys.B136 (1978) 365;
R. Hamatsuet al., NucI. Phys.Bl23 (1977) 189;
J.F.Balandet al., NucI. Phys.B140 (1978) 220;
J. Canteret al., Phys.Rev. D20 (1979) 1029;
DI. Ermilovaet al.,NucI. Phys. B137(1978) 29.

[97]Data on K~,p°andA in K~pinteractionswereobtainedfrom:
P.V. Chtiapnikovet al., Nucl. Phys.B112 (1976) 1; B131 (1977) 93; B97 (1975) 1; B133 (1978) 93;
P. Granetet at., NucI. Phys. B140(1978) 389.

[98] Data on K~,p°,A and~ in Kp interactionswereobtainedfrom:
SN. Ganguliet al., Nuov. Cim. 44A (1978) 345;
H. Muirhead et al., Mud. Phys. B99 (1975)376;
P. Bosettiet al., Mud. Phys. B60 (1973) 307;
A. Borg et a!., Nuov. Cim. 22A (1974) 559;
U. Genschet al., France-SovietUnion and CERN-SovietUnion collaboration,papersubmittedto Tokyo Conf. (1978);
P. Beilliere et al., Nuci. Phys. B90 (1975) 20;
P. Schmitzet al., Mud. Phys. B137 (1978) 13;
F. Barreiroet a!., NucI. Phys. Bl26 (1977) 319;



SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions 391

M. Baubillier et at.,Mud. Phys. B148 (1979) 18;
H. Grassieret al., NucI. Phys.B118 (1977) 189;
M. Bardadin-Otwinowskaet a!., Nuci. Phys.B98 (1975)418;
U. Kriegelet a!., France-SovietUnion and CERN-SovietUnion collaboration,papersubmittedto Tokyo Conf. (1978).

[99] Data on K~,p°,A and~ in ~ interactionswereobtainedfrom:
P. Bosettiet al., NucI. Phys.B94(1975) 21;
PH. Stuntebecket al., Phys. Rev.D9 (1974)608;
Crennellet at., Phys.Rev.Left. 28 (1972)643;
Gordon et at.,Phys.Rev. Lett. 34 (1975) 284;
H. Saariko,PreprintHU-P-156(1978) Helsinki;
M. Deutschmannet at., Mud. Phys. B103 (1976)426;
J. Lowsky, Ph.D.Thesisof Bonn University (1976).

[100]Data on K~,p°and A in irp interactionswereobtainedfrom:
F. Barreiroet a!., Phys. Rev. Di7 (1978)669;
Stuntebecket al., Phys.Rev.D9 (1974)608;
D. Ljung et al., Phys. Rev.D15 (1977)3163;
Bogertet at., Phys.Rev. D16 (1977) 2098;
A. Forinoet at., Bologna—Florence—Genoa—Milano—Oxford—Paviacollaboration,preprint (1978);
M. Deutschmannet a!., NucI. Phys. B103 (1976)426;
D. Fonget at.,Phys. Lett.60B (1975) 124;
V.P. Kenneyet a!., papersubmittedto TokyoConf. (1978).

[101]Data on p°in ‘yp interactionswere obtainedfrom:
Koganet al., Mud. Phys. B122 (1977)383.

[102]P. Bosettiet al., Mud. Phys. B81 (1974) 61.
[103]K. Atpgard et al., Mud. Phys. B109(1976)207.
[104]R.C.Brower,RN. CahnandJ. Ellis, Phys.Rev.D7 (1973) 2080.
[105]J.G.Rushbrookeet al., Phys. Rev.Lett. 39 (1977) 117.

