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0. Introduction

The studyof diffractive processeshasalwaysbeenone of the main sourcesof information on the
propertiesof the stronginteractionsof hadronsat highenergies.The classicalexampleof a diffractive
reactionis small angleelastic scattering,which hasnow beenwell studiedin a wide energyregion. In
the pastfew yearsconsiderableprogresshasalso been achievedin the field of inelastic diffractive
processes.

Clear separationand detailedstudy of thesereactionshas becomepossibledue to considerable
extensionof the energyrange,accessiblefor experiment.Many new interestingexperimentalresults
have been obtained.This has stimulatedtheoretical investigationof the diffractive production of
particles.Severaldifferentapproachesto this problemhavebeenproposedandthe resultscompared
with experimentalobservations.

In this reviewrecentexperimentalresultson inelasticdiffractive processesarediscussedin terms
of the varioustheoreticalapproachesto high energydiffractive scattering.The first part of the paper
(sections1 and2) is devotedto discussionof the theoreticalapproaches.They canberoughly divided
into two categories.The s-channelpicture of inelastic diffraction was proposedlong ago in the
classicalpapersof FeinbergandPomeranchuk[1] andof GoodandWalker [2]. Diffractive scattering
is in this approachthe consequenceof theabsorptionof the incidenthadronicwave.This is dueto the
existenceat high energiesof manyopeninelastic (nondiffractive)channels.The compositestructure
of hadronsleadsto diffractiondissociation.In this frameworkthe impactparameterrepresentationfor
diffractive amplitudesprovidesthe basisfor the constructionof geometricalandopticalmodels.Some
bounds on the cross sectionsof the inelastic diffractive reactions,which follow from s-channel
unitarity and the shadowcharacterof diffraction, havebeenobtainedin the pastfew years [3-6].
Theseresultsand their experimentalimplications are describedin section 1. Models for diffraction
scattering,basedon the quark—gluonpictureof hadronsarealsodiscussedin this section.

Another approachto diffractive processesis connectedwith the t-channelpoint of view. This is
most clearly expressedin terms of Reggeonexchanges.It gives the possibility to consider from a
unified point of view both two-body and multiparticle reactions.Applications of Regge theory to
inelasticdiffractive processesarediscussedin detailin section2. The Drell—Hiida--Deckmodel is used
for the descriptionof dissociationvertices.The predictions of this model for both inclusive and
exclusivediffractive reactionsare considered.The exchangeof severalReggeonsin the t-channel,
which correspondto Regge-cuts,can be important in diffractive scatteringat high energies.The
Reggeoncalculusmethod for the evaluationof Regge-cutamplitudesandthe eikonalapproximation
are describedin section2. The problemsof Regge-theoryin the asymptoticlimit s—~~ and models
with the Froissarttype asymptoticbehaviourof the scatteringamplitudes.arebriefly discussedat the
end of this section*. Thus, different theoretical approaches(which, however, need not be in
contradition,but rathermay complementeachother) to diffraction arepossibleandwe canaskwhat
is the properdefinition of diffraction?I shall considerthe processas diffractive, if it is determinedat
high energiesby the Pomeranchuksingularityat j = 1 (which can, in principle, differ from a simple
Regge-pole).This definition is sufficiently generalandit is valid for both the s-channeland t-channel
typemodels.

It follows from the definition of diffraction, that the main property of the diffractive mechanism,
which allows oneto separateit from otherscatteringmechanisms,is aweakenergydependenceof the

‘A morecompletediscussionof this subjectcan befound in reviews17, 8].
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cross sectionsfor thesereactions.If ap(O)= 1, then the cross sectionsof diffractive processescan
haveonly a logarithmicdependenceon energy.

It is usuallyassumedalsothat the Pomeranchuksingularityhasvacuumquantumnumbers,positive
signature u, even C-parity and isospin I = 0.” The amplitudesof diffractive processesare mainly
imaginaryatt = 0.tThischaracteristicfeatureof diffractionfollows fromtheassumptionthata- + 1 and
ap(0)’ 1.

The secondpart of the review (section 3) is devotedto experimentalinformation on diffractive
processesat high energies.The propertiesof diffraction, which follow from the analysisof elastic
reactions,are briefly discussed.The most completeknowledge of the propertiesof diffraction
dissociationcomesfrom astudyof exclusivediffractivereactions.Interestingeffectshavebeenobserved
recentlyin suchprocesses.The availableexperimentaldata on exclusivediffraction dissociationare
comparedwith the predictionsof theDeck modelwith absorptionandwith factorisationrelations.It is
pointed out that an approximatefactorisationof the crosssectionsfor theseprocessestakesplace.
Resultson the inclusive diffractive productionof particles are discussedin the framework of the
triple-Reggemodel.The mostimportantexperimentalresult,which hasbeenobtainedfrom thestudyof
thesereactions,is thediscoveryof thediffractive productionof hadronicsystemswith largemasses.This
phenomenonis interpretedin termsof the triple-Pomeroninteraction.The triple-Reggeanalysisof the
experimentaldatais carriedout andthe effective triple-Pomeroncouplingconstantis determined.This
constantplays an important role for the Regge approachto the asymptoticbehaviourof strong
interactions.The processesof doublediffractiondissociationanddoublePomeronexchange,whichcan
give new insight into the propertiesof diffraction, are discussedin section3~.

1. Theoretical description of diffractive processesfrom the s-channelpoint of view

1.1. Impactparameterrepresentation

Diffractive phenomenaat high energiesfrom the s-channelpoint of view have the shadow
characterand are due to the strong inelastic interaction of colliding particles (absorption).This
approachis basedon theunitarity equationin the s-channel

S~S=l (1.1)

or for the scatteringmatrix T(S= I + iT)

ImTab=~~fTan. T~~dr~ (1.2)

wheredr~= (2ir)45(pa—Pb)H?— d3p
1/2~1(2ir)

3is the phasespacefactor.
The well knownoptical theoremfollows directly from the unitarity equation(1.2)

Im Ta~(5,0) = 2pVs a-(tot)(~) (1.3)

wherep is the centerof massmomentumof the colliding particles,s = (p~+ p2)2.

‘If the Pomeranchuksingularity is not a pure Regge-poleand moving branchpoints arealsoimportant, then,generallyspeaking,it doesnot
havedefinite parity. Howeverthe relativecontribution of theparity-odd partdecreaseslogarithmically with energy.

tlhe ratio ReT(s,0)/Im T(s,0) decreaseslogarithmicallyass —‘ ~.

flhe field of investigationreferredtoasdiffractivescatteringis toovastfor usto considerall it’s aspectsin this review.In particularthediffractive
productionof particlesoff nucleiis not discussedhere.Thereaderinterestedin thissubjectshouldreferhimself to thereviewarticles[9, 10]. Some
questionsrelevantto diffractive dissociation,which will be only shortly mentionedin this articlearediscussedin moredetail in reviews[10—14].
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It is convenientto considerthe unitarity equationfor eachpartial-waveamplitudesf,(s)

f(s,t)= T(5~jJ=~i.~~(21+l)f,(s)P,(cosO~)

8irvs p,...0

f,(s)=~J f(s,z)P,(z)dz; z=cosO~. (1.4)

Unitarity leadsto the following inequalitiesfor the partial-waveamplitudesof elastic scattering

Imf,(s) ~ If,(s)12, i.e. f,(s)I ~ 1. (1.5)

The amplitudesf,(s), which satisfytheseinequalitiescanbe written in the form

f,(s)= ~(e2i5~~) — 1): Im ,5,(s)~ 0. (1.6)

At highenergiesandsmall scatteringangles*largevaluesof I are important,soit is convenientto usean
impactparameterb = (1 + ~)/p-representation

T(s,t) = 16 iT ~f,(s) P,(cosO,)2(1 +

16 ir f f,(s)J0((l + ~)O,)d(l + ~)2 = 4irs Jf(b, s)J0(q1b)db
2. (1.7)

Taking into account,that

J
0(z)= ~ J eu COS~

we canwrite the impactparameterrepresentation(1.7) in the following form

T(s, t) = 8n-sf f(s, b) ~ ~ (1.8)

where b is the transverseimpactparametervector,d
2b = b db d~.

The elastic scatteringamplitude,written in the impact parameterspace,is givenby the expression
2i8(s.b)_ 1

f(s, b) = 2i Im t~(s,b) ~ 0. (1.9)

The function2i~(s,b) —fl(s,b) is the eikonal.
The unitarity equationfor the amplitudef(s, b) hasa simpleform

Imfei(s, b) = f~i(s,b)I2+~If~(s,b)12. (1.10)

The inelasticoverlapfunction G~~(s,b) ~~If~(s,b)12 determinesthe contributionof inelasticproces-

‘In this kinematical regionthe momentumtransferq = — p’ is perpendicularto thedirectionof motion of thecolliding particles; q q
1 and

I = (p,—p~)
2 — q~.
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ses to the unitary sum. If we define the partial crosssectionsa-t~)(b,s) by the relation

= J a-°~(b,s)d2b (1.11)

then

at°t~(b,s) = 4Imf~,(b,s); a-~~(b,s)= 4~fei(b,s)12 a-°~(b,s)= 4 G~~(b,s). (1.12)

It follows from the unitarity equation(1.10) that

a~”~(s,b) = 1 — eIms~~~). (1.13)

The positivity conditionfor Im 3(s,b) leadsto the inequality a-(In)(~ b) ~ I (G,~(s,b) ~

1.2. Geometricalmodels.Scatteringon a blackdiskand a ring.

The impact parameterrepresentationis often usedto provide a geometricalinterpretationof high
energyscattering.In this sectionwe will considersomemodelsof diffraction, which usesuchnotions
of geometricalopticsas an opacity andaradius.The simplestmodel is the scatteringon ablack disk
of radius R. It correspondsto the maximum value for the cross sectionsfor inelastic processes
a-°”~(b,s) = 1 for b ~ R (Im ô(s, b) ~ 1, full absorption).The elastic scatteringamplitude in b-space
(fig. l.la) canbewritten as

f(s,b)={~’ ~ (1.14)

The scatteringamplitude T(s,t) is purely imaginary andis given by the expression

T(s, t) = .
4~2JI(q1R) o~~(s)= a-

t’~(s)= ~a-(tot)(~) = irR2. (1.15)
qj~

The differential cross section for elastic scatteringshows a sequenceof diffractive minima and
maxima(fig. 1.2). The width of the diffraction peakis -~ 1/R~.A modelwith scatteringon ablackdisk
with a sharpedgeis over simplified andcan give only aquantitativeideaon the characterof elastic
diffractive scattering.The realistic amplitude f(s, b) hasthe form shownin fig. 1.lb with a smooth
edgeand some “opacity”. A natural generalisationof eq. (1.15) for amplitude T(s,t), which takes
theseeffectsinto accountis given by the expression

T(s, t) = isA(~)J,(q
1R)exp(—R~q~);~= ln -~-.. (1.16)

q1 s0

7m f(sb) ~

Fig. 1.1. Impact parameterdistribution of lm f(s, b), (a) for scattering on a black disk, (b) realisticcase.
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Fig. 1.2. Differentialcrosssections,asfunctionsof q’~for elasticscatteringon ablack disk (full curve)andinelasticdiffractive process(dashed
curve).

The functionA(~)dependson the “opacity” of hadrons.The quantity R1 characterizesthe width of
the edge. In the limit R—~0,T(s, t) hasa gaussianform, which correspondsto f(b) -= exp(—b

2/4R~).
If the elastic scatteringamplitude is purelyimaginaryathigh energies,thenthe functionf(s, b) can

be directly obtainedfrom the experimentaldata on dcr/dt. The result of suchan analysis[15] of the
experimentaldataon elasticpp-scatteringat Vs = 53 GeV is shownin fig. 1.3. Thefunctionsa-~0s)(b)

and o-~(b)have approximatelygaussianform and differ from the black disk values (ff(sos)(b) = 2,

= 1). On the other hand a~”~(b)for small values of b is rather close to the upper limit
(o~”~(0)= 0.94) andhasaweakenergydependence.

Considernow the geometricpicture for inelasticdiffractive processes.If the absorptionof the
incoming wave is strongenough for b <R then inelastic diffraction can arise only from the edge

I __________________________________________
2

]mf ~s,E~)
V~~,53G,V
pp - scattenng

1~

:~ ~
b (fermi)

Fig. 1.3. Im f(s, b), If(s, b)12 and G~(s,b) for the elasticpp-scatteringat VS = 53GeV [15].
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b

Fig. 1.4. Impact parameterdistributionof Imf~in thecaseof strongabsorption.

region b R andthe amplitudefor this reactionaswritten in b-spacehasa peripheralform (fig. 1.4).

The amplitudeT(s, t) can in this casebe approximatedby the following expression

T~(s,t) = isB(~)J0(q1R)exp(—~ (1.17)

The value of R2 -= R1 is connectedwith the width of the distribution in b-space(fig. 1.4). In this
casethedifferentialcrosssectionfor the elastic diffractiveprocesseshastheform shownin fig. 1.2 by
the dashedline. It showsa first diffraction minimum at avalue of It~which is smaller thanfor the
elastic scattering.

Thus the impactparameterprofile in the caseof strongabsorption(for examplefor the scattering
of hadronson heavynuclei) is centralfor elastic reaction(scatteringon a disk) andis peripheralfor
an inelasticdiffractive process(scatteringon a ring).

Most of the geometricaland optical modelsfor diffractive scatteringat high energies[15—19]are
basedon theseideas.Thisapproachis simpleandphysically appealingbut it hasa seriousdrawback:
the main parameters,which characterisethe functionsf(s, b) namely the radiusof interaction, the
opacity and the width of an edge are usually unknown theoreticallyand are determinedfrom a
comparisonwith experiment. In particular in order to predict the cross section for diffractive
processesat high energiesit is very importantto know the energydepenceof the radius.Analyticity
andunitarity imposeonly aratherweakasymptoticboundon thevalueof theradiusR ~ C ln(s/s0)[20].

1.3. Boundson amplitudesfor inelasticdiffractiveprocessesfrom s-channelunitarity

The s-channelunitarity equationallows oneto derivesomeboundson the amplitudesfor inelastic
diffractive processes.Considerthe submatrixof the scatteringmatrix fmn(5,b) — iD~k(s,b) (i, k ~N),
whose elementsdescribediffractive transitions. If the amplitudes Ilk for diffractive reactionsare
purely imaginary thenD is areal matrix. It’s elementscanbe expressedin termsof the partial cross
sectionsaccordingto eq. (1.12)as follows

cr(tot)(s,b) = 4D,1 o~eD(sb) = 4D~,; a-~’~(b,s) = ~I~2 D~k;

a-~)(~,b) + a-~)(~,b) = 4 ~ = 4(D
2),,. (1.18)

TherealandsymmetricmatrixDcanbetransformedby anorthogonalmatrixQ tothediagonalform F
F=QTDQ; F

1~=F~
D=QFQ

T QTQ=QQTI. (1.19)

The physicaldiffractive states~ arethe linear combinationsof the eigenstatescp~,

‘fri = ~ Qa~q’a- (1.20)

Only elastic scatteringexistsfor the statesp~.
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Following Good and Walker [2] we can interpret inelasticdiffractive scatteringin the following
way: the initial state ~ is a superpositionof the “bare” eigenstatescok, which undergo elastic
diffractive scatteringwith amplitudesFk, which aredifferent, generallyspeaking,for different cok. So
afterscatteringwe haveanothersuperpositionof 6°k andthefinal stateconsistsnotonly of thestate,fr,
(elastic scattering), but also of some admixture of other physical states ,fr~ (i = 2,. . . N), that
correspondsto the inelasticdiffractive scattering.From this point of view diffraction dissociationis
analogousto thewell knownphenomenonof KL -+ K5 regeneration,whereK°andK°are the“bare”
eigenstates.

Note that diffraction dissociationarisesonly becauseof the differencein valuesof the eigenam-
plitudes Fk. If for somevaluesof b full absorptiontakesplace (all Fk = ~), theninelasticdiffraction
disappearsin this b-region.A bound on the crosssectionfor diffractive processes

o(e~(bs)+ o~’~(b,s) ~ ~o.(t0~(b, s) (1.21)

basedon the assumption,that the eigenamplitudesF,, do not exceedthe “black disk limit”: F,. ~

hasbeenderivedby Pumplin[3].It follows directly from eqs.(1.18)and (1.19).

o.(
tot)(b s)= 4D,

1 = 4 ~ Q~F,~ g(CI)(jj s)+ o~”~(b,s)= 4(D
2),

1 = 4 ~ ~ (1.22)

The Pumplin’s bound leads to strong restrictionson the crosssectionsfor inelastic diffractive
processes.Theupperboundon o-~(b)for pp collisions at Vs = 53 GeV havebeenobtainedin ref. [4]
fig. 1.5. Forthe integratedcrosssectionit is about 13 mb. We canseefrom fig. 1.5 that theboundhasa
peripheralshapeandit is most restrictiveat small b.

An elegantinterpretationof suchrelationsbetweeno~t0t)(b)ando~(b)hasbeengiven in ref. [6].
The quantitiesQ~,,determinetheprobabilitiesof finding theeigenstatesq’~in thedecompositionof the
initial state ~i, and we can interpret the total crosssection o(tot)(b) as the averagevalue of the
eigenamplitudes

4Fk cTk(b)weightedwith probabilities Pk = ~

a-(sos)(b s) = 4 ~ Q~,.F,.= P~o~= (a-k). (1.23)

The total inelasticdiffractivecrosssectionconsideredin thesetermsis obtainedasthesquareofthe

dispersionof thespectrumof theeigenamplitudesthatcoupleto thecorrespondinginitial state(fig. 1.6)
a-~(b,s) = 4 ~ ~ — 4(~Q~~F~)= ~[(o~)— (cr,,)~]= ~I2(b,s). (1.24)

If all the eigenamplitudesare equal,so that their spectrumis a 8-peak, then I = 0 andcr~= 0. In
orderto obtain largevaluesof o-~,’°(b)it is necessaryto havea largevariationof absorptionamongthe
different tp,,. The saturationof the Pumplin’s boundcorrespondsto a distribution,which consistsof
two 6-peaks,one ata-,. = 0 andanotherat themaximumvalueof a-,, (fig. 1.7).

Let us considerin moredetail the exampleof two diffractive channels.In this casethe matrix D
hasthe form

D — fa~’~(b)/4 Va-
12(b)/2

— \Va-12(b)/2 o~
2~(b)/4

‘This assumptionis satisfiedin themulti-channeleikonalmodels.Forunitarymodelsof K-matrix typethe inequality Fk ~ 1/2 is not in general
valid. Theexactconsequenceof unitarity: F, ~ 1 leadsto atrivial inequality o~(b,s)+ o’~(b,a) ~ o,(t00(b,s).
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Fig. 1.5. Upperboundfrom eq. (1.22) for inelasticdiffractive crosssectionversusb for pp-interaction[4].

andthe condition0 ~ Fk ~ ~leadsto the inequalities[4]

~ a-w(b).a-(
2)(b)/4 (i)

~ (1 — ~ut1~(b))(1— ~a-t2~(b)). (ii) (1.25)

The Pumplin’s bound is then saturatedif both inequalities(i) and (ii) are simultaneouslysaturated.
This happens,when o-t1~(b)+ o-~2~(b)= 2 and F, = ~, F~= 0 (maximum dispersion).However in the
large b region, where a-~(b)are small the condition u”~(b)+ o~2~(b)2 cannot be satisfied. The
assumptionthatc~”~(b)is a monotonicallydecreasingfunctionof b leadsto amorestringentboundon

(in)
[4].