[106]RD. Field, ‘BNL workshopon physicswith polarizedtargets’,June3—8 (1974).
[107]FE. PaigeandD.P. Sidhu,Phys.Rev.D14 (1976)2307.
[108]F. Barreiroet at., Phys.Rev.Lett. 40 (1978)595.
[109]J.V. Beaupreet a!., Mudl. Phys.B67 (1973) 413.
[110]AC. Borg et at., Nuov. Cim. 34A (1976)21.
[iii] F. Barreiroet at.,Phys. Rev. D17 (1978) 681.
[112] P.V. Chliapnikovet a!., Mud. Phys.BiOS (1976) 510.
[113]PD. Higgins et at.,Phys. Rev.D19 (1979)73.
[114]D. Brick et at., preprint August (1979),Phys.Rev.D21 (1980) 632.
[115]H. Dc Kerretet al., Phys.Lett. 69B (1977)372.
[116]G. Goggiet at.,Mud. Phys.B143 (1978) 365.
[117]A.V. Barneset al., Mud!. Phys.B145(1978) 45.
[118]A.V. Barneset al., Phys.Rev. Lett. 37 (1976) 76.
[119]W.D. Apel et at., Mud. Phys.B154 (1979) 189.
[120]W.D. Apet et al., Mud. Phys.B152 (1979) 1.
[121]0.1. Dahi et at.,Phys. Rev.Left. 37 (1976)80.
[122]SN. GangutiandB. Sadoutet,Mud. Phys.B53(1973) 458.
[123]F. Barreiroet a!., Phys. Rev.D17 (1978)669.
[124]F. Barreiroet Mud. Phys.B126 (1977) 319.
[125]V. BIobelet at., pluct. Phys.B135 (1978) 379.
[126]K. Alpgardet at., Mud. Phys. BiOS (1976)349.
[127]H. Blumenfeldet a!., Mud. Phys.B125 (1977) 253.
[128]P.V. Chliapnikovet al., Mud. Phys.B112 (1976) 1.
[129]SM. Ganguliet al., Nuov. Cim. 44A (1978) 345.
[130] H. Muirheadet al., Mud. Phys.B99 (1975)376.
[131]P. Beilliere et al., Mud. Phys.B90 (1975) 20.
[132] R. Blokzijl et at.,Mud. Phys. B98(1975)401.
[133] M. Baubillieretat., Mud. Phys.B148 (1979) 18.
[134] SN. Ganguti,Nuov. Cim. Lett. 20 (1977) 554.
[135] R.G. Kennett,Ph.D. thesis,CALT-68-742 (1979).
[136]R.L. Andersonetat.,Phys.Rev. Left. 37 (1976) 1111.
[137] RD. Pecceiand A. Pignotti, Phys.Rev.Lett. 26 (1971) 1076.



392 SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions

[138] MS.Chenet at., Phys.Rev.D5 (1972) 1667.
[139]C. Risk, Phys. Rev.D5 (1972) 1685.
[140]J. Singhet al., Mud. Phys.B 140 (1978) 189.
[141]H. Abramowiczet at., Mud. Phys.BiOS (1976) 222.
[142]SM. Gangutiet al., Mud. Phys.B128 (1977)408.
[143]FE. PaigeandT.L. Trueman,Phys.Rev.D12 (1975) 2422.
[144]J. Pumplin, Phys.Rev. D13 (1976) 1249.

[145]A. Capella,J. Kaplan andJ. Tran ThanhVan, Mud. Phys. BiOS (1976) 333.
[146]J. BartelsandG. Kramer,Mud. Phys.B120 (1977) 96.
[147]J.F.Owens,Mud. Phys. B131 (1977) 209.
[148]J. Pumplin, Phys.Rev. D13 (1976) 1261.
[149]FE. PaigeandD.P. Sidhu,Phys. Rev.Dl3 (1976) 3015.

[150]G.R. GoldsteinandJ.F. Owens,Mud. Phys. B118 (1977) 29.
[151]S.J.Barishet at., Phys.Rev.Dl2 (1975) 1260.
[152] D.P. Roy and R.G. Roberts,Phys.Lett. 40B (1972) 555.

[153]J.M. Wang andL.L. Wang, Phys. Rev.L.ett. 26 (1971) 1287.
[154]J. Finkelstein,Phys.Rev. D6 (1972) 931.
[155]J. Finkeistein,Phys.Rev. D18 (1978) 336.
[156)M. BishanandH.J.Yesian, Phys.Left. 38B (1972) 312.

[157]S.U. Chunget at., Phys. Lett. 57B (1975) 384.
[158]F. Wagner,Proc. 17thIntl. Conf. on High EnergyPhysics,London, 1974.
[159] M.J. Cordenet at., Mud. Phys. B138 (1978) 235.
[160] A.D. Martin, 4th Symp.on Multipartidle Dynamics, Pavia(1973).
[161] B. Hyams,Phys.Left. 51B (1974)272.
[162] AD. Martin andC. Michael, Muc!. Phys. B84 (1975) 83.
[163] M.J. Emmset at.,Phys. Left. 58B (1975) 117.
[164] K. Pa!eret at., Mud. Phys.B96 (1975) 1.
[165] C. Sorensen,Phys. Lett. 49B (1974) 86.
[166] H.D.I. Abarbaneland D.J.Gross,Phys. Rev.Left. 26 (1971) 732.
[167] R.J.N. Phillips,GA. Ringland andR.P. Worden,Phys.Left. 40B (1972) 239.

[168] G.R. GoldsteinandJ.F. Owens,Mud. Phys. B103 (1976) 145.
[169] RD. Field andG.C. Fox, Mud. Phys. B80 (1974) 367.
[170] AC. Irving and R.P. Worden,Phys.Rep.34 (1977) 117.
[171]J. SofferandD. Wray, Mud. Phys.B73 (1974)231.
[172]A. Lesniket al.,Phys.Rev.Lett. 35(1975)770.
[173] P. Aahlin et al., Nuov. Cim. Lett. 21(1978)236.
[174]ML. Faccini-Turtueret at., Z. PhysikCl (1979) 19.
[175]J.F. Owens,Phys. Lett. 63B (1976) 341.
[176] GA. RinglandandD.P. Roy, Phys.Left. 36B (1971) 110.
[177]5. Banerjeeet al., Mud. Phys. B15O(1979) 119.
[178]DR. Bertrandet at., Mud. Phys. B128 (1977)365.
[179]F. Barreiroet a!., Phys. Rev.D17 (1978) 669.
[180]SN. Ganguliet a!., Nuov. Cim. 44A (1978) 345.
[181]A. Borg et a!., Nuov. Cim. 22A (1974)559.
[182]S.U. Chunget al., Phys. Rev.Dli (1975) 1010.
[183]M. Baubitlier et al., NucI. Phys.B148 (1979) 18.
[184]H. Abramowiczet at., Mud. Phys.BiOS (1976) 222.
[185]H. Grassieret at., Mud. Phys.B136 (1978)386.
[186] W. Barlettaet al., Mud. Phys.B51 (1973)499.
[187] V. Btobei et al., Mud. Phys. B122 (1977)429;

S. Erhan et a!., Phys. Lett. 82B (1979) 301.
[188] K. Heller ef al., Phys. Left. 68B (1977)480.
[189] G. Bunceet a!., Phys. Rev. Left. 36 (1976) 1113.
[190] K. Helleret at., Phys. Rev.Letf. 41(1978)607.
[191] B. Andersson,G. Gustafsonand G. Ingelman,Phys.Left. 85B (1979) 417.
[192] A.B. Wicklundet at., as reportedin ref. [106].
[193] L. Dick et al., Phys. Lett. 57B (1975) 93.
[194] RD. PecceiandA. Pignoffi, Phys.Rev.Lett. 26 (1971) 1076.
[195]J.M. Wang andL.L. Wang, Phys. Rev.Letf. 26 (1971) 1287.
[196] R. Rajaraman,Phys.Rev. Left. 27 (1971) 693.



SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions 393

[197]ChanHong-Mo,HI. Miettinen andR.G. Roberts,Mud. Phys.B54 (1973)411.
[198]CHLM Coil., MG. Abbrow et at.,Nuci. Phys.BS1 (1973) 388; B54(1973)6;B72(1974) 376; B73 (1974)40;B108 (1976) 1.
[199] tC-RCoil., F. Sannesef at., Phys. Rev.Left. 30 (1973) 766;

K. Abe ef at., Phys.Rev. Lett. 31(1973)1527;Phys. Lett. 53B (1974) 114.
[200] UCLA-FNAL Coil., FT. Dao et al., Phys. Left. 45B (1973) 399.
[201]Mich..Roch.Cot!., J.P. DeBrion et a!., Phys.Lett. 52B (1974)477;

J.W. Chapmanet a!., Phys.Rev. Left. 32 (1974) 257.
[202]ANL-FMAL Colt., S.J.Barishef a!., Phys.Rev. Lett. 31(1973)1080;