It shouldbe emphasizedthat while the inequality (1.25i) follows only from the positivity of F,. the
inequality (l.25ii) is basedon the extraassumption,Fk ~

Considernow the bounds,which canbe derivedusingonly theexactconsequenceof unitarity and
positivity for theeigenamplitudesF,.. If we haveonly information aboutthediagonalelementsof the
matrix D — ~ thenfor N diffractive channelsthis bound is ratherweak [5]

~ ~o~’~(b)~ a-~(b). (1.26)

Q~ ~t~<6~c~

Fig. 1.6. Cross sectionsand distribution of probabilities Q~,,of the Fig. 1.7. The distributionof Q~,,,which correspondsto themaximum
eigenamplitudes. valueof o-~°.
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It is equivalentto a sumof inequalities(1.25i) for the cross sectionso~”~(b)for inelasticdiffractive
transitionsfrom channel1 to the channelsk.

Thisboundcanbeimprovedif morecompleteinformationon thestructureof thematrixD isavailable.
The necessaryandsufficient conditionforthematrix D to havenonnegativeeigenvalues(Fk ~ 0) is that
thedeterminantsof D andit’s main submatricesareall nonnegative.

Let us apply this theoremto an interestingclassof diffractive processes:the photoproductionof
the p and w vectormesons.The threechannel(y, p, w) matrix D hasthe form

/ a-~ 2\/~~ 2Va-~)
4D(2V~~ 0

\2V~ 0 cr~

Transitions p.~-.ware forbidden by G-parity conservationapplied to diffractive processes.The
condition that the determinantsof D and it’s submatricesare nonnegativeleads to the following
bounds

~ o-~”~o~”~/4; a~”~~ u~)o~0~)/4; (1.27)

+ o~”~o~’~~ o~a-t”~o-~°~/4. (1.28)

For o-~”~= o~”~the boundof eq. (1.28)

(cr~°~(b)+ a-~”~(b)~ a-(b)o~”~(b)/4 (1.29)

is twice strongerthanthe sum of bounds(1.27),which is equivalentto eq. (1.26).Taking into account
the inequality

(I Va-~(b)Va-~(b)d2b) Jo~(b)d2b Ja-~(b)

andusing eq. (1.29) we find a boundon the differentialcrosssectionsfor the reactionsyp-+ top and
yp —* p°pat t = 0

-* top)+ 4~~-(yp—~p0p)] ~ ~ O(p~p). (1.30)

Experimentaldataon photoproductionof vectormesonsshowthat thisboundis nearlysaturatedfor
(tot) (tot)

a-(pOp) = O(,~0p) (fig. 1.8).
Saturationfor eq. (1.28) meansthat one of the eigenvaluesof matrix D is equalto zeroandthat the

statesp, to and y arerelatedas follows

= y~Ip)+y,,Jw). (1.31)

The elementsof the D-matrix arealsoconnected
(p) (w)

D.,,~= yi,D,w = y,,, i—; D~= y~D~= y~.,~—; o-~= + ~ (1.32)

The relations(1.32) arethe sameas theseobtainedin the vectordominancemodel.
Inequalitiesof the type (1.27)—(1.30)can be consideredas boundsfor the total crosssectionsof

interactionof anunstableparticle(p, to) with aproton.This methodcanalsobeusedin order to derivea
boundfor the totalcrosssectionsfor the photoproductionof charm.



168 A.B. Kaidalov, Diffractiveproductionmechanisms

4~P.’~°p)+~f ~ (~1)

200

100

2 4 6 8 10 12 14 16

Fig. 1.8. Comparisonof thebound(1.30) with experimentaldata,

Assumingthat the imaginarypartsof the amplitudesfor ~‘-mesonphotoproductionand ifrN-elastic
scatteringare determinedby thoseintermediatestates,which includescharmedquarksC and C, we
obtainthe following bound

IT a- (tot)
1 2 ~(yN-*~IN)~t.oo/oq,N (1.33)

wherea~ Re TYN~N(S,O)/ImT5N~,N(s,0).

o~Pis the total crosssectionfor ~fr-nucleoninteraction.Using experimentaldataon the values
of (da-/dt)(yN—s.ifrN)I~.o[21] ando~°~[22] andassuming,that for EL~ 100GeV ~ 1, we find a
ratherstrongbound,—U5.N..CcX ~‘ 250 nb.

Analogous inequality connectsthe cross section for photoproductionof strangeparticles with
c-mesonphotoproduction(if we assumethatthe c-mesonconsistsof strange(A) quarks).This reads

IT a- (tot)

a-5N..AAx ~ -~---(yN-+cN)Il.Oo/a-QN. (1.34)

Experimentshowsthat the bound(1.34) is approximatelysaturated.
Analysis of experimentaldataon inelasticdiffraction for purely hadronicprocessesindicatesthat

alsofor thesereactionssomeof the Fk’s arecloseto zero. So it is very interestingto understandthe
dynamicalmechanismwhich leadsto a saturationof unitarity bounds.

1.4. Quarks, gluonsand diffractive scattering

A simple geometricalpicture of diffractive scatteringis closely connectedwith the constituent
structureof hadrons.The space-timedescriptionof high energyscatteringallowsone to expressthe
amplitudes in terms of parton distributions inside hadrons.The best candidate for a dynamical
descriptionof strong interaction is the theory of quarks and gluons, i.e. quantumchromodynamics.
This theory hasasymptoticfreedomandis mostadequatefor the descriptionof processeswith large
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momentumtransfer.Application of this theory to hadronicprocesseswith small transversemomenta
facesthe seriousproblemof quarkandgluon confinement.Thisproblemis not solvedyet thoughsome
ideasas how to obtain colour confinementhavebeenproposed.So semiphenomenologicalapproaches
are usually usedfor the descriptionof high energyscatteringin terms of quarks and gluons. The
additivequarkmodel [23,24] is the mostsimpleandwidespreadone.In theframework of this modelit
is assumedthatbosonsconsistof quarkq andantiquark4 and that baryonsarebound statesof three
quarks. These quarks are on the average far from each other (R — 1 fm), while the radius of
interactionsfor two quarksis comparativelysmall (at presentenergiesTint 0.2 fm). The amplitudes
for hadronic scatteringare expressedin terms of the qq(q4) scatteringamplitudesand the wave
functionsof hadrons.The simplest diagram,which correspondsto a single scatteringof quarks is
shown in fig. 1 .9a. The addivity assumptionfor quark scatteringleads to a number of relations
betweenamplitudesfor different hadronicprocesses[23].Oneof themostwell knownrelationsof this
type is [23]

— 2— — I

a-(irN) = 5o-(NN) (a-(aN)= ~(oaN+ a-aN)) (1.35)

which is in a reasonableagreementwith experiment.
In the frameworkof this model,whichconsidersa hadronasa looselyboundsystemof almostfree

quarks,it is possible to explain the increaseof the total crosssectionfor pp-interactionat high
energiesand to describethe structureof differential crosssectionsfor elastic reactions [24]. In
particulartheminimum in doidt for elasticpp-scatteringat high energiesis connectedwith thedouble
scatteringof quarks(fig. 1 .9b).

An interestingquark—gluemodel, wheregluonsinsidehadronsplay an activerole in processeswith
small momentumtransferhasbeenproposedin refs.[25—27].We haveseenin a previoussectionthat
the large valuefor thecross sectionfor inelasticdiffractive processesindicatesa strong variationin
theopacity of the eigenamplitudesF,.. This behaviouris difficult to understandin the frameworkof
the standardquark model, in which all eigenstatescorrespondto the sameconfigurationof valence
quarksand should haveopacitiesof the sameorder. In the quark—glue model this property of the
eigenamplitudesis connectedwith thevariationof theglue parametersin the incidenthadrons(gluons
inside hadronshave somedistributionsin longitudinal momentaand in impact parameters).In this
approachdiffractive scatteringcanbe consideredas the shadowof gluon scattering.The authorsof
ref. [26] are led to the conclusion that it is necessaryto have full absorptionfor the glue—glue
interactionat small impactparametersin orderto obtain thecorrect valueof a-~.In the framework
of this model it is possibleto describethedifferential crosssectionfor elasticpp-scatteringin a wide
t-range[27].

The connectionbetweenthePomeronand gluon exchangesin the t-channelhasbeendiscussedin
papers[28,29]. It hasbeenarguedin the frameworkof QCD that gluon exchangesleadto a positive
signaturesingularity with j 1 at t = 0. If the Pomeranchuksingularity is indeedrelated to the

Fig. 1.9. Additive quarkmodel diagram(a) for the amplitudeof elastic irN-scattering;(b) doublerescatteringof quarks.
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structureof thegluon interaction,thestudy of diffractive processesat high energiesmay thenprovide
important information on the gluon structureof hadronsand on the propertiesof gluon—gluon
interaction[301.

2. t-channelmodelsof diffraction. Reggeapproach

2.1. Regge-polemodel

The complex angularmomentummethod(Reggetheory) [31]hasa solid theoreticalbasisand is
widely used in the phenomenologicaldescriptionof hadronic processesat high energies. In the
framework of this method scattering amplitudes are expressedin terms of singularities in the
complexj-planeof the t-channelpartialwaveamplitudes‘p(j, t). The simplestsingularity in thej-plane
is a moving pole a(t) (Reggepole) [32].Reggepole exchangein the t-channel(fig. 2.1) is a natural
generalizationof singleparticleexchange.It leadsto ascatteringamplitudeof the form

T”~( t) a(S)

8irs~ = y(t) ‘q(a(t)) (-f-) (2.1)

where~(a(t)) = — {1 + a- exp(—iITa(t))}/sinira(t) is the signaturefactor, a- = ±1 is thesignatureof the
pole, y(t) = gac(t) gbd(t) is the factorizedresidue,5o is a constantscalefactor (5~= 1 GeV2). We will
alsousethe amplitude

M~(s,1) = T(s,t)/8iTs; J’.if”~(s,t) = y(t) ~(ct(t))(s/so)’”t~’. (2.2)

In the sameway as ordinary particles, Regge poles have definite conservedquantumnumbers,
parity, isospin,strangenessetc.

The connectionof Reggepoleswith particlesandresonancesfor positive t allows one to determine
theparametersof Reggetrajectoriesfrom informationon thespectrumof hadrons.The leadingmeson
trajectoriesp, A

2, to, f have a(O) 0.5 and a 1 GeV
2. The ir-Regge pole with a,r(0) 0 is also

importantfor a phenomenologicaldescriptionof binary processes.ThePomeranchukpole ap playsa
speciallyimportantrole in Reggeontheory.It hasbeenintroducedin thetheoryin order to providean
approximate constancyof the total cross sections. Scatteringamplitudes for an exchangeof
thePomeranchukpole with ap(O)= 1 arepurely imaginaryat t = 0 andtotal crosssectionsareenergy
independent.Thus in the Reggepole model diffractive reactionsaredescribedby P-poleexchangein
t-channel.

Let us considernow the impact parameterpicture of scatteringin the Reggepole model and
calculatethe amplitudef(s, b)

f(s, b) = JM(s, t) ~_i~ib ~2_~L (2.3)

b ~bdd

Fig. 2.1. Graphof aRegge-poleexchangein the f-channel.
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Fig. 2.2. Multiperipheraldiagramsandtheir contributionto a two-bodyprocessamplitude.

In the small (-region, the contributionof a Reggepole to the scatteringamplitudeM(s, t) canbe

parametrizedin the form

kf~(s,t) = y(0) q(a(O))(s/s0)
t~°~”.exp(A(s)t) (2.4)

where A(s) = R2+ a’(ln(s/so)—~iIT), a(t) = a(0)+ a’~t.The parameterR2 characterizesthe 1-depen-
denceof theproductof residuefunctionsandof the factor llsin(ira (1)12) (a- = ±1) or llcos(ira(t)12)
(a-—1).

We find from eqs.(2.3), (2.4) that theamplitudef(s, b) hasa gaussianform

f1)(~ b) = 7~°~°~~ exp(~ (2.5)

It follows from eq. (2.5) that, for P-poleexchange(with ap(O)= 1), the amplitudef(s, b) decreases
logarithmically at b2 ~ A(s) and the effective radius of interaction increasesasymptotically as
Va’ ln(s/s

0). So the Reggepole model gives definite predictionsfor the energy dependenceof the
opacityandof the radius.

From the point of view of s-channelunitarity this picture of interaction correspondsto the
multiperipheralmechanismof multiparticle production[33].The imaginary part of the Reggepole
amplitudefor a two body processis connectedwith thecontributionof themultiperipheralintermediate
statesin the s-channelunitarity equation,fig. 2.2. Experimentalstudiesof the multiple productionof
particleshave confirmed the main predictionsof the multiperipheralapproach,i.e. the logarithmic
increasewith energy of the averagemultiplicities of particles, the small and practically energy
independentvaluesfor themeantransversemomenta,the scalingbehaviourof inclusive spectra,the
flat rapidity distributionsin thecentral regionof spectra,important short rangecorrelations(see,for
example,the reviewpaperslisted underref. [34]).

Therefore it seemsreasonableto assumethat at presentenergiesdiffractive scatteringcan be
describedin a first approximationby the exchangeof a simple Pomeranchukpole with ap(O) 1.
Complicationsdue to thepossibleexistenceof Reggecutswill be discussedin subsection2.5.

2.2. Drell—Hiida—Deckmodel

Multiperipheral models can be successfullyused not only for the explanationof the general
properties of the multiparticle production but also for a detailed description of the exclusive
processes.One of the models,widely usedfor this purpose,becauseof it’s predictivepower, is the
OPE-model.It takes into accountthe exchangeof the lightest particle in the (-channelnamely the
ir-meson,figs. 2.4, 2.5. The diagramsof theOPE-modelinclude amplitudesfor ITIT and irN-scattering
and the ITNN coupling constant,which can be obtained from the experimentaldata. The only
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Fig. 2.3. OPE-,nodeldiagramsfor thereactionspp —s pn1r~(a) and Fig. 2.4. OPE-modeldiagramsfor thereactionsNN —s NN~rir(a) and
irp-rir~n(b). (b), irN—siririrN (c).

arbitrarinessof the model is connectedwith the off-mass shell dependenceof the amplitudes.The
off-massshell effectsareusuallydescribedby phenomenologicalform-factors[36]and (or) reggeiza-
tion of IT-exchange[37,38]. The IT-exchangemodel with a small numberof free parametersgives a
good descriptionof experimentaldataon both exclusiveandinclusiveprocessesin NN, NN, irN and
KN interactions[38,39].

How does diffraction dissociation emerge in this model? Consider for example the process
pp -+ (nIT~)p(fig. 2.3a).At intermediateenergiess = (~+ ~2)2 ~ 10 GeV2 themassof thesystempITt
S

2 = (P2+ It)
2 is rathersmallandresonancesareimportantin theblob associatedwith ir~pscattering,

which is a partof theOPEdiagram.As theenergys increasestheeffective valuesof s
2 increasealso

and diffractive scatteringbecomesimportantfor elastic IT p-scattering.If we approximatediffractive
scatteringby P-poleexchange,the diagramof fig. 2.3acanthenbe representedin the regionof large
s, s2by thediagramof fig. 2.6a.SotheOPE-diagramsof fig. 2.3, 2.4 containbothresonanceproduction
and diffractive dissociation. Resonanceproductionis importantat low and intermediateenergies,
while diffraction dissociationis the dominantmechanismat high energies.This changeof regime is
clearly seen in fig. 2.5, where experimentalmass distributionsfor the ir~p-systemobservedin the

-fii M

/&&~~?2h~4~6.eaJ. J234J63o’ ~ ~P~44~6~85 j-~ 7~o(Qev/c~

Fig. 2.5. Distribution in massM,,+~for thereactionpp pna~at differentenergies.Full curvesarethepredictionsof OPER-model[38].
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t —

Fig. 2.6. DHD-modelgraphsfor the ne-systemdiffractive productionin pp-collisions.

reaction pp —*n~r~pfor different energiesare comparedwith the predictionsof the reggeizedpion
exchangemodel (OPER) [38].The model provides a descriptionof exclusivereactionsin a wide
region of energy.A comparisonof the OPER-modelpredictions(in absolutenormalization)[38]with
the total crosssectionsfor someexclusiveprocessesis shownin fig. 2.7.

Diffractive excitationof an incident particle can be interpretedin the framework of the OPE-
model (fig. 2.5a) in a somewhatdifferent way: the incidentnucleondissociatesfirst into two particles
(N, IT) andthevirtual pion thendiffractively scatterson the target-nucleon.From this point of view it
is naturalalso to take into accounttheotherpole graphs(fig. 2.6b,c), which correspondto theelastic
diffractive scatteringof the producednucleon(fig. 2.6b) and of the incident nucleonbefore dis-
sociation(fig. 2.6c).The diagramsof fig. 2.6 describediffraction dissociationin the Drell—Hiida—Deck
model [40].At high energiesandsmall t thediagramsof fig. 2.6b and fig. 2.6c givecontributionsto the
amplitudes,which have different signs and are close in magnitude.Thereforethesediagramsare
mutually canceledas t —~0 and thediagramwith ir-exchange,fig. 2.6agives themain contributionto
thecrosssectionfor this process.Howeverthediagramsof fig. 2.6 (b andc) canstill be importantin
certainkinematicalregions.

1(11111 I’ll,., 5

~ pp-.-pp)T7r ~rr~
I. ~ ~ir-p-.-JrJr’Jrp

I ~ I ~

‘° Ptat (~e’~~~)100~ ~

~sa6(GeV/c) P1~~i(CeV/c)

Fig. 2.7. Cross sectionsfor thereactions ~ ~ *p~~ ~ pp-~Ppiri, asfunctionsof incidentlaboratory
momentum.The curvesarethepredictionsof theOPER-model[38].
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The contributionto theamplitudeof the diagramof fig. 2.6ahasthe form

T GV2 Un7
5Up ~ — 2 T~~*p(s2,1) F(t1) (2.6)

where G is the pion—nucleoncoupling constant(G
2/4IT 14.6). F(t

1) is aform-factor,which takesinto
acount off-massshell effects. T,,.+~(s2,1) is the amplitudefor ~ elastic scatteringon mass shell,
which, for largevaluesof s2, is describedby Pomeronexchange

T~+0(s2,1) = iy~(0)(s2/s0)exp(A~(s2)t).

In the double-Reggeregion S2, s~~‘ m
2 the following kinematicalrelation holds*

s,s
2= ~(2~ k~) (2.7)

wherekT is the transversemomentumof theproducedpion. Thereforeatfixed energys, the amplitude
T decreaseswith s, as 1/s1. The differentialcross sectiond

2a-/dtds, is concentratedin the region of
smallmassess~—- m2and decreasesas l/s~for largevaluesof s

1. A rapiddecreaseof d
2a-Idt ds, as s

1
increasesalsotakesplacefor all the diagramsof fig. 2.6.