J. Whitmoreet at., Phys. Rev.Dii (1975)3124.
[203]C-S. Colt., S. Chitdresef at., Phys.Rev. Left. 32 (1974) 389;

RD. Schambergeret al., Phys.Rev. Left. 34 (1975) 1121.
[204]K. Abe et at.,Phys. Rev.Lett. 31(1973)1530.
[205]A.B. Kaidalov et at., Phys.Letf. 45B (1973)493.
[206]A. Capetta,H. Hogaasenand V. Rittenberg,Phys.Rev. D8(1973) 2040;

A. Capelta,Phys.Rev. D8 (1973)2047.
[207] D. Amati, L. Caneschiand M. Ciafaloni,Nuct. Phys.B62 (1973) 173.
[208]R.G. Robertsand D.P. Roy, Mud. Phys.B77 (1974)240.
[209]C-S.Colt., RD. Schambergereta!., Phys.Rev.Di7 (1978) 1268.
[210]DRRFColt., Y. Akimov et at., Phys.Rev. Lett. 35(1975)763, 766; 39 (1977) 1432;

V. Bartenevet at.,Phys.Left. SiB (1974)299.
[211]FSASFColt., D.S. Ayres et at., Phys. Rev. Left. 37 (1977) 1724; 38 (1977) 880. The datapointswereobtainedfrom G. Mikenberg through

R.G. Roberts.
[212]BHM Coil., V. Biobei et al., Mud. Phys. B69(1974) 454.
[213]J.V. Atlaby et at., Mud. Phys. B52 (1973) 316.
[214]M. Bishari, Phys.Letf. 38B (1972) 510.
[215]B. Robinsonef ai., Phys.Rev.Left. 34 (1975) 1475.
[2161J. Hantonef at.,Phys.Rev.Left. 37 (1976)967.
[217]R.G. Roberts(privatecommunication).
[2181R.M. Edelsteinet at.,Phys. Rev.D5 (1972) 1073.
[219]C-Sdata, S. Childreset at., Phys.Lett.65B (1976) 177.
[220]S.Y. Chu, BR. Desai, B.C. Shenand R.D. Field, Phys. Rev. D13 (1976) 2967.
[221] A. Cape!la,J. KaplanandJ. Tran ThanhVan, Mud. Phys. B1O5(1976) 333.
[222]R.G. Roberts,RutherfordPreprint,RL-75-i64, T. 138 (1975).
[223]K. Hidaka,Phys. Rev. D16 (1977) 690.
[224]P. HoyerandH.B. Thacker,Nuct. Phys.B116 (1976) 261.
[225]W.R. Frazerand DR. Snider,Phys.Lett. 45B (1973) 136.
[226] R.G. RobertsandD.P. Roy, Phys. Left. 46B (1973) 201.
[227]K. Kajantie and P.V. Ruuskanen,Phys.Left. 45B (1973) 149.
[228]F.C. Erne (privatecommunication).
[229]J. Kwiecinski, R.G. RobertsandD.P. Roy, Mud. Phys.B1O2 (1976) 353.
[230]CCHKCoil., D. Drijard et at., Mud. Phys. B143 (1978) 61.
[231]CHOVCoil., H. de Kerref et at., Phys. Left. 68B (1977) 385.
[232] ARCGM Coil., L.. Baksayet at.,Phys.Left. 6IB (1976) 89.

[233] BR.Desai,B.C. ShenandM. Jacob,Nuct. Phys.B142 (1978) 258.
[234]M. Jacob(privatecommunication).
[235]CHM Colt., J. Armitageet a!., Phys.Left. 82B (1979) 149.
[236]R. Shankar,Mud. Phys. B63 (1974) 168.
[237]L.A. Ponomarev,Papersubmittedto the 18th Intl. Conf. on High EnergyPhysics,Tbiiisi, 1976.
[238]J. Pumpiin andF. Henyey,Mud. Phys. BI 17 (1976) 377.
[239]T. Ferbel, Phys.Rev. Lett. 29 (1972) 448.
[240]S. Raichoudhury,NuovoCim. Left. 5 (1972) 7.
[241]R.F.AmannandM.L. Blackmon,Phys.Lett. 44B (1973)266.
[242]JR.FreemanandC. Quigg,Phys. Lett. 47B (1973) 39.
[243]5. PinskyandG. Thomas,Phys.Rev. D9 (1974) 1350.
[244]T. Inami, Mud. Phys. B77 (1974) 337.
[245]S. Humble, Phys.Lett. 40B (1972) 373.
[246]E.J. Squiresand D.M. Weber,NuovoCim. Lett. 7 (1973) 193.
[247]B. Petersen,Proc. Recontrede Moriond (1973).
[248]R. Blutner, Mud. Phys.B73 (1974) 125.
[249] L. Caneschi,Mud. Phys. B68 (1974) 77.



394 SN. Ganguli and D.P. Roy, Regge phenomenologyof inclusive reactions

[250]L. Caneschi,Mud. Phys.B108 (1976)417.
[251] P.K. Mathotra,Proc.7th Intl. Colloquium on Multipartidte Reactions,Tutzig (1976).
[252]A. AmeodoandJ.L. Meunier, Zeitschriftfur PhysicC2 (1979) 77.
[253]H. ChengandTI. Wu, Phys.Rev.Di (1970)2775; Phys. Left. 45B (1973) 367;

H. Cheng,Proc.4th Intl. Symp.of MuttiparticleHadrodynamics,Pavia(1973).
[254]A. CapeliaandA. Kaidatov,Mud. Phys. Bl 11(1976)477.
[255]V.A. Abramovski,V.N. Gribov andO.V. Kancheli,Proc. 16th Intl. Conf. on High EnergyPhysics,Chicago(1972).
[256]S.J. ChangandTM. Yan, Phys.Rev. D10 (1974) 1531.
[257]DR. SniderandH.W. Wyld, Phys. Rev.Dli (1975)2538.
[258]R.J.N. Phillips,Rutherford Preprinf,RL-74-034 (1974).
[259]R.G. Roberts(privatecommunication).
[260]T.K. GaiserandCI. Tan, Phys.Rev.D8 (1973)3881.
[261] M. Suzuki,Mud. Phys.B64(1973) 486.
[262]D. SiversandF. von Hippel, Phys.Rev. D9 (1974) 830.
[263]J. Koplik, Mud. Phys.B82 (1974)93.
[264]T.K. Gaiser,HI. Miettinen, CI. Tan andD.M. Tow, Phys. Left. SIB (1974)83.
[265]C.B. Chiu andE. Ugaz, Mud. Phys. B86 (1975) 153.
[266]C.B. Chiu andD.M. Tow, Univ. of Texas,Austin, Preprint(1976).
[267]BSM Coil., K. Guettleret at., Phys.Left. 64B (1976) lii; Mud. Phys.B116 (1976)77.
[268]BS Coil., B. Alper ef al., Mud. Phys. B100(1975) 237.
[269]Y. Cho ef al., Phys.Rev. Lett. 31(1973)413.
[270]V.V. Ammosovet al., SadiayPreprint(June1976).
[271]V. Amaldi et at., Mud. Phys.B86 (1975) 403.
[272]S. Yazaki, Phys.Lett. 43B (1973)225.
[273]ChanHong-Mo,P. Hoyer,HI. Miettinen andD.P. Roy, Phys.Lett. 40B (1972)406.
[274]W.M. Morseef at., Phys. Rev. D15 (1977)66.
[275]W.B. Fretteref at., Phys.Left. 57B (1975) 197.
[276]R.F.Amannand K. Geer,SyracusePreprintSU-4205-21(1973).
[277]T. Ferbel,Proc.SLAC SummerInst. of Particle Physics(1974).
[278]W. Ko, Proc. 17th Intl. Conf. on High EnergyPhysics,London(1974).
[279]Pisa-StonyBrook Coil., SR.Amendoliaet at.,Phys.Left. 48B (1974)359.
[2801CERN-Hamburg-ViennaCoil., H. Dibon et at., Phys. Lett. 44B (1973) 313.
[281]EL. Berger,R. Singer,G.H. ThomasandT. Kafka, Phys.Rev.DiS (1977)206.
[282]G.F. Chewand A. Pignofti, Phys. Rev. 176 (1968) 2112;