Let usnow briefly discusshowto reggeizethepion exchangecontributionto multiparticle reactions
amplitudes.The simplest way to do that [38] is to replace the product of pion propagatorand
form-factor F(t)/(t — p.

2) in eq. (2.6) by the function

9-~~(a,,(t,)) F(t
1,s2,k~)

where

F(t,,s2, k~)= exp[(E + a~ln s(kT+ /L2)) (t~— p2)] (2.8)
so S2

Thisexpressionsatisfiesto the following naturalrequirements

i) ~ 77(a~(t),))F(t,, S2, k~)-*1 l 2 as 1, -* 2

ii) A doubleReggebehaviourT -~-(~1/~0~o~St) (52/50)aP(l) existsfor s2~ m2 ~° m2

iii) In the region ~2 —~m
2, s,~ m2 the amplitudehasa usual single ReggebehaviourT (S,5~)a.r(tl)

(This region of phasespacecorrespondsto the quasi two-bodyprocessesinducedby the IT-Regge
pole.)

Equation(2.8) canbe consideredas an interpolationformulawhich gives a reasonabledescription
of the amplitudeboth for largeand small valuesof ~2. The quantityR~is the only free parameterof
the model.

The sameprocedurehasbeenused[38] for the constructionof amplitudesfor reactionswith more
particlesin the final state(of the typeshownin fig. 2.4).

2.3. Diffractive productionofparticles. Triple-Reggeapproach

Regge theory is formulated for both exclusive and inclusive diffractive processes.Study of
inclusive diffractive productiongives important information on the propertiesof high-energyscat-
tering.

‘This relation is approximatelyvalid even for not too largemassesof thediffractively producedsystem.
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Fig. 2.8. Graphof diffraction dissociationof particleb. Fig. 2.9. Rapidity distribution for diffractive productionof particles.

The inclusiveprocessfor single diffractive dissociationto a statewith effectivemassM~=

namely a+ b—~a’ + X is describedby the P-poleexchangediagramshownin fig. 2.8. If the valueof
5~is large(s, ~ m2) thenthe invariant52, which definesthe energyfor diffractive scatteringis smaller
thans. For themultiperipheralconfigurationof thediffractively producedfinal statethekinematicsis
analogousto thecaseof single pion production,consideredaboveand,accordingto eq. (2.7), s

2 — s/s1.
The Reggepole descriptionis valid for 52 ~ m

2 or s
2/s,~ I.

The convenientvariablesfor the inclusivereactionsarex = p i~Ip~and (,~,~)2 p ~. At high energies
andsmall t the following relationshold

I _~_(l_x)(~~_m~). (2.9)

The Reggeapproachcan be usedin the kinematicalregion (1 — x) ~l, t —p~~ m
2. The rapidity

variable

_i~ E+p° E+p11 _-~/ 2 2y—~in~
1—ln (mj.—vm+pj

p m1

is also widely usedfor a descriptionof inelastic reactions.The rapidity distribution of particles in
diffractive processis shown in fig. 2.9. A large value of S2 (or (1 — x) ~1) correspondsto a large
rapidity gap ~ betweenthe rapidity of theparticle a’ and that of the other particles.Although the
values of S2 and ~ are not directly connectedto the inclusive variablex their meanvalues (after
averagingoverthe momentaIt, of theproducedpions) in the region of largeS2 arerelated*

2 ~ s —i- 1 —r 2 T 2~s2—m ~ +k1=(0.1-0.2)GeV,

~ C=ln-~. (2.10)maI.~ l—x ma’

The amplitude,which correspondsto the diagramsof fig. 2.8, can be written in the sameform as
donefor a binary reactiont

T(s, s1, t, r~)= g~~(t)v~(s5,t, r~)(sIsiy01~~~q(ap(t)) (2.11)
ITS0

‘Equation(2.10) is writtenfor thecases~~ m
2.

tHereandin following thenormalizationusedin papers[7,8,41] is alsoused.
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where v~(s1,t, ‘rn) is the vertex for n-particle productionin Pomeron-particleinteraction, i-~are the
variables,which characterizethe diffractively producedsystemof particles.

The differential crosssectionfor the inclusivediffractive processhasthe form

d
2a- — x d2a- — IT d2a- — irE d3a-

ds, dt — sdxdp~— sdyd2p
1 —

= ~(gP,(())2(~) I~(ap(t))I21 ~fdT~I~Pb-.n(Si, I, Tfl)12 (2.12)
S1

5i S~

where Tpb+fl(sI, 1, r~) V~
50v~(s,,‘r,,, 1) is the amplitudefor the transition from Pomeron-particleb

to n-particles.
The last factor in eq. (2.12) can be interpretedas the total crosssectionfor interactionbetweenthe

Pomeronandparticleb (fig. 2.10).
(tot) l’c’( — 2a-pb (s1, 1) = ~—z~dr~ITpb_.n(si,1, rj~. (2.13)

‘-Si n J

The differentialcrosssectioncanthenbe written as

de1dt= ~(g~(t))
2IGp(~’,t)12 ~ t) (2.14)

where~ = ln(s
1/m

2),~‘ = ln(s/s~)

G~(~’,t) = (s/s
1)~

t~.~(ap(t))exp(—a~’p~)i~(ap(t)).

It should be noted that the Pomeron—particlecross section contraryto the total cross section of
interaction for usual particles cannot be directly measuredexperimentally.The function a-~t)is
connectedwith thephysicalquantityd2a-/d~

1dt by eq. (2.14),which determinesit’s normalization.The
definitionofa-~

t~byeq.(2.13)is convenientbecausea-~0t)hasa usualReggeformin theregionoflarges,,
namely;

a~(O)—I

a-(~~0t)(~~,t) = 8ir ~ g~(0)r~o(t)(~) (2.15)

where r’p(t) is the two Pomeron-reggeonk vertex (in particular r~~(t)is the triple-Pomeronvertex).
Diffraction dissociationinto a statewith largemassis thus describedby the following triple-Regge

formula [42—44]

d~
1dt= 4ir ~ g~(0)(g~a(t))2 r~(t)J71(aP(t))I2(~)2(ap(t)— i) a~(O)—I (2.16)

It correspondsto thediagramsof fig. 2.11.
It shouldbe emphasizedthat eq. (2.16)is valid only in the regions~~‘ m

2, s ~‘ s~or m2/s~ (1 — x) ~

b ‘i~::.~I~ b a

Fig.2.10.Representationof thedifferentialcrosssectionfor the diffractiveprocessandfor thePomeron-particletotalcrosssection(part indicatedby
adashedline).
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Fig. 2.11. PPakfor aninclusivecrosssection.Acrosson aline means Fig. 2.12. Triple-Reggediagram.
thatthediscontinuityof thecorrespondingGreenfunctionshouldbe
taken.

I. This kinematical region of inclusive spectrais usually called the triple-Reggeregion. It exists at
sufficiently high energiess ~‘ 102GeV2.

For a phenomenologicaldescriptionof inclusivespectrain the triple-Reggeregionit is necessaryto
take also into accountthe nondiffractivebackground,which is connectedwith the contributionsof
secondary(f, to, p, A

2, ir) poles.Formula(2.16)canbe easilygeneralizedto this caseand the invariant
inclusivecrosssectionf = E d

3a-/d3p canbe written in the form

f = ~ G
11,.(t)(1 — x)~a(S)at(:).(S/soy0~ouI (2 17)

ijk

where G1,.(t) = 4s0g~(t)g~.(t)g~(0)r~1(t)‘q(a1(t)) fl*(a1(t)). In the limit s—~~ at fixed x only the
termswith a,.(0)= ap(O)= I survive in eq. (2.17)and leadto a scalingbehaviouroff. It is a remarkable
propertyof eq. (2.17)that the x dependenceof crosssectionsis uniquely determinedby trajectoriesof
Reggepoles,which arewell determinedfrom theanalysisof the two-bodyreactions.The behaviourat
I = 0 of sometriple Reggeterms,whichareusuallyusedfor adescriptionof inclusivespectra,is given
in table I. The summarycontributionof the secondarytrajectories(f, to, p, A2) with a1(0) = 0.5 is
denotedby R. The triple-Pomerontermis the only scalingterm which rapidly increasesas x -+ 1. It
correspondsto the diffractive productionof large mass states.The triple Pomeronvertex plays an
importantrole in Reggetheory at high energies.

The OPE-model,discussedin subsection2.2, allows one to calculateinclusive processesat high
energies[38,45]. In particular it predictsthe values of the triple-Reggevertices r~1.Consider,for
example,the inclusiveprocesspp—~ pX. The productionof fastprotonsin this reactionis describedby
the diagramsshown in fig. 2.13. All the particles,which are not emitted at the upperblob of the
multiperipheraldiagram, can be consideredtogetherand, after integrationover their variablesand
summation,their role is simplysummarizedin termsof the total crosssectionfor ITN interaction.The
diagram2.13b correspondsto the irirP-term in terms of the triple-Reggemodel (fig. 2.l4b). The value

Table 1
Dependenceon s andx of the triple-Reggecontributionsto the invariant inclusive

crosssection

Triple-Reggeterms s-dependence(fixed x) x-dependence(fixed s)

PPP const. 1/(1— x)

PPR 1/Vs l/(V~i~)
3

RRP const. const.
RRR l/V~ l/V(l—x)
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Fig. 2.13. OPE-modeldiagramsfor the inclusivereactionpp —spX.

p p p p p,~p p,•p

p~p p~p
a) b)

Fig. 2.14. Diagramsof OPE-modelfor triple ReggetermsPPP(a) and ~rirP(b).

of s,~in fig. 2.13,is largeas x —~ 1 ~ ~— ~i.~/(l— x)>> m2) andthe elasticdiffractive irp-scatteringampli-
tudeat theupperblob of the diagram2.13aleadsto the triple-Pomerongraphof fig. 2.14a.The valueof
the triple-Pomeronvertexis uniquely determinedby the irirP-residueandthe parametersof the form-
factorforavirtual pion.Theseparametersarefixed fromthedescriptionof theexclusiveprocessesin the
OPE-model.Thismodelallowsonealsoto definein amorequantitativeway therangein 1 — x, wherethe
triple-Reggedescriptionis reasonable.Theanalysisshows[38],that thetriple-Reggeregioncorresponds
to 1 — x~ 0.05. In theregion 1 — x > 0.05 the spectraof protonsaredeterminedmainly by theresonance
region of the ITp-amplitudes(the s-isobarproductionand subsequentdecayis especiallyimportant).

Let us calculate now the total cross section for the diffractive productionof high mass state
(s~~ ~, ~ = ln(.~/m2)) If the vertexr~p(t)doesnottendto zeroas t —*0, wecanparametrizeG~~~(t)
for small valuesof t in termsof anexponentialform, G~~~(0)exp(R~t)and,for the contributionof the
PPP-termto the crosssection,we have[46]

a-
1 a-~p= 4ir(g~.(0))

2g~(0)r~p(0)f dt f ~-~-‘ exp[(R~+ 2a’,~ln-~-)t]

2ir p 2 P ~ R~+2ao(~—~o)
— —~(gaa.(0))gbb(O) rp~(0)In 02 ~ ‘A (2.18)ap i~pT~aph.~Q

wheref~4 1 determinesthe boundaryof the region wherethe Reggeapproachis valid, i~o= ln(l/~)
2—3.

This crosssectionincreasesslowly (as In ~) as s —~ ~. It will be shownin the nextsubsectionthat
the crosssectionsfor diffractive productionof severalhigh massstatesrisemorerapidly with energy.
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Fig. 2.15. Graphof doublediffractive dissociation. Fig. 2.16. Rapidity distributionfor doublediffractive dissociation.

2.4. Productionof severalshowersof particles.Multipomeronexchanges

We haveconsideredthe simplestdiffractiveprocess,single diffractiondissociation,whereonly oneof
the colliding particlesis excited. It is clear that doublediffraction dissociation,whereboth of the
initial particlesareexcited, is possible(fig. 2.15). The rapidity distribution,which correspondsto this
reactionis shownin fig. 2.16. It hasa large gap ~‘ betweenthe two groupsof producedparticles.
Pomeronexchangegivesadominantcontributionto the amplitudefor this processfor largevaluesof

= ln(sm2/s~s
2)= — — ~2 ~ — 2C (~= ln(s1/m

2)).
If thePomeronis apoleandthe amplitudehasa factorizedform, thenthe differentialcrosssection

for doublediffraction dissociationis connectedwith the crosssectionsfor single diffraction excitation
andthat for elastic scatteringby the relation

dCTDD(ab—~X~X
2)— da-D(ab-4 aX1) da-D(ab—~X2b) /da-ei(ab) (2 19

ds1 ds2dt — ds1 dt ds2dt / dt

The differentialcrosssectionfor the diffractive productionof two stateswith largemassess1, S2 ~

is describedby the diagramof fig. 2.17 andhasthe form

d~1d~2dt = 4irg~a(0)gbb(0) (r~p(t))
2IGp(~’,t)12. (2.20)

The total crosssectionfor this processhasthe following energydependence(for ~> 2~+ i~)

~—~o--~to ~—~o—~t

= T g~(0)gbb(O~rPP(0)) f d~ J ~
= ~ g~(0)g~(0)(r~p(0))2[(~— 2~~)ln ~ 2~o)+ (2.21)

q
4

A
F{JP

p q3~P

~sn
Fig. 2.17. Graphcorrespondingto diffractive productionof two high
massstates. Fig. 2.18. Multipomeronproductionof particles.
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~M2}

b b 2 ~‘c.m.

Fig.2.19.Diagramfor thecontributionof double-Pomeronexchangeto Fig. 2.20. Rapidity distributionin double-Pomeronexchange.
the crosssectionof thereactionab—s aXb.

In eq. (2.21) we have neglectedthe (-dependenceof ~ Experimental data show that T~p iS

practically (-independent(seesection3). The crosssection a-2 increaseswith energyfasterthan a-1,
but at presentenergies,s ~ 3 x i0

3 GeV2, it is small o~
2~0.1 mb.

Let usnotethat the factorisationcondition(2.19) is valid only for differentialcrosssectionsat fixed
values of s~,s2 and t. Crosssections,integratedoverphasespace,are not factorizablein general,
becauseof differencesin t-dependencesandin thelimits of the ~ integrations(compare,for example,
eq. (2.18) for a-1, eq. (2.21)for a-2 anda-el = 21rg~a(0)g~b(0)/(R

2+au)).
Up to now we discussedthe processesof diffraction dissociationof incident particles, which

correspondto a single Pomeronexchange. In the framework of Regge theory the processesof
multipomeronproductionof particles,fig. 2.18 mustalsoexist [47—49].Theseprocessescorrespondto
configurations in rapidity spacewhich have several large rapidity gaps betweengroups of final
particles. One such exampleis the double Pomeronexchange(DPE) processin the reaction ab—*
a’Xb’, fig. 2.19. The rapidity distribution,which correspondsto this processis shownin fig. 2.20. The
existenceof a DPE-mechanismfor particleproductioncan be easily understoodfrom the point of
view of the OPE-model.Consider,for example,the reactioncorrespondingto two-pion productionin
NN-collisions, which is describedby the diagrams of fig. 2.4. For large massess~,s~of the
irN-systemsin the diagram 2.4a (this correspondsto large rapidity intervals) Pomeronexchange
describesthe amplitudesfor irN-elastic scatteringandwe areled to the DPE-diagramof fig. 2.21. It is
analogousto the well knowndouble-photonexchangediagramof QED.

The kinematicsfor the DPE processfig. 2.16, is similar to that discussedin the caseof a single
P-exchange,eq. (2.9)

(52/5) (1 — Xb.); (Se/s) (1 — Xa’)

M~= M~+ ~2 .. 5r52 = s(l — Xa’) (l — Xb’) (2.22)

whereM~is the effectivemassof the centralclusterof particles,p.
1 is it’s transversemomentum.

N N

Fig. 2.21. Diagram of the OPE-model for the double-Pomeron e e
contribution to thereactionNN —s NIrITN. Fig. 2.22. Doublephotonexchangein thereactione~e_*e*(e+e)e_.
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Thereare simplerelationsanalogousto eq. (2.10) betweenthe averagevaluesof s~,s, A~,~ and
the variables1 — x,., and I — Xb.. They read:

-~
2~ ~i . , 2~ ~Lj

Si m— , 52 m-—--
lXb’ lXa’

1 +C; z~2=ln 1 +C. (2.23)
lXa’ lXb’

The fact that the rapidity gaps~, ~ differ by aconstant —1 from ln 1/(1 — Xayb’)) shouldbe taken
into accountwhencomparingtheoreticalpredictionswith experimentalresultswhereDPE candidate
eventsareisolatedout usingcutsin rapidity.

The rapidity intervaloverwhich to find the producedparticles, is

ln~=ln~—2C=~—A1—i~2. (2.24)

The region of validity for DPE is determinedby the conditionss~,s~~‘ m
2 or ~, ~2 ~ 1. In termsof

the variablesXa~,Xb’ this means

m2/s41— x• 4 1 (i = a’, b’). (2.25)

Conditions(2.25) can be satisfiedonly atsufficiently high energies.For example,it follows from eq.
(2.22)that if wetake (I — x

5)<0.1, thenit is possibleto studythe region M
2 -~ 1 GeV2 ats> 100GeV2

only.
The amplitudefor the DPEprocessof fig. 2.16 canbe written in the form

T(s,Si, S
2,q1, q2,r~)= g~.(q~)gbb(q2) ~

x (s/s2)”~~‘q(ap(q~))V~(q1,q~,M~,r,,) (2.26)

where qi ~P±a’, q2=p±b’; q~-s~—ti, q~ —t2, V~(q1,q2,M~,r~)is the vertex for PP—*n-particles
transition,r~arethe variableswhich characterizethe particlesin the centralcluster.

The differentialcrosssectionfor the DPEprocessis given by the formula

2da- da- M±Ea~Eb’ dt~
d~d~d

2q
1d

2q
2= — Xa’ — Xb. dXa’ dxb’ d

2q
1d

2q
2— s d

3Pa’d3pb’

= (
2~)2(g~(qI) g~b(q~))

2Gp(~,q~)~ q~)I2a-~t)(~M,q~,q~) (2.27)

where~ = ln(s/s
1)= lnh/(1 — xa’); ~ = ln(s/s2)= lnl/(1 — xb.); ~M = — — ~. The quantity

q1, q2) = ~ JdTn II’PP-Sn(~M,q1,q2,

(Dpp-.n(~M,q1, q2, r~)=8S~VC(~M,q1,q2, rn)) (2.28)

is the “total crosssection” for PP-interaction.It shouldbenotedthatthe dependenceof the differential
crosssectionon ~, ~ is connectednot only with the usualRegge-factors~ q~)but alsowith the
~M dependenceof o-(~M),becauseeM = C — — ~. So the DPEbehaviourof the crosssectionshould
betestedat fixed valuesof Mi-.

The situationsimplifies in the region of largeM,~,wherethe dependenceof a-pp on M~can be
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describedin the framework of the Reggepole modelby aformula
j (tot).~2

a-~~(CM,qI, q2) = ka-1~,1~’= 8’ir ~ r~(t1)r~4~(t2)exp[(ak(0)— 1)CM]. (2.29)
a-bb k

Inserting this expressionfor a-pp into eq. (2.27) we obtain

dC d~~d
2q

1d
2q

2= -~ ~(g~a’(ti) g~b(t2))
2Iv~(ap(ti))~(ap(t

2))I
2

x r~,(t~)r~p(t
2)exp[(ak(0) — 1)C + (2ap(t1)— ak(0) — 1)C~+ (2ap(t2)— ak(0) — 1)C~]. (2.30)

Thiscrosssectioncorrespondsto the “beetlediagram”, shownin fig. 2.23a.
For arbitraryreggeonexchangesi, j (fig. 2.23b) eq. (2.30) canbe generalizedas follows

do-
~ ~ ,~2 ,12 = 2~ FijkIm(ti, I2)
ucluc2u qiu q2 ijklm

x exp[(a,,(0) — 1)C + (a~((i)+ a~(t~)— ak(0) — 1)C + (ai(t2)+ am(t2) — ak(0) — l)C~]

= ~ Fsjici,n(ti, (2) exp[(ak(O) — l)CM + (a5(ti) + a,(ti) — 2)C + (a,((2) + ctm(t2)— 2)C~] (2.31)
ijklm

where

Fijklm(hi, I2) = -~- ~ T~a,(ti) r~.,~(t2)71(a~(t1))fl*(ai((l)) fl(a,(t2)) ~ *(am(t2)).

For large enoughM
2 (CM~’1) only P-polecanbe kept in the sum overk andthe differentialcross

sectionhasthe form

dc~ 2 = ~ Fjjp,m(ti, 12) exp[(a
4(t1) + a1(t1) — 2)C + (a,(t2)+ am(t2)— 2)C~]. (2.32)

dC1dC2d q1d q2 ijlm

Comparingthis expressionwith eq. (2.17) for the singleparticleinclusivespectrum(for k = P)

_____ = ~ 4g~.(ti)g~(ti)g~(0)r~aj(ti)~(a1(t1))~*(aj(ti)) exp[(a4(t1) + a~(ti)- 2)C’] (2.33)

C q1 ~

we seethat the following factorizationrelationexists

do- 1 da- do-ET
1 w
215 240 m
261 240 l
S
BT

dC~dC~d

2q
1 d

2q
2 = ~ d~d

2q
1d~~d

2q
2 (2.34)

:~:
Fig. 2.23. Graphfor the crosssectionof double-Pomeronproductionof high massstate.
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Thus thedouble-Pomeronproductionof astatewith large massis givenby the formula

d ‘d da2 d
2 = -~-(g~.(t

1)g~b’(t2))
2 I~(ap(ti))~(ap(t

2))I
2

Cl C2 q~ q

2 IT
x r~p(t~)r~p(t2)exp[2(ap(ti) — l)C~+ 2(ap(t2) — 1)C~]. (2.35)

The contributionof the large massregion (CM ~ Co) to the total cross sectionof DPE hasthe form
~—‘~.e—fo ~

— P p p 2 1 , I ______________a-12—
2IT(g~.(O)gbb.(O)rPP(0)) j d~ j dC

2~02 ~ ~
~~

1’~a+ L(r~5ç~J!~1%~T Lapç2
‘so

2
— IT

1 ~‘ IA\ P ~ P inv~

2 I dCi i Rb+2ap(C—CI—Co) 236
—---T~gaa’w)gbb’w) rppI~U)) J R~+2a~C~ R~+2a

1~0
‘so

Forpresentenergiess ~ 3 x i0
3 GeV2we have2as(C— Cmin) < R~(b),whereC

mm = ~ + ~0is athreshold
for theprocess.In this energyregion a-12 canbe approximatelywritten in the form

2ir(g~.(0)g~b(0)r~p(0))
2 2 2 37

~ . ( . )

In the practically inaccessiblelimit of ultra-highenergies,where2aic(C— Crnin) ~ R~(b)we obtain

a-i
2 = IT 2(g~(0)g~b’(0)r~p(0)lnC)

2. (2.38)(2ap)

In the small mass region for the producedsystemM~~ 1 GeV2, eqs. (2.29), (2.31), basedon the
triple-Reggemodelare not valid. For small valuesof M the centralcluster decayshowevermainly
into two pions, i.e. the exclusiveprocessesab—~a’irirb’ give the main contributionto the inclusive
cross section.The OPE-modelis thenusually usedin order to describethe DPE in thesereactions
[41,53—56]. In theframeworkof this model the reactionamplitudeis describedby the diagramsshown
in fig. 2.21. The differentialcrosssectionhasthe especiallysimpleform for q

1 q2 0

da- — 3(g~.,’(0)gbb(O)) ~‘ F 2 2 2 2 d 2 2 39
dC dC~d

2q
1d

2q
2— IT

3(M~X)2 (g,~(0)) ,,.(,~ )(~+ K ) K ( . )

whereF,~(K2)is the form-factor(seeeq. (2.6)), K is the transversemomentumof the producedpion.
The factor3 in eq. (2.39) is due to the threepossibletypes of ir mesonexchanges(ir~, IT, ir°). The
interferencebetweenthe different IT-exchangegraphshasbeenneglectedin eq. (2.39).More accurate
calculationsof the DPE crosssectionsin the OPE-model,which takeinto accountthe interferenceof
the diagrams,absorptioneffects and final state interactionsamongthe producedpions, have been
performedin refs.[55, 56].

It follows from eq. (2.39) that the differential cross section of the exclusive reaction rapidly
decreaseswith M~for largeM~.It hasa maximumin the region M~ 400—500MeV. Besidesthis
“kinematical” maximumthe DPE crosssectionmayhavethe maxima,which correspondto the DPE
productionof resonances,with the isospinI = 0 andpositive G-parity, suchas f, f’ etc. Investigation
of the DPE-productionof resonancescangivean importantinformationon the internalcharacteristics
of the Pomeron,suchas it’s SU(3)-structure.

We have discussedthe production of particles for the two-Pomeronexchangeinteractions.
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Iterationof thisprocessin the (-channelleadsto the multipomeronproductionof particles,shownin
fig. 2.18. The multipomeronproductionof small massstateshasbeenstudiedfirst in refs. [47,48]. In
the limit C --* o~the crosssectionsfor thesereactionsbehaveas a-k — (ln C)’~t/C(wherek is the number
of exchangedPomerons)andtheir sumgrows with energy[48,49].The multipomeronproductionof
showerswith large massesleadsto a more rapid increaseof cross sections.Accordingto the rules
formulatedabove,the amplitudefor the multipomeronproductionof N clusters,shown in fig. 2.18
canbe written in the form

T(C,C~,C~,q
1) = v1(Ci, q~,r~1)V~2(C2,q1, q~,re,) . . . VflN~(CN_I,qN—2, ‘iN—I, TN_I)

X VflN(CN, ‘jN~-I, mN)exp(ap(ti)C +. . . + ap(tN1) 1)(8irs0Y”’ijp(11). . . -~(t~~) (2.40)

whereC~= ln(s4/m
2) (for SI ~ m2 ~ is the rapidity interval occupiedby the particlesof ith cluster),

e ~ I are the rapidity gaps betweenthe clusters i and i + 1 (C = ~ +‘~C), q~= — (, is the
squareof the transversemomentain the i-th part of the multipomeronchain. The verticesv~and V,
aredeterminedby eqs.(2.11), (2.26).

The differential crosssectionfor an n-clustersproductioncan be expressedin termsof the total
crosssectionsfor Pomeron—particleandPomeron—Pomeroninteractions

da- 1 2 2

A? A?’ ,1?~ ..2 A2 = 1A ~2(N_l)a-ap(Cl, q
1)a-bp(CN,qN—I) (2.41)uçl . . . uçN uçl . . . uçN-_i ~ . . . U qN—i i~tIT)

X a-pp~,q1, q2). . . a-pp(CNI, qN-2, qN-I) Gp(t~,~ .. . Gp(tNl, ClN~i)I2~(C— ~ ~l cc).

Using the Regge-asymptoticforms (2.15),(2.29) for thesetotal crosssectionin the regionsC5 s~1 we
obtainthe following form for the differentialcross sectionof N largemassshowersproduction

do- p
dC1 . . ~ ~ . . dC~1d

2q
1 . . d

2qN
1 = 8irgaa(0)gbb(0)

~ (~~(0))~IGp(tI,~). . - Gp(~1,C~ji)I
2a-(c - ~ ~ Cs). (2.42)

For the diffractive productionof two heavyclusterseq. (2.42) coincideswith (2.20).
The total cross sectionsfor the diffractive productionof N-heavyclusters(C4 ~ Co, ~ ~ ~) in the

limit of ultrahighenergiesC ~ NC
0 + (N — l)z~~havethe following energydependence*

/ P IA’,\ N11, i— ~ ,.,~ ~ (r~1~~v)~i~çifl çj
a-N — oIrgaii~u)gbbw, 1 A ‘ I (~T l\~

\ ‘sap / i~1~— i).

In the framework of the Reggepolemodelthis rapid increaseof the multipomeroncrosssectionsas
C —~ leadsto an inconsistency,sinceit contradictsto the assumptionthat the total cross section is
asymptoticallyconstant(for ap(O) = 1). Note that the energydependenceof a-N (2.43) leadsevento a
violation of the Froissartbound(a-(t0~~ C

2)~which is a consequenceof analyticity andunitarity. Soit
should be changed(at least in the limit C —~~) in any realistic theory.The simplestway out of this
difficulty is to assume,that r~p(q2)—*0as q2—*0 (for exampler~p(q2)= Aq2 as q2—*0). In this case
(the so-calledweakcouplingtheory) the diffractive productionof large massstatesleadsonly to the
renormalizationof the “bare” Pomeronpoleandthe theorycanbe consistentwith the asymptotically

‘Thesecrosssectionsarevery smallatenergiess ~ 10’ Gev2dueto strongkinematicallimitationsandthesmallnessof triplePomeronvertex(see
section3).
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a a.

p

p~p

bIb

Fig. 2.24. Graphfor thecrosssectionof diffractive productionof high massstates.

constanttotal crosssection[57,58]. More detailedanalysisof the weakcouplingtheory [58,59] shows
thatinorderto satisfys-channelunitarityandthe (-channelconstraints,all theinelasticPomeronvertices
shouldbezeroat very smalltransversemomenta.Thedifferentialcrosssectionsfor inelasticdiffractive
processesshouldvanishatq1—*0. This theoryhasbeeninterpretedin termsof thepartonmodel[58]andit
hasbeenshownthat in this approachall the totalcrosssectionsa-(tot) shouldbeequalin the asymptotic
limit s —~~. Experimentaldataon diffractiveprocessesdo not confirmthepredictionsof thisapproachat
presentenergiesandit canbe consistentwith experimentonly if largecorrectionsdueto Reggecutsare
takeninto account[60].

The versionsof Regge theory,where r~pand otherPomeronvertices are different from zero at
qj. = 0 are in abetteragreementwith experiment.The role of Reggecutsis very importantfor such
theories in order to obtainthe self-consistentasymptoticsolutions.

2.5. Reggecutsand eikonalmodels

Reggepolesarenot the only singularitiesin thej-plane. Therearemoving branchpoints, which are
connectedwith the exchangeof severalReggeonsin the t-channel(fig. 2.25). A Reggepole can be
interpretedas correspondingto singlescatteringwhile Reggecutscorrespondto multiple scatterings
on constituentsof hadrons.The positionsof thebranchpoints, which is connectedwith the exchange
in the (-channelof n Pomeranchukpolesap(t) is given by the formula

a~p(t)= nap(t/n
2)— fl + 1. (2.44)

The locationof thesebranchpointsat z= 0 is the sameas that of the pole (for ap(O)= 1), and they
are to the right of the polefor t <0. Sothe contributionsof the branchpointsto scatteringamplitudes
areimportantat very high energies.

Fig. 2.25. Graphscorrespondingto Regge-cuts.
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11111
Fig. 2.26. Regge-cutamplitudesandrescatteringon constituentsof hadrons.

A generalmethodfor the evaluationof Reggecut contributionshasbeenproposedby Gribov [63].
Though a certain class of Feynmandiagrams has been used for the derivation of the Reggeon
calculus method [63] the rules of the Reggeoncalculus are neithersensitiveto the details of the
underlyingfield theorynor to the detailsof the hadronicinternal structure.

Let us illustratethis methodusingas an examplethe two Reggeonexchangeamplitude,shown in
fig. 2.25a.*

The setof all the Feynmangraphs,which correspondsto the two-Reggeonexchangediagramof fig.
2.25a,canbewritten usingthe usual Feynmanrulesin the form

( •\

T~2~(s,t) = ~ I d4k~~(k2)flp((q — k)2) (-f-) ~(8irso)2~T?~.~ (2.45)
2.(2ir) j So

where T~)is the Pomeron-particlescatteringamplitudet.The “Green-function”of the Pomeron-
(s/s

0)~’rj(ap(k~))8irs0 is associatedwith eachPomeronline of momentumk5(k2 = q — k1, q =p~—

Pa). Thefactor 2! in eq. (2.45) appearsbecauseof the identity of the two exchangedPomerons.
It is useful to changefrom the integrationvariablesk0, k~to the variablesSa,

5b, which are the
energiesof the P-particlescatteringamplitudesat the upperand lower blobsof the diagram2.25a

Sa = (Pa±k)2 = m~+ k2 + Vs(k
0 — ks), Sb = (Pb— k)

2 = m~+ k2 — \/s(ko + ks). (2.46)

Eq. (2.45) canbe written as follows
2 ssp(k2)+ap((q_k)2)

Tt2~(s,~ Jd~k
1d5ad5bflp(’~)~p((q — k)2)(~~!~) . T~-~ (2.47)

The integrationcontourC overthe variabless, in eq. (2.47) is shownin fig. 2.27. The amplitudesT~1
havethe usualsingularitiesin the s•-plane,polesandbranchpointson a real axis,connectedwith the
real intermediatestatesin the correspondingchannel.

If the functions T~)decreasesufficiently fast at large S~,then the integrationcontourC can be
deformedinto acontourC’ (fig. 2.27),which enclosetheright-handsingularitiesof T~).In this casewe
obtainthe following expressionfor the two Reggeonexchangeamplitude

(2) d
2k srp(k~)+ap((q_kj)2)_2

T 81T5 t) = M~2~(s,t) =~-,J—i ~ — q)2) (-f--) N~(k
1,q) N~(k~,

‘A detaileddiscussionof theReggeoncalculuscan be found in reviews[7,8].
tTheseamplitudesareconnectedwith thefunctionsF~,,introducedin ref. [7] by therelation T~’~],4= F~)/s5(,).

— ~ . I
C C’

Fig. 2.27. Contourof integrationin eq. (2.47).
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Fig. 2.28. Some“enhanced”graphsfor thetwo-Pomeronexchangeamplitude.

where

N~,)= ~ f dSa~T~,). (2.49)

At largevaluesof s, the amplitudesT~)areproportionalto (slIso)~2)_2 2) whereak(q2)
is the position of the rightmostsingularity of the amplitude T~,)in the j-plane. For ak = ap(t) and
small q, k the decreaseof the amplitudesT~)is not fast enoughin order to consideronly the
contributionof the finite s,-region.The contributionsof the regionsof large5, -~ es (e4 1) correspond
to the “enhanced”diagrams,shownin fig. 2.28.

In this subsectionwe will be interestedmainly in the contributionsof the “nonenhanced”diagrams,
which correspondto finite s, and aredescribedby eqs. (2.48),(2.49).

The unitarity equationis valid for the Reggeon—particlescatteringamplitudes

= ImT~= Tap-.n(Sa,kL r~)~ (q — k~)2,T~)dr~. (2.50)

The amplitudesTa(c)p..n(Sa,k~,r,,), which describethe Pomeron—particletransition to n-particles,are
connectedwith the verticesv,,, introducedearlier in eq. (2.11) by the following relation

p 2 ~ — j .~ap(k~)a( j 2

1 aP—,.nI~Sa,‘-.L, T~)— kSOISa) vnksa,l~j~ T~

Thus the quantitiesN~) canbe expressedaccordingto eqs.(2.49), (2.50) as a sum of contributions
from the real intermediatestates.Isolatingthe single particle(pole) contributionwe have

kr(2) — P j, 2~ P ~ — ~ ~ A j’,j-(2)

a — gaa~1~.L)g=k~q ±11 U a

whereAN~~correspondsto the multiparticle intermediatestates*.An analogousformula is valid for
~ Insertingeq. (2.52)into eq. (2.48) we canexpressTt2~as a sumof elasticandinelasticdiffractive
rescatteringin the s-channel (fig. 2.29). The contribution of the pole term in eq. (2.52), which
correspondsto elastic rescattering,hasanespeciallysimpleform

M2(s, I) = ~ fM~.ab(S,k~)M~..Cd(s, (q — k
1)

2) ~ (2.53)

‘The contribution of theparticlec-state(for c� a) is includedin ~

zn; ::::: ui :o: :~:
Fig. 2.29. Rescatteringgraphswhich determinethevalueof thetwo-Reggeonexchangeamplitude.
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whereM~is the Reggepoleterm ~ = ~ The approximationof N~1by the pole
term contribution,which leadsto eq. (2.53), is equivalentto the well knownabsorptionmodel [64—66].

For the caseof elastic scattering(a= c, b = d) at I = 0 the expressionfor ImT
t2~(s,0)/s, differs only

by signfrom the total crosssectionof diffractive processes(including elastic scattering),calculatedin
the Reggepole approximation.This can be seenif we take into accountthat ~ i and comparethe
expressionfor Im T~2~(s,0)/s, eqs.(2.48)—(2.52)with the diffractive crosssections

/ -, 2(csp(k~)—l
(1) I P 2 P 22151 22U15

1
a-ab_.ab(5) =

4IT I (g,,,,(k
1) gbb(kj) (—, . ~(k1)—,

J \Soi IT

cA
2k / .~ 2(ap(k~)_1) 1 ~ 1

a-ab.aX = 4ITJ ~ (.~!_) In~(h’.~)I2Jdsbj~ITbp_.fl(sb,k~,Tn12dr~ (2.54)
IT So IT

f_121 / 2(ssp(k~)—l)

= 4ITJ ~ .~~(k~)I2~
IT So

/ ~ 2(ap(k~)—I)
(1) — IU l’.Jj S 1 2 2 (2) (2)

a-ab_,x
1X2(S) —

4IT ~ J . 7
7p(kj) i~Na~Nb

j IT \50/

Thus the valueof the two Reggeonexchangeamplitudefor elastic scatteringat t = 0 is determined
by the crosssectionof diffractive processes.Diffractive productionof largemass statesSa,

5b ~ m2
correspondsto the enhanceddiagramsof fig. 2.28.