G.F. Chew,ML. GotdbergerandFE. Low, Phys.Rev.Lett. 22 (1969) 208.
[283]P. Piritlaand S. Pokorski,Phys. Lett. B43 (1973) 502.
[284]W. Schmidt-Parzefall, Phys. Left. 46B (1973) 399.
[285]EL. BergerandG.C. Fox, Phys.Left. 47B (1973) 162.
[286]F. Hayot andA. Morel, Muc!. Phys. B68 (1974) 323.
[287]M. LeBellac,HI. Miettinen andR.G. Roberts,Phys.Left. 48B (1974)115.
[288]Pisa-StonyBrook Colt., SR. Amendoliaet at.,Muovo Cim. 31A (1976)17.
[289]Aachen-CERM-MunichColt., K. Eggertetal., Mud. Phys.B86 (1975)201.
[290]AML-FMAL-Stony Brook Coil., R. Singeref at., Phys. Left. 49B (1974) 481.
[291]AML-FNAL-MSU-IOWA-Maryland Colt., BY. Oh etal., Phys.Left. 56B (1975) 400.
[292]Rochester-MichiganColt., C. Bromberget at.,Phys.Rev.D15 (1977) 1215.
[293]France-SovietCoil., J. Derreet at., NuovoCim. 33A (1976) 721.
[294]J. Whitmore,Phys.Rep. 1OC (1974) 273.
[295]P. Darriutat,Proc.6th Intl. Colloquium on Multipartidte Reactions,Oxford (1975).
[296]L. Foa, Phys.Rep.22C(1975)1.
[297]E. Berger,Phys.Lett. 49B (1974)369; Mud. Phys. B85 (1975) 61.
[298]F. Hayot andM. LeBet!ac,Mud. Phys. B86 (1975) 333.
[299]A. More! and G. Plauf,Mud. Phys. B78 (1974)541.
[300]A. AmeodoandG. Plauf,Mud. Phys. Bi07 (1976)262; Bi13 (1976) 156.
[301]J. Ranftand G. Ranft,Phys. Left. 49B (1974) 369;Nuct. Phys.B83 (1974) 285.
[302]R. Baier andF. Widder,NuovoCim. 30A (1975) 169.
[3031F.W. Bopp, SiegenPreprint,Si-77-4 (1977).
[304]M. LeBeilac,CERN LectureNotes,CERN76-14(1976).
[305]F. Hoyot, F.S. Henyeyand M. LeBet!ac,Nudt. Phys.B80 (1974)77.
[306]J.L. Meunier andG. Plaut,Mud. Phys.B87 (1975) 74.



SN. Ganguli and D.P. Roy, Regge phenomenology of inclusive reactions 395

[307]M. LeBeliac, Proc.EuropeanConf. on particlePhysics,Budapest(1977).
[308]CERN-BolognaCot!., M. Basiteet al., Muovo Cim. 39A (1977)441.
[309]A. Arneodoand J.L. Meunier,Mud. Phys.B143 (1978) 163.
[310]P. Pirita, G.H. Thomasand C. Quigg,Phys.Rev. Di2 (1975) 92.
[311]1. Ludtamand R. S!ansky,Phys. Rev.D12 (1975)59,65.
[312]A. Bia!as,K. Fialkowski, M. JesabekandM. Zielinski, Acta Phys. PotonicaB6 (1975) 59.
[313]R. Baier and F.W. Bopp, Mud. Phys.B79 (1974)344; Acta Phys.Aust. 47 (1977)251.
[314]W. Thomeet at., Mud. Phys. Bi29 (1977) 365.
[315] G. Giacome!liand M. Jacob,Phys.Rep.55 (1979) 1.
[316] Brazil-JapanCollaboration: Y. Fujimofo, in: Proc.MuttiparticleDynamics, Kyoto, 1978.
[317] SeeJ. Dias de DeusandWA. Rodrigues,Muovo Cimento55A (1980) 34, andreferencestherein.
[318]1K. GaiserandGB. Yodh, Annual Reviewof NuclearandParticle Science(in press).
[319] B.S. Acharya,M.V.S. Rao,K. Sivaprasadand S. Rao,TIFR prepnnt(to be published).
[320] M. Basiteef at., Phys. Left. 95B (1980) 311.
[321] Ch. Bergeref at., Phys. Left. 95B (1980) 313.