The n-Pomeronexchangeamplitudeshavea structureanalogousto that in eqs.(2.48), (2.49)[7,8]

M~”~(s,I) = (j);_l f N~,”~(q,
1)~ . .±a~n~ ~ d

2q~. d2q,,_~
1 (2.55)

~ — ~ T~ ~ d5a(n_i) 2 5a qjj — j . . . J a q4~,Sal, . . Sa(nl)

2IT1 2IT1

wherea~ ap(q~j, q•±is the transversemomentumof the ith Pomeron.
The integrationcontoursover Sai in eq. (2.56) areof the sametypeas in eq. (2.47). Deformationof

contoursC, into C in order to enclosethe right-handsingularitiesof ~ leadsto theformula

— fd5ai dSa(n_l)n(n—l) T(”)Ia ~qj

1j — J IT • IT ... S5(5~fl1 a k~i±,
5a1, . . . Sa(nl)1 (2.57)

where~ ~~ T~(q
1±, Sal,. . . ,Sa(n_ I)) is themultiplediscontinuityof thefunction~ on therighthand

cuts.
If only the polecontributionsto thesediscontinuitiesaretakeninto account,onehas

~ = yp(q~j)... yp(q~.,.). (2.58)

The n-Pomeronexchangeamplitudecanthenbe written in the “eikonal”form [67]
i~~fl

1 f A2 A2
— ~.11 I Af(1)( 2 A,(i)j 2 U q

1± U q(n—I)±~ ~S, ~, — —i--— j ~‘ ~ q,J) ~ ~ IT IT

= (2ir’ JM~(s,q~)... M~P(s,q )d~~1t~1hh± o(q — ~ qj.). (2.59)

It was notedabovethat the P-polecontributionto elastic scatteringamplitude is connectedwith a
multiperipheralinelasticprocessin the s-channel(fig. 2.2). In otherwordsthis meansthat the unitarity



A.B. Kaidalov, Diffractive production mechanisms 189

Fig. 2.30. Diagramscorrespondingto theunitarity cutsof the two Reggeonexchangeamplitude.

cut of the Regge-polegraph correspondsto the multiperipheralstructureof the inelasticintermediate
state.Considernow the unitarity cuts of the n-Pomeronexchangeamplitudesof fig. 2.21. The total
imaginarypart of the Feynmandiagramis equalto a sumover all the possiblecuttingsof this diagram
in the s-channel.The graphsfor the physicalprocesses,which correspondto the unitarity cutsof the
two Pomeronexchangeamplitude of fig. 2.21, are shown in fig. 2.30. Theseare the diffractive
processes,fig. 2.30a(which areconnectedwith the cuttingof the diagram2.21abetweenthe Pomeron
lines), the effects of absorption(screening)for the multiperipheralprocesses(cutting of one of the
Pomerons),fig. 2.30bandthe productionof two multiperipheralshowers(simultaneouscutting of both
Pomerons)respectively.Accordingto the rules, formulatedby Abramovskii,Gribov and Kancheli[681
the contributionof the correspondingcuttingsto the total crosssectionIm Tab(5,0)/s are determined
by the following relations:

a-A = a-thf = — (7, a-B = 4a-~2~ a-c = — 2a-’2~ (2.60)

wherea-~2~= ImT’2~(s,0)/s is the contributionof the two Pomeronexchangeto the total crosssection.
The quantitiesa-A anda-c determinecross sectionsfor physicalprocessesand hencearepositive,

whereasa-B characterizesaninterferenceeffect,thedecreaseof themultiperipheralcrosssectiondueto
absorption. The total contribution of the two Pomeronexchangeto the total cross section a-~2~is
negativeand,as we haveseenbefore,it’s modulusis equalto the P-polecontributionto a-duff.

Cuttings of the n-Pomeronexchangediagramsof fig. 2.25b leadin particular to the graphsof fig.
2.31, which correspondto absorptioncorrectionsto amplitudesfor inelasticdiffractive processes.

Thus the AGK-cutting rules allows one to find a connection between the Reggeoncalculus
diagramsands-channelunitarity.

Let usnow estimatethe contributionsof the n-Pomeronexchangeterms to scatteringamplitudes.
We can useeqs. (2.53), (2.59) in order to understandthe structureand the main propertiesof the
n-Pomeronexchangeamplitudes.Theseexpressionscorrespondto elastic rescattering,but for s
they differ from the moregeneralformulae(2.48), (2.55) only by the coefficientsC°’~(q2),which take
into account inelastic intermediatestates. Using the parametrization(2.4) for the Regge pole
contributionandperformingthe integrationover the transversemomentaof Reggeonsin eqs.(2.53),
(2.59) we obtainthe following expressionsfor the two Pomeronexchangeamplitude

M’2~( 2~— 1~. IO4~2~2(ap(0))�~ f Ap(s)q2
~, q ~ — 2’~~ “ 2A~(s) exp~— 2 (2.61)

Fig. 2.31. Exchangeof severalPomeronsin amplitudesfor inelasticdiffractive reactions.
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where
/ \ aptO)—i /

�p ,

So So

andfor the n-Pomeronexchangeamplitude

M°’~(s,q2)= ~ ~ ~1~) ~~)fl exp(— A~ci2) (2.62)

Considerthe propertiesof the two-Pomeronexchangeamplitude.It follows from eq. (2.61) that(for
ap(O) 1)

i) The P-poleandPP-cutcontributionsdiffer by asign at (= 0 (becauseq(ap(O))=

ii) The two Pomeronexchangeamplitudedecreaseslogarithmicallywith s at I = 0;

iii) The amplitudeM~2’falls less rapidly with q2,thanthe pole contributionMt”;
iv) The relative value of the PP-cut contributionis determinedby the factor y~(0)/4A~,which is
1/4 at presentenergies.
In the weakcoupling theory the total crosssectionstendto the asymptoticlimit from belowdue to

the decreaseof the negativePP-exchangecontribution[57].
Note that the n-Pomeronexchangeamplitudesas well as the P-polehavepositive signatureand

positiveG-parity, anisotopic spinequalto zero,but contraryto theP-poletheydo not have,generally
speaking,definite parity.

The sum of the n-Pomeronexchangeamplitudesin the eikonal approximation,eqs. (2.59), (2.62),
canbewritten in a closed form, usingan impactparameterrepresentation

f(~~)(~,b) = JM~’~)(s,q2)~_t~b ~I~I= (2i8(s, (2.63)

where

6(s, b) = J MW(s,q2) ~_i~b ~:.!:~.cL= f(I)(~, b).

Thus

2ia(s, b) 1f(s, b) = rs=l f”~(s,b) = 2i — (2.64)

The total nonenhancedpart of the two Pomeronexchangeamplitude differs from the eikonal
approximation—ô2(s,b)/i by the factor C~(0)= 1 + a-g)’I’/a-~~,*where a-~’~anda-°~are the P-pole
contributionsto the crosssectionfor inelasticandelasticdiffractive processesrespectively,eq. (2.54);
a-v’ correspondsto the diffractive production of not too large masses(large mass diffraction
productionis accountedfor by the enhanceddiagrams).The assumptionthat C~(q2)= (C~(0))”~for
the n-Pomeroncutsleadsto a “quasieikonal”approximationfor the elastic scatteringamplitude[69]:

b — exp{2iC~P(0)5(s,b)} — 1 2 65)f(s, ~— 2iC~(0) (

Let us discussnow the effects of the Pomeroncuts for the amplitudesof inelasticdiffractive

processes.The Reggeoncalculusand the AGK-cutting rules let one to describeelastic andinelastic

‘It hasbeenassumedthat C(q2)= C(0).
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diffractive processesfrom asinglepoint of view andshowthatthesereactionsarecloselyconnected.
Considerfor examplethe two-channelmodel, wherethe diffractive inelasticstatesareapproximated
by a resonancea* (for simplicity we take a= b). The diagramswhich correspondto this model are
shownin fig. 2.32.

They containthe verticesgaa*, gaa, ga*a* which canbe written in the matrix form

— (gaa gaa’ \ — /1 + a /3g~—1 ,—g0 — (2.66)
~ga’a ga.a., a

where/3 = 2gaa./(gaa+ ga~a’), a = (~aa— ga*a*)/(g,,~ + ga*a*); g0 = ~(~aa+ ga’a’). The amplitude f(s, b) is
alsoa matrix andhasthe eikonal form

2i5(s, b) 1
2i (2.67)

where
2

~ ~~ga~gai](ap)Ep ~exp~ As
~/tp \ ‘sAp

The matricesof the residues~ and~ in eq. (2.68)correspondto the upperand lower particlesin fig.
2.32. Equations(2.67), (2.68) havebeenobtainedunderthe assumptionthatall residueshavethe same
(-dependence.(A differencein (-dependenceamongresiduescan be takeninto account[8], but the
resultingformulaearemorecomplicated.)

The matrix elementsof f canbe evaluated[8] andthe elasticscatteringamplitudehasthe form

~ b) = ~[(~+~~)exp{(1 + y)
22i~

0}+ (l ~~)2 exp{(l — y)
22 i~

0}

+ ~ exp{(1 — y
2)2i8

0}— i]. (2.69)

For the single diffraction dissociationamplitudewe have

~ b) = ~_[(1 ~ exp{(1 + y)
22i~

0}—(1 ~~‘) exp{(1 — y)22i5o}_~.exp{(1 — y2)2i5o}]

(2.70)

The doublediffractiondissociationamplitudeis written in the form

I aa—.a*a(5, b) = ~(~—)[exp{(1+ y)
22i~o}+ exp{(1 — y)22i8

0} — 2 exp{(I — y
2)2i~o}] (2.71)

where‘y = Va2+ /32; ~

0 = {g~~(ap)ep/2Ap}exp(— b
2/4A~).Formulae(2.69)—(2.7l) canbegeneralizedto

the multichannelcase,and also for a� b [8]. Let us note that the quasieikonalapproximation,eq.

afla:ar a~ :a!~ j_~I
a aa~~aKa a a. a

a) b) c)
Fig. 2.32. Diagrammaticrepresentationof eqs.(2.67), (2.68).
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(2.65),correspondsto aspecialchoiceof theverticesg,,,which satisfytherelationg~g~*a.= g~.(y= 1).
This leadsto a saturationof the unitarity bound(1.25i). The amplitudesfor diffractive processeshave
in this casea simpleform

— eCxo — /i~ ~ — 1 1 — a e~°— I
aa-.aa(S, b) — 2iC faa_~aa*(5,b) = ~ 1-I-a 2iC Iaa-.a’a’(S,b) = 1-1-a 2iC (2.72)

where

Xo= 2~6aa= 2i(1 + a)26
0 c = (2~2 = 1 +a-~/a-~.

Note that in this special case the amplitudes for all diffractive processeshave the same b-

dependenceandsatisfythe factorizationrelation(faa-~aa(S,b ))2 = Iaa-+aa(5,b) faa~.a*a*(5, b).The situation,
where/3 andaare41, i.e. thecrosssectionfor thediffractiveproductionof resonanceis muchsmaller
thanthecrosssectionsfor elasticaaanda*a scatteringanda-~t) o-~,seemsto bemorerealistic.Then
(for a = 0, /3 4 1, y = /3) we have

Iaa~aa(S,b) = ~(e25~ — 1), faa~aa*(S,b)
6aa~aa*(S,b)~e24~, faa~a*a*(S,b) 6aa~a’a’(5,b)~e2’~

(2.73)

whereôaa-~aa’(S,b) = 138o, 5aa-.a*a*(5, b) = 1328o

Expressions(2.73) are equivalentto the formulaeof the absorptionmodel.
If absorptionis important, —Im 6~(S,b) ~ 1 in a region b2 ~ 4A~,then the amplitudesfor inelastic

diffraction will be strongly suppressedfor thesevaluesof b. This is dueto the factor exp{—2Im6~}in
eq. (2.73). In thismodeltheamplitudesfor inelasticdiffractiveprocessescontraryto the amplitudefor
elastic scattering have a peripheral form in b-space.Thus the n-Pomeronexchangesleads to
importanteffectsin diffractive processes,if Im ôo ~ 1. In particularfactorisationis violated.* At present
energies8o(s,0) 0.7 to 0.8.

The methodof evaluationof the n-Pomeronexchangeamplitudefor the nonresonancediffractive
productionof particles(fig. 2.31)doesnot differ in principle from the onewe havealreadydiscussed
above.But in this casewe mustdealwith more complicatedobjects,amplitudesfor n-Pomeron—m-
particles transitions, fig. 2.33. Considerfor example the processof one pion production in NN-
collisions.Taking into accountonly the polecontributionsto theseamplitudes,in accordancewith the
prescriptionshownin figs. 2.34, 2.35, we obtain thediagrammaticrepresentationof the two-Pomeron
exchangeamplitude,shown in fig. 2.36. Expressionsanalogousto eq. (2.53) correspondto these
diagrams.The sumof the diagrams2.36aand2.36b,which arethe same,canbeexpressedin theform

Mt2~= if ~ k2) ~ s~,k~,k~)~ (2.74)

‘It shouldbe takenintoaccounthowever,thatin somecasestheobserveddeviationsfromthefactorizationrelationscan benumericallysmall
[70,71].

Fig. 2.33. Graphrepresentingthetwo-Pomeron—n-particletransitionamplitude.
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Fig. 2.34. Graphsfor thediscontinuityof theamplitudePN—~PNIT.

Fig. 2.35. Graphsfor the coupling of thePomeronto anNit-system.

where

k2=q2—k; k~=q~+k; qi=pn—ppi;

Using the impactparameterrepresentation

f pp...p(nn.~)(5~51, b~,b2) = J Ipp.p(na.*)(S,si, q1, q~)exp{—iq1b1 — ~ (2.75)

we obtainthe simpleexpressionfor the functionI(2)(s, S~,b~,b2)

I~P(fl~~)(s,SI, b1, b2)= ôpp..p(n,r~)(5,Si, b~,b2)(2i600.~~~(s,b
2)) (2.76)

where b = b
1 + b2 functions6, are the Fourier transforms,eqs. (2.63), (2.75) of the corresponding

Reggepole amplitudes.
The summationof all the graphswith elastic rescatteringsof nucleonsin the initial andfinal states

leadsto the expression

I ~p..p(n~*)(s,s~,b1, b2) = ~ s~,b~,b2)exp{2i6~~..0~(s,b
2)}, (2.77)

is analogousto eq. (2.73) written for the diffractive productionof resonance.
In the frameworkof the OPE-modelfor diffraction dissociationvertices,diagramswith rescatter-

ings of the final pion can be also describedby eq. (2.77), but the function 5pp.p(n~~)should now be
consideredas the Fourier transformof the amplitudeof fig. 2.3awith T,~Ncalculatedin the eikonal
approximation(2.64).

Expressionsof the type(2.77) are usuallyusedfor practicalcalculationsof rescatteringeffectsin
inelastic diffractive processes[72—74].This approximationis rather simple and may be useful for
estimatesof absorptionin diffractive scatteringbut it shouldbe notedthat it’s accuracyis unknown
theoretically and contributions from inelastic intermediatestates to the amplitudesNt~~can be
important.

TnT
Fig. 2.36.Diagramsfor two-Pomeronexchangein thereactionpp -+ pn1r~,in theeikonalapproximation.
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2.6. Theproblemsof Reggeontheory at s —~~. Models with Froissart type asymptoticbehaviourfor
amplitudes

In the previoussubsectionwe havediscussedthe rescatteringeffects which are connectedwith
diffractive excitationsof smallmass,s, ~— m2and haveneglectedthe enhanceddiagrams(of the type
shownin fig. 2.28),which areproportional(at t = 0) to the crosssectionsfor large massexcitations.
This can be a reasonableprocedureat presentenergies,becausethe enhanceddiagramsare rather
small for C ~ 10 dueto the smallnessof the triple Pomeronvertex T~p (seesection3). Howeverin the
limit C —~~ the contributionsof the enhanceddiagrams,which take into accountthe interaction of
Pomerons(figs. 2.28,2.37,2.38), are very important. Summationof all the diagramsof Reggeonfield
theory is avery difficult problem.Howeverit canbe solvedin somespecialcases.I shalldiscussonly
the main propertiesandphysicalconsequencesof thesesolutions(the methodof calculationsand the
resultsof recentdevelopmentsin Reggeonfield theoryarediscussedin detailin reviews[7, 8, 75, 76]).

Oneof the mostsignificantparametersof Reggeontheory is the valueof the interceptof the “bare”
Pomeranchukpole (P-pole without selfinteractionof the type, shown in fig. 2.28c). If the value

a~’(0)— 1 is less than~crjt = {(r~p)2/4a~.}ln{4a~/(r~p)2},thenthe renormalizedpole ap(O) is to the
left of unity in thei-plane,Reggecutsareunimportantasymptoticallyando~~0t)decreasesas s~°~as
s —* cc. This asymptoticbehaviouris difficult to reconcilewith the observedrise of a-(tot). The case
where~= &~and the renormalizedPomeroninterceptap(O)= 1 is more interesting.This “critical”
Pomerontheorywas first studiedin refs. [77,78]. The diagramswith triple Pomeroninteractionsplay
a main role in this case.The equationsof Reggeonfield theory have a scaleinvariant solutionwith
anomalousdimensions.Total cross sectionsthen rise—i” as C—cc. The quantity i~can be estimated
usingthe methodof c-expansionandis found to be 1/6 [77,78]. The interactionof Pomeronsleads
to screeningeffects for inelasticPomeronverticesand allows one to solve the problemsof Regge
pole modelswith the too fast increaseof the inelasticdiffractive crosssections[77,79]. The relative
contributionto the total cross sectionof the multipomeron kinematical region of phasespaceis
unimportantasymptotically[77,79] andthe main contributionto exclusivediffractive processescomes
from configurationsof final particleswith only one large rapidity gap~ -= C [79]. Crosssectionsfor
such diffractive processeshave the sameenergydependenceas ~ they decreaseas iica (with
a ~)due to the shrinking of the diffractive cone.It canbe shown[77,80] that absorptioneffects,
connectedwith the enhanceddiagrams,removethe inconsistenciesof the Reggepolemodel alsofor
inclusivediffractivereactions.Thus the “critical” Pomerontheorywith ap(O)= 1 is consistentwith the
s-channelunitarity [77—80].

Fig. 2.37. Graphs of Reggeoncalculus with triple-Pomeroninter-
actions. Fig. 2.38. Graphswith multi-Pomeroninteractions.
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Versions of Reggeontheory with ~ > ~ were studied recently in many papers [81—87].The
interestto the case~ > ~ is connectedmainly with two reasons:

1) There are at presentno theoreticalargumentsfor a~(0)to be exactlyat the critical value (for
examplein theframeworkof the multiperipheralmodel the barePomeronintercepta~(0)dependson
the number of exchanged particles and the strength of their interactions in the low energy
(resonance)region and canhaveanyvalue).

2) Estimatesof r~~(0)from the triple-Reggeanalysisof diffractive processesgivefor L~crit the value
10_2.This shift of the barepole is too small to explainthe observedriseof the total crosssectionsin

the framework of the standardReggeon calculus approach.It should be noted howeverthat a
reasonablemodification of the formulaeof Reggeontheory,which takesinto accountthe influenceof
the “threshold”effectsatpresentenergies[89] allows one to explain the behaviourof a-(t0~evenfor

= I~crjt.
If ~ > &rjt then the renormalizedpole is to the right of unity in the j-plane(ap(O)>1) and all the

diagramsof Reggeonfield theory should betakeninto account.
The hypothesisthat the interceptof the Pomeranchukpole is largerthanunity hasbeenproposed

severalyears ago by Chengand Wu [90]. Theseauthorshave also assumedthat unitarity in the
s-channelis restoredby an eikonalization(2.64) of the polecontribution*

2i8(s,~ — 1 d2b 0 0 ap(O)—i b2
T(s, t) = 8irs Je 2i ~i~b___; 6(s,b)= ~ 161TAP(S) exp( 4A~(S))~ (2.78)

This leadsto aFroissarttypeasymptoticbehaviourof the elastic scatteringamplitudes.The amplitude
f(s,b) is equalto i/2 at s—* in the region of b, where Im ô(s,b) ~‘ 1, i.e. for b2< R~C2,where
R~= 4a~(0)&tFor largervaluesof b the amplitudedecreasesexponentiallywith b and the width of
the edgeis -= \/~i~,fig. 2.39a.Thus in the limit C —~cc the impactparameterdistributionis the sameas
for scatteringby ablackdiskof expandingradiusR

0C with asharpedge(fig. 1.1). In this casethe total
crosssectionsa-~~t0t)= 8ITa’~C

2andthe slopesof the diffraction cone

B

areuniversalfor all hadronicprocesses.

‘In the ChengandWu model [90]the I-dependenceof ap(t)hasbeen neglected(A~= const).

tFor alinearformof theP-poletrajectory(ap(t)= ap(O)+ a~t)andagaussianparametrisationof theresiduefunction, Im 8(s, b) becomes—.

accordingto eq. (2.78) at somewhatsmallervaluesof b: b2 = 4~142 — ~1n~).

~rnj~ (s,b)

05

a) 2V~ b
3rn.~b)

b) 2~S b

Fig. 2.39. Impact parameterdistributionsin theorieswith ap(O)>I; (a)for elastic scattering,(b) for inelasticdiffractive processes.
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The amplitudesfor inelasticdiffractive processesin the sameeikonal approximation(eqs. (2.73,
2.77)) areperipheralin b-spaceandareconcentratedonly in the edge-regiondueto the full absorption
for b <R. The crosssectionfor diffractive excitationatafixed massvaries asa-~ C.

We have discussedso far only eikonal graphs,but generallyspeakingthereare no reasonsto
neglect diagramswith Pomeroninteractionsof the type, shown in figs. 2.37, 2.38. The theory of
interactingPomeronswith ~ > &~. hasbeenstudiedin refs. [81—87].Reggeonfield theorywith triple
Pomeroninteractionhasbeenstudiedin severalpapers[82]. It hasbeenfound [82] that the solution
correspondsto the Froissart asymptotic behaviour for scatteringamplitudes. However all the
n -Pomeroninteractionsareequally importantin the case~ > &rit.. So it is naturalto askthe following
questions:a) whetherthe samesolution is valid in the generalcase for arbitrary interactions of
Pomerons?and b) is the solutionconsistentwith (-channeland s-channelunitarity?Thesequestions
have been studied in refs. [84] under the assumptionthat the vertices for the transition from
n -Pomeronto m-Pomeronsareanalyticfunctionsof the variablesn andm. This approachto Reggeon
field theory with ap(O)>1 hasbeenproposedby Cardy [81]. The main object (initial element)in the
approachis the sumof eikonal type rescatteringsin the s-channel,“Froissarton”[84]. Generalsetof
Reggeongraphscanbe written in terms of the Froissartongraphs.The Froissartoncontributionis
factorizable[81]andthe multi-Froissartoncontributionsaredeterminedby the usualrulesof Reggeon
calculus.

It hasbeenshownin refs. [84,85] that the sumof all the diagramsof Reggeonfield theory leadsto
the Froissart type asymptotic behaviourand does not violate (-channeland s-channelunitarity
equations.A consistentsolutioncanbe obtainedonly if the singularityof the Pomeranchuktrajectory
ap(t) at the point I = 4,22 ~ is taken into account [85]. This effect has been usually neglected,
because,in the versionsof Regge theory with ap(O)~ 1, the impact parameterregion b2=- C is
important and the thresholdsingularity of ap(t) hasno influence on the amplitudesin this region.
However, in the caseap(O)>1 the region b2 =~C2 is very importantand the behaviourof the pole
amplitude6(s,b) dependscrucially on the singularity of ap(t)at ~ = 4,22 For exampleif the Pomeron
trajectoryis parametrizedin the form ap(t)= 1 + ~ + a~t+ �(to— t)~,thenthe function6(s,b) in the
regionb <2a’(oCis givenby eq. (2.78),but for b > 2a’(oCandz~>a,t

0it hasanotherrepresentation[85]

6(s,b)= B~Cexp[K(R0C — b)] (2.79)

\/b(b —2a’KC)~

where

B = 2y(o)(~~) .
5~~Y(2K)Y±I/2F(y+ l) K anV~= 2,2.

The most important consequenceof the eq. (2.79) for the pole contribution is the changein the
behaviourof the scatteringamplitudein the edgeregion of b. The effectiveradiusof interactionin this
case

R= 2Vaj,z~C— (y+ ~ lnC (2.80)

is less than that for the usualrepresentation(2.78). In the region of very large b, where I~(s,b)~
f(s, b)I 4 1 the scatteringamplitudef(s, b) decreasesnow as exp(—Kb). The partial amplitudein the
(-channelas a function of o = I — 1 and k = V—t has a singularity of the type (w ±iR

0k)~ at
—+ ±iR0kandfor z~t0 the power v is negative(the singularity is “soft”) dueto the influenceof the

(t0— tY term in the Pomerontrajectory [85].This allows oneto preserve(-channelunitarity.
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Let usnow discussthe inclusivediffractive productionof large massstatesandthe multipomeron
processesin Reggeontheory with ap(O)>1 [86,87]. Exclusive multipomeron reactionshavebeen
studiedin ref. [86]in theframeworkof Reggeonfield theorywith triple Pomeroninteractionandit has
beenfound thatdue to absorptioneffectsthe total crosssectionfor inelasticdiffractive processesis
consistentwith s-channelunitarity. The “Froissarton”approachgives the satisfactorysolutionfor the
crosssectionsfor large massdiffractive excitationsonly if the thresholdsingularity is introducedin
the Pomerontrajectory.Considerfor examplethe exclusiveprocessof 2IT-productionin the double
Pomeronregion of phasespace.The Pomeron-polesare replacedby the Froissartonlines in the
diagramsshownin fig. 2.40. The simplestgraphof fig. 2.40agivesa rapid increasewith energy—C5 for
the cross sectionfor this reaction and violates the unitarity condition. Howeveron accountof the
absorptiondue to thegraph 2.40b changesthe situation completely. The sum of the diagrams2.40a
and2.40bcan be written in b-spacein a form analogousto eq. (2.77)

~ Yl, b
1,b2, I~t

2)= ~ y
1, b1, b2, M

2) e2’~’b2) (2.81)
where~ y

1, b1,b2,M
2) is the impact parameterrepresentationfor the double-Froissarton

exchangediagramof fig. 2.40a,ö(C, b2) is the b-spaceamplitudefor Pomeronexchange,it is given by
eqs.(2.78), (2.79). M2 is the massof the 2IT-system,Yl is the rapidity interval,which correspondsto
one of theFroissartons(Y2 = C — y~),b = b

1 + b2.
The quantityexp{2i6(~,b

2)} = 1 — 2IfeII, where fel hasthe Froissartonimpactparameterdistribution
of fig. 2.39a,is equalto zeroasymptoticallyin the region b <R(C).

If we approximatetheFroissartonamplitudesby the distributionswith a sharpedgeatb = R(C)=

— /3lnC, then the function ö(C, Yl, b
1, b2,M

2) in eq. (2.81) is different from zero in the regions
1b

11 ~ R(y1),1b21 ~ R(C— Yl), bI ~ b11 + 1b21 ~ R(y~)+ R(C— Yl) < R(C)andit follows from eq. (2.81)that
theamplitudefor inelasticdiffraction vanishesbecausethe functionexp{2iö(~,b

2)} is equal to zero in
this b-region.Thereforeit is necessaryto take into accountthe width of an edgeandtheamplitudes
for the inelasticdiffractive processesare concentratedin the edgeregion b R(C) (fig. 2.39b). The
energy dependenceof the cross sections in this region dependscritically on the parameter/3
(R(C) — R

0~C= /3 lnC) and the form of the elastic impact parameterdistribution. For examplein the
case,where 6(C, b

2) has the form (2.78) (linear parametrizationof ap(t)) the cross section of the
reactionconsideredabove after an integration over the variablesb~,Yl increasesindefinitely in the
region b R(C) as C—*cc. This contradictsthe unitarity equation(1.10). On the other hand if the
singularityof ap(t) is takeninto accountusingthe expression(2.79)for b > 2a’loC thenfor the values
of y> 1 * the diffractive productionof stateswith more thanone large rapidity gapis small in the
region b R(C) ands-channelunitarity is not violated.

It should be noted that the Froissarttype asymptoticbehaviourof amplitudesin theorieswith

‘This conditionseemsto be reasonable,becausein theusualReggepole model ~‘ = ap(t
0)+ ~> 1.5.

~o p ,oFf4: L~f~

F — -

p p p p
a) b)

Fig. 2.40. Double-Froissartonproductionof particles(a) and graph,correspondingto absorption(b).
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ap(O)>1 is setat superhigher energies,whereAC~ 1. Estimatesof A give the value 0.1, so the
the relevantenergyregion, C ~ 10, is unaccessiblefor experimentalinvestigation.

Concludingthis sectionlet us discussbriefly the theory of “heavy” Pomeron,which has been
proposedby Gribov [91]. It has beenassumedthat a1 -+0 andat presentenergiesR

2= a’C 4 R~,
whereR

0 1/2,2 is the radiusof theusualhadronicinteractions.The Pomeronis “heavy” becausein
Reggeonfield theory the quantity l/a~plays the role of the “mass”. In this approachthe nonen-
hancedcutsaresmall (1/C

2) evenin the preasymptoticenergyregion 1 <~< R~ja~andthe behaviour
of scatteringamplitudesis determinedmainly by the pole and the enhancedcuts. The general
propertiesof this solution are similar to the onesfor the strongcoupling solution of the “critical”
Pomeron(A = ~ This schemeleadsto the following experimentalconsequences:

a) The physicalpicture for elastic scatteringis analogousto the scatteringon a black disk with
slowly increasingradiusR — lnC. Thusthe totalcrosssectionriseswith energyas (lnC)2 andthe ratio
a-el/a-tot is constant.

b) An approximatefactorizationis valid for elastic andinelasticcrosssections.
c) Theeffective triple Pomeronvertex is small a~.
This pictureis in a qualitativeagreementwith experimentaldata. However it is not clear whether

the energyregion,wherethis approachcanbeusedexists?Analysisof experimentaldatashowsthat
at presentenergiesa~C— R~.

3. Experimentalinformationon the propertiesof diffraction

3.1. Elasticscatteringand
0(tot)

Investigationof elastic scatteringandtotal crosssectionsa-ttot)(s) at high energiesgives important
informationon the characteristicfeaturesof diffraction. It hasbeenpointedout above,that elasticand
inelastic diffractive processesare closely connected,so only the study of all the diffractive
phenomenaallows us to find out the main propertiesandthe actualmechanismof diffraction.

Let us enumerate someimportant results of the experimentalstudyof a-(tot) andelastic reactions.
a) Total crosssectionsfor hadron—hadroninteractionsa-~0t)rise with energyat E ~ 100GeV (fig.

3.1). This rise is probablyauniversalfeatureof all hadronicinteractions,but theenergywhereit starts
dependson the type of colliding particles. An early rise of a-

tt°t~(at energies—.20GeV) is seenin
K~p-interaction.The total crosssectionfor pp-interaction,which is investigatedin the widestenergy
rangeincreasesby 10% from E —- 102 GeV to E = 2 x i03 GeV. Let us note that all the differences
betweenparticlesand antiparticletotal crosssectionsAa-ttot) havea powerlow decreasewith energy
which startsatrelatively smallenergies.Thisbehaviourcorrespondsto thePomeranchuktheoremand
the predictionsof Reggetheory.

b) The ratio a = ReT(s,0)/ImT(s,0) of the real to the imaginary part of the forward elastic
scatteringamplitudeis smallathigh energiesfor all the investigatedprocesses.But thebehaviourof a
at larges doesnot correspondto amonotonicdecreasewith energy,which would be characteristicof
a pure Regge-polemodel. For many elastic reactions(pp, K’p, ITp) the function a(s) actually
changessign at energies-.100GeV (fig. 3.2).

Such a behaviourof the real parts of the elastic amplitudesis in agreementwith the predictions
of dispersionrelations.It follows from the simple relation,

— 1 IT d —(tot)
(C) (3.1)
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where

= a(ab)+ a(ab); ô = a-(ab)+ a-(ab)

whichis aconsequenceof analiticity andcrossing.Thechangeof thesignforthefunctionc~takesplaceat
energies,where ê(to~ has the minimum. The positive values of a at very high energiesare closely
connectedwith theriseof

0~t0t)• Theaccuratemeasurementsofa~~(s)at ISR [94]pointoutthattheriseof
a-~°continuesup to the energiesof l0~GeV.

c) Theslopeof thediffractionconeB = (d/dt)(ln(du/dt))increaseswithenergy.Thedependenceof B
on s for pp-scatteringis shown in fig. 3.3. At energies~i50GeV this dependenceis approximately
logarithmic

B(s)= B0 + 2a~.ln(s/s0).

The valueof ao or the effectiveslopeof the Pomeranchuktrajectoryis equalto (0.278±0.024)GeV
2

(at tI <0.1GeV2) [96]. Let us note, that the values of B and a~dependon (. For exampleat



200 A.B. Kaidalov, Diffractive production mechanisms

E~b(0eV)

02010 I~~’~I 102 III~~Uj ~ IO~

I5 10 50 100 500

V~(0eV)

Fig. 3.2. a = ReT(s,0)/ImT(s,0) for elasticpp-scattering[93,94].

—0.2GeV2 a~= 0.13±0.02 GeV2 [97]. Experimental data on other elastic reactionsdo not
contradictthe assumptionthat the dependenceof B on s is universalatenergies~50GeV.

d) Both the total crosssectionsandthe diffraction slopesrisewith energyatlarges,but their ratios
a-(tot)(s)/B(s) arepracticallyenergyindependent.Experimentaldataon a-”°°(s)andB(s) for all elastic
reactionsarein agreement(seefig. 3.4) with the relation [70]

2 (tOt)~ \pa- kS/c
4 (3.2)

Vs B(s)

/4 I I I I I

If si

~:‘
7-

81 I I I I I I I I
/0 20 50 /00 200 500/00020005X0

s (GeV)
2

Fig. 3.3. Energydependenceof thediffraction slopefor elastic pp-scatteringat (—t)<0.1 (GeVIc)2[95—971.
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Fig. 3.4. Comparisonof therelation(3.2)with experimentaldata.

wherethe quantityC~= 1 + a-~,”~(s)/a-~°(s)(seesection2.5) doesnot dependon energyat E ~ 50GeV.
It can be determinedfrom the analysisof inelasticdiffractive processesand it hasbeen found that
C~(ca)isequal to 1.4±0.1for NN scattering,1.6±0.2for irN and1.7±0.3forKN-scattering[70](C is the
samefor scatteringof particlesandantiparticles).

Taking into account,thata-~0
t)(~) Im f(b, s)Ib.~5R. Ri(s) andB(s) — R2(s),whereR(s)is aneffective

radiusof interaction,we canconcludefrom the abovementionedpropertiesof elastic scattering,that
Im f(b, 5)Ib.,R doesnot dependon energy.Fromthe geometricalpoint of view this meansthatat high
energiesthe radiusof interaction increaseswith energy,but that the opacity is energyindependent
andis nearlyequalfor ab andãbinteractions(but it is different for the ITN, KN andNN-interactions).
The value of the opacity is probably connectedwith the cross section for inelastic diffractive
processes.

Thesepropertiesof elastic scatteringcan be describedby the model of “geometricalscaling”
[98—100].In the frameworkof this model the amplitude f(s,b) is written in the form

e2~”~”~—l / b \f(s,b)= 2i ~(s~b)=YFi-~--j)~ F(0)=1 (3.3)

where y is a constant,which dependson the typeof reactionconsidered.
In thiscase

d (tot) 2T(s, t) = T(s,0) E(R2(s)t), dt = l6ir f(x) (3.4)

where x = a-~0t)(s).t.

Suchabehaviour of differentialcrosssections,the dependenceof {1l(a-u0t))2}da-/dton the variablex
is in agreementwith experimental dataon elasticpp-scattering in a wideregion of t [98],including tI (1
to 2) GeV2,whereda-~~/dthasacharacteristicstructurewithaminimumandasecondarymaximum.The
assumptionthattheamplitudesfor irN, KN andNN scatteringdifferonly by thevalueof theconstanty in
(3.3) and that the functionF(b/R(s)) is universalleadsto a good descriptionof the data on irN and
KN-scatteringat energies~‘ 100GeV [101].

So, the investigationof elastic reactionsat very high energiesleadsto an importantconclusionin
favourof the “geometrical”characterof elastic diffractive scattering.

Let usnow discussthe propertiesof elastic scatteringfrom the point of view of the theoretical
approachesto diffraction. In a Reggetheory with ap(O)= 1 theriseof a-~0~(s)is usuallyconnectedwith
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the logarithmicdecreaseof the PP-cutcontribution.But detailedcalculationsin the frameworkof the
eikonal approach[69,88] (with due accountof inelastic intermediatestates)leadsto too slow an
increaseof

0~t0~(5), whichcontradictsexperimentaldata*.That is whymodelswith ap(O)> I wereused
recently for the descriptionof the data on 0~t00and differentialcross sectionsfor elastic reactions
[88, 102, 103]. These models have the Froissart type asymptotic behaviour, but at present
energiesthepoleterm is still a dominantcontribution.The asymptoticregimesetsin atextremelyhigh
energiesCA ~‘ 1 (A = ap(O)— 1 0.1) andthe presentsituation is very far from the asymptoticone.

Note that in the frameworkof the existingtheoreticalmodelsgeometricalscalingcanbevalid only
approximatelyand must break down at higher energies.For example in the eikonal model with
ap(O)> 1 (2.78) the opacity or ô(s,b) at b2 4R2(s) is approximatelyconstantat presentenergies
because

7s\~/7 2 , s\ l+Aln(s/s
0) 15(s,0) — ~ / kRo+ apIn so) R~(1+ (a~,/R~)ln(s/so))

for realistic values of R~ a~/A.So the interestingquestionis whetherthe geometricalscaling is

“accidental” and will disappearat higher energiestor is it a fundamentalpropertyof diffractive
scattering,which is not yet understoodtheoretically?

3.2. Exclusivediffractiveprocesses

From the theoreticalpoint of view any processwith fixed numberof particles in the final state
should correspondto adiffractive mechanismat s—~~. Exceptionsare thosereactions,wherethe
contributionof the Pomeranchuksingularity is forbiddenby quantumnumbersconservation(for
example IT ~ —~IT

0fl, ~p—* ñn). The rangeof energy~ where scatteringstartsto show a diffractive
character,dependson the number of particles n in the final state and on the mass M of the
diffractively producedsystem.It movesto higher energiesas n or M grows.

In recent years information on the propertiesof exclusive diffractive processeswas greatly
improved dueto aconsiderableextensionof the energyrange,accesiblefor the experimentalstudy
and to the high accuracyof the data.The resultsof investigationof exclusivereactionswith a small
numberof particlesin the final state,—NN-~N(Nir),1TN-~’7T(N1r),KN—*K(NIT), p—~i~if~p,
pp—*ppIr~IT,K~p-4K~1r~1rpetc. give a rather completepicture of the propertiesof diffraction
dissociation:

a) The cross sections for these reactions (both total and differential) have a weak energy
dependenceat EL �‘50 GeV (figs. 2.7, 3.5, 3.6). Note, thatat energies~ 30 GeV thesecross sections
decreasewith energyand this dependenceis much more pronouncedthan for elastic reactions.In
Reggetheory this decreaseof the crosssectionsis connectedwith the contributions of secondary
trajectoriesP’, p, w, iT etc. It wouldbe very interestingto studywhetherthe riseof (da-/dt)I~,..

0,seenin
elasticreactions,takesplacealsofor inelasticdiffractive processes.It hasbeennotedin section2, that
models with a Froissart-typebehaviourfor elastic amplitudeslead also to a logarithmic rise of
inelasticdiffractive amplitudesand(d

2oidtdM2)~~
01n

2(s/so)as s —+ ~. At the sametimemodelswith
asymptoticallyconstanttotalcrosssectionspredictthedecreaseof d2cr/dtdM2at small t with energy,
becausefor such modelsd2oidt dM2 — ( as I —~0 and s—~~. So the detailedstudy of the energy
dependenceof differential cross sections for inelastic diffractive processescan give important

01t is possibleto describetheriseof QIIOI) with ap(O)= I if thethresholdeffects(seesection2.6) aretakeninto account[89].

tIn thetheorywith ap(O)> I geometricalscalingis restoredagainat practicallyinaccesibleenergies~ — 100 (when ~ ~ I).
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(a) and pp.~(p~.*s~p1r~7r),[107] (b) as functions of incident~L(GeV) laboratorymomentum.

informationon the characterof the asymptoticbehaviourof the theory.The abovementionedrise of
the cross sectionsfor inelasticdiffractive reactionin mostof the caseswill probably take place,at
higher energiesthan for elastic reactions. This is due to the large contributions of secondary
exchanges.Nevertheless,it is possibleto point out somereactions,wherean early rise of the cross
sections(at EL ~ 30 GeV) canbe expected.For examplethe reactionK~p—* K~(niT~)is describedin
the DHD-modelsby the diagramsshownin fig. 3.7, which aredeterminedby the amplitudesfor elastic
K~IT~and K’~p-scattering.Both of them haveexotic quantumnumbersin the s-channel.So the con-
tribution of secondaryexchangeis expectedto be small. The sameargumentscan be applied to the
reaction pp-+(pITIT) (pIT~iT)—*(A~Ir) (A~ir) and the experimentaldata [107] indicate asub-
stantialincreaseof the crosssectionfor this processin the ISR energyrange,fig. 3.5b.
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Fig. 3.6. Energydependenceof differential crosssectionsfor the reactionnp -~(ps)pfor different massintervalsof the (pir )-system[104,105].
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Fig. 3.7. Diagramsof theDHD-modelfor thereactionK~p—~K~(n1T~).

b) The massspectraof diffractively producedsystemsareconcentratedin aregion of rathersmall
masses,i.e. M ~ 2 GeV (seefigs. 3.8, 3.9). At higher massesthe differential cross sectionsdecrease
rapidly with M (fig. 3.10). Theform of the massspectradependsweaklyon the initial energyandon
the typeof colliding particles(figs. 3.8, 3.9). In the thresholdregion d2a-/dtdM2 hasa maximum,which
is in agreementwith the predictions of the DHD-model. The structures,correspondingto the
productionof resonanceswith the sameisospin(or G-parity for the nonstrangebosonicsystems)as
the initial particle, are seen,as well, in the mass spectraof diffractively producedsystems.For
examplethe nucleonresonanceswith I = ~, N*(l520) j” = ~, N*(l688) ~ andN*(2100) areproduced
in the nucleondiffractionsdissociationN—* N ir. The amplitudeanalysisof the diffractively produced
systems[108—110]allows oneto studythe propertiesof diffraction dissociationin moredetail. It has
been found that the thresholdenhancementsin (pir), (f ir), (Nir), (Air) systemshave mainly non-
resonancecharacter(the phaseof thecorrespondingpartialwaveamplitudehasa slow variationin the
region of the maximum). This is in agreementwith the explanationof theseenhancementsin the
DHD-model. In mostof the casesthe quantumnumbersof the diffractively producedsystemssatisfy
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I~98 ‘fS~53GeV
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Fig. 3.8. Mass spectraof theNir-systemfor the reactionsnp—*(plr )p, [104]andKp..*K_(nlr*), [1~]
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Fig. 3.9. Massspectraof the p~j.*~systemfor thereactionspp —o (p )(pir~iri [107]andK~p~+K~(p7riiT~),[106].

the relation AP~(—I)~~= + 1, whereAP andAJ arethe changesof parity andof angularmomentumin
the diffractive transitionsa—~a* (the Morrisonrule [111]).It should bepointedout howeverthat there
are some diffractive transitions which do not satisfy this rule. For example the transitions ir —~

A2(1310) (quantum numbersof A2 jP = 2~)or the s-wave amplitude (JP = b in the Nir-system
diffractively producedin the reactionirN -* ir(Nir), [109].

c) The momentumtransfert distributionsdependstrongly on the massof the producedsystem.
The slope B of the differentialcrosssectionrapidly decreasesas the massM increases(slope-mass
correlation),fig. 3.lla. The strongestdependenceof B on M is observedin athresholdregion. The
amplitude analysisshows [110], that this correlation takes place also for final stateswith definite
quantumnumbers.
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Fig. 3.10. Massdependenceof thecrosssectionfor theprocessnp—o(plr)p in theregionM,,-~>1.8GeV,[104].
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Fig. 3.11. Dependenceof theslopeB on M,,~+andcosO~for thereactionpp-op(nlr’), [l12]. Dashedcurvesaretheresultsof calculations,based
on thepion Deckmodel (fig. 2.5a). Full curvesareobtainedtaking intoaccountall thediagramsof fig. 2.5 andtheeffectsof absorption(fig. 2.36),
[74].

d) The slopeB dependsnot only on the massM, but also(at fixed valueof M) on the cosOj of the
diffractively producedparticle in the c.m. of the producedsystem(O~is the polar angle in the
Gottfried—Jacksonsystem).This interestingeffect means that there is a correlation between the
production and the decay of the hadronic system. It has been observedin the reactionsNN

N(Nir), irN—~ii-(Nn-) [104,112,113],fig. 3.11.
e) There aredips andbreaksin the t-distributionsfor the diffractive productionof Nir and Nirir

systemswith smallmasses[112,104, 106]. Thesestructuresdependboth on the massand the valueof
cosOj andare closely correlatedto the dependenceof the slope B on M and 0058j. The differential
crosssectionsda-/dtdM2 havedips at tI (0.2—0.3)GeV2, which are mostclearly seenin the region
M ~ 1.35 GeV andcosO

1 0. This is shownin fig. 3.12.
Fromthe impact parameterspacepoint of view the I-distribution of the type, shown in fig. 3.12a

canarise, if f(b) hasa peripheralform (fig. 1.4) with R 1 fermi. The simplestmodel basedon the
assumptionthat b-spacedistributions for inelastic diffractive processeshavea universalperipheral
characterhasbeenproposedin ref. [19].In the frameworkof this model the dependenceof the slope
B on M is connectedwith the increaseof the angularmomentumof the producedsystemandgrowth
of the numberof helicity amplitudeswith AX � 0 as M increases.The contributionsof thesehelicity
amplitudesto da-/dt havediffraction minima at higher valuesof ItI, so at M> 1.4 the minimum in
da-/dt practicallydisappearsandthe slopedecreases.However,the dependenceof B on M for a state
with definite J andthe correlationsbetweent andcos0,, distributionscontradictthis simplemodel.

Let us now discussan interestingquestion:whetherthe propertiesc)—e) of inelasticdiffractive
processescorrespondto the one Pomeronexchangeand are connectedwith the structureof the
vertex (N—*Nir) or the peripheralcharacterof the b-spacedistributionspointsout to the important
role of absorptiveeffects (moving cuts)? In the framework of the DHD-model, which takes into
accountonly the polegraphsof fig. 2.6, it is possibleto explain qualitatively the propertiesc)—e) [74,
I 14—116]. In this model the minima in the differentialcross sectionsat I-values which dependon M
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Fig. 3.12. Momentumtransferdistributionsfor thereactionnp—o(plr)p for variousrangesof theplr’-massandcosUj, [104].Full curvesarethe
predictionsof the DHD -modelwith absorption[74].

andcosO,, are connectedwith the mutual cancellationof the graphsof fig. 2.6 in the corresponding
point of phasespace[114, 115] (the graphsa), b) and c) havedifferent signs). The sharpbackward
peak,observedin the cosO,, distribution of the reaction NN -+ N(irN), [116] in the region of small
massesfor the Nir-system(the establishedresonancesdo not contribute to this region of M),
indicates the important role of baryon exchange(diagram 2.6b). It is also possible to describe
qualitatively the dependenceof the slope B on M in the DHD-model. An interestingdual generaliza-
tion of the DHD-model,whichprovidesthe possibility to include in an economicway into the scheme
production of nucleon resonanceshas been proposedin ref. [115]. This model reproducesthe
structurewith minimaof the differentialcrosssectionfor the reactionNN —* N(N ir). Howeveragood
quantitativedescriptionof the experimentaldata (including normalization) for the reactionsNN
N(Nir) in the region M< 1.4GeV (full curves in figs. 3.11, 3.12) can only be obtained[74] if
rescatteringeffects to the pole diagrams of fig. 2.6 are taken into account.Thus the analysisof
experimentaldatafor someexclusivediffractive processesindicatesthat: i) the DHD-modelis agood
first approximationfor the amplitudesof thesereactionsand ii) both P-pole exchangeand many
Pomeroncutsshouldbe takeninto account.

If the moving branchpoints give an important contribution to the cross sections, then the
factorizationproperty,generallyspeaking,doesnottakeplace.Howeverthedataon exclusivediffractive
processesshowthat:

e) An approximatefactorization of the differential cross sections is observedin diffractive
reactions.

The experimentalobservationof independenceof the M and t-distributionson the typeof colliding
particles in the reactionsab—* ab* (figs. 3.8, 3.9) points to the factorizationof amplitudes. More
completetestsof factorizationin singlediffractiondissociationprocessescanbecarriedout usingthe
following relation

da- ~Ida-, , da- Ida-,
-aj-(ab-.~.ab), ~(ab_*ab*)=.~~(ap_.ap)/ ~-(ap—s.ap). (3.5)
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Fig. 3.13. Comparisonof theexperimentaldataon N°(1688)productionin pp and,~p-collisionswith thefactonsationrelation(3.5).

For all studiedreactionsthis relation is approximatelysatisfiedat ti E 0.6GeV2 (see for example
fig. 3.13).Deviationsfrom factorizationin this region do not exceedusually=20%.

Another test of factorization,which is more sensitiveto the contributionof .rescattering,is the
comparisonof thedifferentialcrosssectionsfordoubleandsinglediffractivedissociation(2.19).Because
of the low statisticsof presentexperimentsfor doublediffractiondissociationprocesses(which have
very small cross sections)a relation betweenthe crosssectionsintegratedover M and t is usually
used

a-ab.<aob~a-aI,...ab* B ab—..ab Bab—~ab°
a-ab.aobo = • D D . (3.6)

a- ab-.ab ~ ab—..a°b’~D ab-<ab

102

to
10’’ + +

too

0 10 20 30 40 50 60
~? (0eV)

Fig. 3.14. Crosssectionsfor thedouble diffraction dissociationreactionpp_o(piT+1i~)(p1r*1r):4, [107]and thefactorisationpredictions:4..
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Fig. 3.15. Slopefor thereactionpp—o(p~r~~)(p7r~i~),[107]versus Fig. 3.16.Differential crosssectionfor thereactionnn—o(p1r)(p1T),

massof thepir~ir-systemandthefactorizationprediction(shaded [1191.Shadedareasarethefactorizationpredictions,calculatedfrom
area). the dataon the reaction np—o(pir)p,[104],[118]and elastic NN-

scattering.

Within ratherbig experimentalerrorseq. (3.6) is in an agreementwith the data, seefig. 3.14. It
should be noted, that the differential cross sections are much more sensitiveto deviationsfrom
factorizationpredictionsthanthe integratedquantities.

If the factorization relation (2.19) is valid, then the slopesmeasuredin different diffractive
processesarerelatednamely:

B ab—oa’b° + Bab-..ab = Ba~.a*b+ Bab..ab*. (3.7)

This relation is in an agreementwith experimentaldata on the reactionspp—*(pir4’if) (p1r~Ir),
pp -* (pir’~ir)p andpp —* pp, fig. 3.15.

A comparisonof the factorizationrelation (2.19) with experimentaldataat the ISR [118,119] on
differential cross sectionsfor the processesnp-s.(pIr”)p and nn—~.(pIr’)(pIr)is shownin fig. 3.16.
Factorizationis satisfiedup to ti — I GeV2.

In subsection3.4 we shallsee,that factorizationalsotakesplacefor inclusivediffractiveprocesses.
Thus factorizationis approximatelysatisfiedfor inelasticdiffractive processesat Iti ~ 0.5 GeV2. It

shouldbe notedhoweverthat, up to now, adetailedtestof the factorizationrelations(3.5), (2.19) for
differentM, cosO,, and t-intervalshasnot beencarriedout. In particularit wouldbe very interestingto
studythe dependenceof the valuet

0, thepositionof the dip of the da-/dtdM d cos0,, differential cross
section in the reactionsaN—+a(Nir), NN-+(Nir)(Nir), on the type of colliding particles. If the
minimumis connectedwith rescatteringeffectsthe valueof t0 shoulddiffer for different reactions.

3.3. Inclusivediffractive productionof particlesand thePomeron—protontotal crosssections

Investigationof exclusivediffractive channelsallows one to obtain completeinformation on the
propertiesof inelasticdiffraction. However it is more convenientto studysome importantcharac-
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teristics of diffraction using the inclusive approachto the diffractive productionof particles.This
approachis especiallysuitable for the production of large mass states,which decay into many
particles. In the pastfew yearsmanyinterestingexperimentalresultshavebeenobtainedin this field
[120—135].

The study of the inclusive spectraof particlesin the reactiona+ b —+ a’ + X nearthe kinematical
boundaryx —~ 1 (or s1 M~~ s) gives the possibility to determine(accordingto 2.14) the total cross
sectionfor Pomeron—particleinteraction.In the caseof the reactionpp —~pX at s —p~

,i2 ~ P (~\\2 / \

2(ap(t)—I)u a- — ~ S (tot)

1

ds1dt — 2s1 ‘~Si) ~ ~S1,

The contributions of secondaryexchanges(with a1(0)< 1) at fixed values of s1 decreaseas some
powersof s. So, if the differentialcrosssectionat t 0 is parametrizedin the form

ds1dt= A(s1)+ ~ B(s1)/s~
t. (3.9)

Then the quantityA(si) = (g~~(0))2a-~°(s
1,0)/2s1 is the P-polecontributionandthe parametersB1 are

connectedwith secondaryRegge-exchanges(for the ir-pole y = 2(1 — a,~(0)) 2 for P’, at, p, A2
y = 2(1 — aR(O)) 1, the interferenceterm PR gives y = ap(O)+ aR(O)—2 0.5).

The resultsof the analysisof experimentaldata,basedon this procedure[41,701areshownin fig.
3.17. The value of the parametery is found to be =1 for all masses(exceptthe region s~ Mi,,,
wherethe ir-pole contributionis important). This points to the smallnessof the interference(RP)
term.The following parametersfor the P-polecontributionto elastic pp-scatteringhavebeenusedin
the calculationsof a-~

t~at t�0,: t4. = 0.3 GeV”2, (g~~(t))2= (g~~(0))2exp(R~
0t);(g~~(0))

2= 4 GeV~
~ = 4 GeV2. The total crosssectionfor the Pomeron—protoninteractionhasmaximain the small

6~~Imb)

6 ‘t-005 GeV°

~Pp G eV2

I ~

2 ~ - so 100 ~, (0eV

5 0 50 100 s(GeV)

Fig. 3.17. The Pomeron—protontotal crosssection.
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Fig.3.18. Momentumtransferdependenceof thecrosssectionsfor thereactionpp —o pX (a)atincidentmomentum205GeV/c, s,<5 GeV2 — upper
points, 10 <s

1 <25GeV
2— lower points (multipliedby 1/10)[1221and(b) at incidentmomentum42.5 and52.5GeV/c [133].

mass region (due to resonancesat M = 1.4 to 1.5GeV and M = 1.7 GeV) and a smooth Regge
behaviourfor M > (2 to 3) GeV,

a-(pt0~0(si,t) = 8ir(g~(0)r~pp(t)+ g~~(0)r~p(t)\/So/5i).

The asymptoticvalueof a-~t~(s
1,1) = 8irg0(0)rp~pis closeto 1 mb and is practically independenton t.

Experimentaldata on the behaviourof diffractive productioncross sectionsd
2a-Idt ds

1 in the small
I-region(seefor examplefig. 3.18)show no evidencefor aminimumin the forwarddirection (as can
be expectedin the weakcoupling theory). We shallthereforeassumein the following that r~p(0)� 0.
We thus have for the triple—Pomeroncoupling r~~(t)r~~(0)= a-~°/8irg~~(0)= (0.05±0.01)GeV”~.
In order to determinethe parametersof Pomeroninteractionsand the value of the nondiffractive
“background”for the largemassregion of inclusiveprocessesit is convenientto usethe triple Regge
model (2.17)

-1~ /
.1 — u a- — ‘~ i’’ I (I ak(O)—ol,(t)—.oJ(t) 1I jT’ I.Jjjk~tt~,IX)

up ijk \5~

At very high energies(s ~ ~ GeV) scalingterms with ak(O)= 1 are the only importantonesin this
sum.

Experimentaldata on inclusivecrosssection

2 31 da- da-
srdtd(M

2/s) ~

for the reactionpp—t.pX at ISR energies[121]are shownin fig. 3.19. It canbe seenfrom this figure
that:

a) The functionf = E d3a-fd3p doesnot dependon energyfor fixed valuesof M2/s 1 — x; within
theerrorsof 5—10% scalingtakesplaceat s > 500 GeV2.

b) In the triple Reggeregion x —v 1 the spectrahaveapronouncedpeak,which is consistentwith
thebehaviourf — 11(1 — x), expectedfor the triple—Pomeroninteraction(seetable 1).
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Fig. 3.19. Inclusive crosssectionsfor thereactionpp-opX at ISR [121].

c) The functionI decreaseswith (1 — x) lessrapidly in the region (1— x) >0.05andfor (1— x) ~ 0.1
the spectraare practically x-independent.Fromthe point of view of the triple-Reggemodel this is
connectedwith the importantrole of the secondaryexchangesRRP, srsrPetc. in this region of x.

Triple-Reggeanalysisof experimentaldataon inclusive reactionshavebeencarriedout by many
authors[136—141, 41, 46, 124, 131]. The PomerontermsPPP,PPRand the secondaryRegge-terms
RRP,RRR, irirP, zrsrRareusually takeninto account(sometimesthe interferencetermsPRP,PRR
arealsoincludedin the analysis).The sr-exchangecontribution(srsrPand irirR-terms)to the reaction
NN NX canbe expressedin termsof the total crosssectionfor zrN-scattering

(E ~ = G~N,.~2~t2)2 (1 — x)1-2.e,,(t) a-~(s(l— x)) F2(t). (3.10)

The t-dependenceof the form-factor F(t) is determinedfrom the analysisof exclusiveprocessesor
from the inclusive reactionpp~ nX, where sr-exchangedominatesin the region 0.4< 1 — x <0.95,
[142,38].

The triple Regge-modelallows oneto obtaina good descriptionof inclusivespectraat highenergies
in the region 1 — x <0.2. Theparametersof the model (triple-Reggevertices)aredeterminedfrom fits
to experimentaldata. The PPP-contribution,which is the most interestingone from the theoretical
point of view, is reliably determinedfrom this analysis and the value of r~~(0)is found to be
(0.05±0.01)GeV’. This valueis in an agreementwith the predictionof the OPE-model,basedon the
diagramof fig. 2.14a[38,451. Let usnote that secondaryexchangesareusuallyimportantin the region
of not too small(1 — x) andmaydescribefor (1 — x) ~ 0.1 theaverageeffectof othermechanismsasfor
example the production and decay of resonances.For small values of 1 — x ((1 — x) < 0.05) the
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Fig. 3.20. Triple -Reggedescriptionfor thereactionpp -~pX. PPP,PPRandRRP termsar~takenintoaccount.Parametersof themodel aregiven
in table 2. (Crosssections,obtainedfrom thedata on the reactionpd -~Xd under theassumptionof factorisation[1241,were multiplied by the
normalizationfactor1.2,whichtakesintoaccountshadowcorrectionsin deuteron[1241.)~ — E= 150 GeV, • — E = 275GeV, S — E= 385GeV;

= —0.05GeV
2/c2.

nondiffractive “background”dueto RRP,RRR, irirP-termsshould be takeninto accountin order to
extractfrom the data the diffractive PPPand PPR-contributions.The condition, that s

1d
2a-/ds

1dt
constfor s~~ m

2 anda fixed energy(or a narrowenergyinterval), which is oftenusedasasignature
for the dominanceof the PPP-term,is insufficient in order to determinereliablythe PPP-contribution.
An energyextrapolationof the data(asgiven by eq. (3.9)) shouldbe carriedout for this purpose.This
is connectedwith the fact that at the energiesE — 100GeV and S~-~ 10GeV2 the RRP, RRR terms
give a significant contribution to s~d2a-Idt ds

1, which increaseswith s1. These terms plus PPR
contribution to s~d

2a-/dt ds
1 (which decreaseswith s1) imitate the approximateconstancyof the

differentialcrosssectionin someinterval of s~(the minimumof 5i d
2a-Idt ds

1movesto largervalues
of s1 as E increases).In this casethe differentialcrosssectionat fixed s~decreaseswith energyto it’s
asymptoticvalue(seefig. 3.20).Quitecontradictoryresultscanbe obtainedif the triple-Reggeanalysis
is carriedout in a limited rangeof kinematicalvariablesE ands~.For examplein ref. [131]the PPP

Table 2
The parametersof thetriple Reggedescriptionof the inclusive proton
spectra.Functions G115(t) are parametrizedin the form G5k(t)=
G115(0)exp(R~,5t).This parametrizationis valid in the small t-region,

ti ~ 0.2 0eV
2. The RRP-termalsotakesinto accounteffectively RRR-

contribution,a gooddescriptionof thedatacan be obtainedfor alarge
enough RRR-term if thevalueof GRRp(0) is decreasedand aR(O) 0.4.
The ir-exchangecontribution(si-nP, sri,R)hasbeenchosenin agreement
with eq. (3.10)

Gtk(0) R~k a(
(mb/GeV2) (GeV2) (GeV2)

PPP 0.67 4 0.3
PPR 2.2 4 0.3
RRP 10.8 2 0.75
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Fig. 3.21. Triple-Reggedescriptionof thedataon thereactionpp -~pX atenergies500GeV (a)[128]and 140—175 0eV (b) [131],theuppercurvefor
(—t)= 0.1 (GeV/c)2, the lower onefor ~—t)= 0.225 (GeV/c)2.

contributionis overestimated(r~~(0)= 0.15 GeV”) on the contrary it is claimed in ref. [128]that the
triple Pomeroncontribution is negligible.The dataof the both groupscan be successfullydescribed
with r~~(0)= 0.05 GeV~’taking into accountthe effects discussedabove(fig. 3.21).

The relatively small value of the triple-Pomeronconstanthas important implications for the
structureof Regge-theoryat presentenergies. The dimensionless constant(r~p(0))2/44.(0)which
enters the loop diagramsof Reggeoncalculus (of the type shown in fig. 2.28), turns out to be very
small — 10_2. The characteristicexpansionparameterof the theory is {(r~p(0))2/4x

1}ln(s/s0), so for
presentenergies(andall practically accessibleenergies)the triple Pomeroninteraction is small and
can be takeninto account.using a perturbationexpansion.

It shouldbe notedhoweverthat the valueof r~~(0)hasbeenobtainedfrom experimentaldatain the
pureReggepolemodel,without absorptioncorrections.The accuracyof the data on inclusivespectra
doesnot allow one to separatethe pole and cuts contributionsand the value of the r~pshould be
consideredas an “effective” one,which alsotakesinto accountrescatteringeffects.The estimatesof
theseeffectsin the eikonalmodel (fig. 3.22a)showsthat the “effective” valueof r~~(0)can be 2 to 3
timeslessthanthetruevalueof r~p(0),[143].Thegraphsof fig. 3.22b(in theeikonalapproximation)leadto
an extraincreaseof r~~(0)by afactorof two to three.In thiscasethevalueof (r~p(0))

2/4a.becomesso
large that all the diagramswith triple Pomeroninteractionshould be taken into accountat present
energies.TheeikonalmodelprobablyoverestimatesthemanyPomeronamplitudesin inelasticdiffractive

reaction.Sowemustunderstandbettertherole of Pomeronrescatteringin inclusivediffractiveprocessesI...iij.i 1I);11
Fig. 3.22. Graphs,correspondingto absorptionin thetriple-Reggelimit.
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in order to decidewhether the “bare” triple-Pomeroncoupling is really small and the perturbation
expansionin r~p(0)is valid or the strongcoupling solutionshouldbe used.

3.4. Factorizationandinclusivediffractiveprocesses

Testsof the factorization relationsin inclusive diffractive reactionsallows one to estimatethe
effects of absorptionfor theseprocesses.The factorizationrelationsof the typeof eq. (3.5) exist for
the diffractiveexcitationof the showerof particlesdueto P-poleexchange

f(a’b —* a’X) = dtds,(ab—* aX)/d~~(a’b -~ a’X) = ~(ab —~ab)/~(a’b~ a’b). (3.11)

Theserelationsarevalid for arbitrarymassesVs1 of the excitedsystem(s1 ~ s). It hasbeenshownin
subsection3.2, that the factorizationrelations (3.11) are in agreementwith experimentin the small
massregion andfor ItI ~ 0.5GeV

2. Theserelationshavebeencheckedalsoin the triple-Reggeregion
s
1 ~ m

2. It hasbeenshownin ref. [131]that the function s
1{d

2a-(ap-+aX)/dtds
1}/{da-(ap—~ap)/dt}at

energiesE 150GeV doesnot dependwithin errorson the typeof particlea (a= ir~,K~,p, ~) in the
region 2.4GeV

2~ s~~ 9GeV2 and 0.05 GeV2< ti <0.6GeV2. Thus factorization is approximately
satisfiedevenfor largemassesof the excitedsystem.It shouldbe notedhoweverthat nonfactorizable
contributionsdueto Reggecutsandsecondaryexchangescancancelto a largedegreein the ratios of
crosssections(3.11).

If the total crosssectionsfor reggeons-particlesinteractionsin the large massregion s
1~‘ m

2 are
determinedby P-poleexchangethe following factorizationrelationsshouldtakeplace

11 1... V\ (tot)j~au9ai
1~~ 2

f(ab
1 aX) —

In particular

(tot) (tot)
f(irp-*pX) - ~4!62~. f(Kp-*pX) -

f(pp—t~pX)- ~ f(pp-*pX) -

The functionsf(srp—* pX)(f(Kp -~ pX)) describethe diffractive dissociationof ir(K)-mesonsinto large
massstates.Thesereactionscorrespondto protonswith x —1 in the c.m.system(slow p in the lab.
system).The relations(3.12), (3.13) alsoagreewith experiment(with an accuracy—20%).

It hasbeenalreadyemphasizedin subsection3.2, that the doublediffraction dissociationprocesses
areespeciallysuitablefor factorizationtests.If factorizationis valid, the differentialcrosssectionfor
the inclusivediffractive productionof two showersin pp-collisionscanbe written in the form

A 1 / 2\ 2G~p(t)—i)ua-DD — I (tot) (tot) i s~m
ds

1 ds2 dt — a-Pp (5~,t) a-Pp (52, 1) ~\5i52) (3.14)

The analysisof inclusive single diffraction dissociationshowsthat a-~”(s1,t) practically does not
dependon t for s~~ 3 GeV

2. This meansthat the differential cross sectionfor doublediffractive
production of two large mass states must have a weak I-dependencewith a slope B =

2a
21n(s.m

2/s
1.s2)(for s~m

2/s
1~s220, B 2).

The investigationof the double diffraction dissociationof largemassesstates(5~,~2> ~) is very
difficult atpresentenergies.This is due to kinematicallimitations (~>~ + ~) andto thesmallnessof
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the diffractive contribution,which should be separatedfrom a large nondiffractivebackground.This
cross section in pp-collisions, calculatedaccording to eq. (2.21) with r~p(0)= 0.05GeV~is only
—0.1mbat s -—- io~GeV2 while it reachesthe value of 1mbat s -— 106GeV.

Doublediffraction dissociationis now studiedin the processespp -~ (psr~srjX,pp —* (A°K~)X[135]
for not too large massesof oneof the showers(p1r41r andA°K~systemsaremainly concentratedin
the regions~ (2 to 4) GeV2). Inclusivedistributionsas functionsof x = 2p,/\/s,wherep, is the total
momentumof the psr~sr or A°K~system,havea pronouncedpeakatx -~ 1, whichcanbeinterpreted
as amanifestationof the diffraction excitationof the systemspsr~sr(A°K~)andX. In agreementwith
the factorizationprediction, the meanvalue of the slope in the processpp—~(psr~ir)Xis small
B = (2.2±0.2)GeV2[135]. More detailedcomparisonwith factorizationhasbeen carriedout in ref.
[135].If factorizationis valid then all ratios R,= {da-(pp—* ip)Idt}I{da-(pp-+ iX)/dt}, where i is any
hadronic system (i = p, psr*1T, A°K~),should be equal. The comparisonof this factorization
prediction with experimentaldata is shown in fig. 3.23. Factorizationis satisfied in the region
0.15 < t~<0.5GeV2. There is an apparentviolation of the factorization relation R~= ~ for
ti > 0.5GeV2. It is mainly connectedwith afastdecreaseof da-(pp-~ pp)/dt in this t-region.

The agreementof the factorization relations with experimentaldata on inelastic diffractive
processesindicatesthatthe cut contributionsare possiblylessimportant in the region tI <0.5GeV2,
thanpredictedby the eikonalmodel. However moredetailedtestsof factorizationfor differentmass
intervals of the excited systemsare neededbefore a final conclusioncan be reached.It is also
interestingto studyfrom this point of view the region of very small t (jt~~ 0.1 GeV2).

3.5. Energydependenceof the total inelasticdiffractive crosssection

The total crosssectionfor diffractiveproductionof largemassstatesincreaseswith energyandit is

interestingto face the question,— whether the rise of a-~can explain the rise of the total cross
sectionsat high energies?Considerthe caseof pp-interactionwhich is studiedin the largestenergy
range. For pp-collisionsthe cross sectionfor the diffractive excitation of low mass systemshasa
weak energy dependenceand is equal to (2.5 to 3) mb*. The cross section for the diffractive

*Here andin thefollowing the numberscorrespondto thediffractive productionof particlesin both hemispheresin thecenterof masssystem.

‘‘‘‘I’’’’’ ‘‘‘‘I’’ I(a) (b)
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Fig. 3.23. Testof factorization in the inclusiveprocessesof doublediffractive dissociation[135].
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Fig. 3.24. Energydependenceof the crosssection in thediffractive region[121].The curvature in the t-dependenceof diffractive productionof
high masses[121]is taken into accountin theoreticalcalculation (full curve). The samecurvatureis assumedfor low masses(M

2 ~ 4GeV2).
dashedcurve.

productionof a showerwith large mass5 GeV2< s~<0.1 s — a-~pincreasesby =3 mb as the energy
changesfrom EL = 30 GeV to EL = 2 x l0~GeV and it seemsat first sight that the rise of a-~pcan
explain nearly all the increaseof a-~I)(pp),which rises by 3.3mb in the ISR energyrange.However
themain part of the increaseof op comesfrom the energyrangeEL < 200GeV; overthe ISR energy
range the rise of this cross section is relatively small 1.3 mb. Moreover there are background
contributionsin the “diffractive” part of the inclusive spectra(x ~ 0.9), which decreasewith energy
(for exampleRRR andsrirR-terms).So the riseof the inelasticcrosssectionin the region lxi > 0.9 is
about I mb in the ISR energyrange.A calculationbasedon triple Reggephenomenologyis compared
with the dataof FNAL andISR in fig. 3.24. The curvereproducesthe absolutevalueand the energy
dependenceof the single showerproductioncross section(the theoreticalpredictionshave a scale
error =10%).

The total double diffractive cross section can be calculatedfrom the data on single diffraction
excitationusingthe factorizationrelation(2.19). It is found to be (1.8 to 2) mb at s — 3 x io~GeV2*.
It rises by =0.7mb over the ISR energyrange. Thus the total increaseof the cross section for
inelasticdiffraction from s = 5 x l0~GeV2 to s = 3 x l0~GeV2is equalto (1.5 to 2) mb.

3.6. Propertiesofdiffractively producedsystemsofparticles

Consider now the characteristics of the particles, produced in diffraction dissociation
processes.In the framework of the multiperipheralapproachthe showerof particles with a large
invariant massS~~ m2 which is producedin a P-particle collision, must havethe samestructureas

*The valueu
00 = (5.0±0.8)mb, which hasbeenfound in ref. [135]seemsto beoverestimatedbecause:a) non-diffractivebackgroundhasnot

been separatedout, b) factorizationrelationfor crosssectionsintegratedover massesof showers,which is not valid for largemassesof the
producedstates,hasbeen usedin ref. [135].
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the usual multiperipheralconfiguration in hadronic collisions (small meanstransversemomenta,flat
rapidity distributions in the rapidity interval of the shower, i.e. ln(sl/mb/1T)). In this model such
characteristicsof the diffractively producedshoweras (n~h),~ 12 andsoon do not dependon s. They
aredeterminedonly by the valueof s~and areanalogousto the correspondingquantitiesfor particle
collisionsat s = s1, [144—146].In particularthe meanmultiplicity of particleslogarithmicallydepends
on s1 at large s1

= a ln(s1/s0)+ b (3.15)

andthecoefficient a must be equalto that found for ~p (pp) collisions.This shouldbe comparedwith
the predictions of models, where diffractively producedclusters of particles decay isotropically
accordingto the statisticalmechanismand(n)~—

Experimentalinformationon the meanmultiplicity of chargedparticlesproducedin the inclusive
reactionspp —* pX as afunction of the massof the systemX [34] is shownin fig. 3.25. It follows from
this figure that (n) increaseswith s1 approximatelylogarithmically (dependenceof the type (n)~
Vsi/sois excludedby the data)andpracticallydoesnot dependon the initial energy.The full curvein
fig. 3.25 is the predictionof the pion-exchangemodel (OPER)[38].

Thus the behaviourof the meanmultiplicity of the showeris a strongargumentin favourof it’s
multiperipheralstructure.The analysisof experimentaldataon inclusiveprocesses[1461shows that
not only (n)~but also other characteristicsof the shower, such as multiplicity distributions a-,,,
correlationparameters,rapidity (or x) distributionsareanalogousto the correspondingcharacteristics
of the final statesobservedin standardparticle collisions. The propertiesof particlesproducedin
Pomeron—protoncollisions are in particular similar to thosefound for yp-interaction(see fig. 3.26).

This observationpoints out to an analogybetweenthe Pomeronand photon interactions[145].The
following experimentalfacts also show that the interactionsfor thesetwo objects of a completely
differentorigin may be very similar:

a) The dependenceof the Pomeronresidueson t in pp-elasticscatteringis closeto the behaviour
of the electromagneticform-factorsof the proton.

b) Weak I dependenceof o4~for s1 ~ 3 GeV
2. This is similar to that observedin the processof

electroproduction.Thesetwo facts can be qualitatively understoodin the framework of the quark—
parton model.

çfl~> I III~~~’ I
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Fig. 3.25. Massdependenceof the mean multiplicity of charged particles in the processpp —‘ pX. The full curve is the prediction of the
OPER-model[38].
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Fig. 3.26. Comparisonof inclusive sr spectrain the reactionspp-~psrX:~, 20<M~<50GeV2;4,lI<M~<20GeV
2and yp—~srX(full

curve) [146].

Interestingdataon the characteristicsof the particlesof the diffractively excitedshowerhavebeen
obtainedat the ISR [147].The rapidity distributionof chargedparticlesfor largevaluesof s~(in the
diffractive region s

1Is~ 1) has a central plateau,which is practically intependenton I. This fact
indicatesthat the mechanismof diffractiveproductiondoesnot changeappreciablyup to lii 1 GeV

2.
As the relativecontributionsof the many Pomeronexchangeamplitudesincreasewith ti and each
P-polecanproduceparticles,we wouldexpectthat the meanmultiplicity andthe heightof the plateau
for the excited cluster should increasewith It!, if the many Pomeroncuts were important. Thus
presentexperimentalobservationpoints to adominanceof the P-polecontributionup to ti — 1 GeV2.

Investigationof the azimuthaldistributionof particlesfor the diffractively excitedsystem showsan
approximateI-channelhelicity conservation.

3.7. DoublePomeronexchange

In the precedingsubsectionswe have consideredexperimentalinformation on single Pomeron
exchangeprocesses.Oneof the main results,whichhasbeenobtainedin this field, is the experimental
discovery of the triple-Pomeroninteraction.The very high energiesavailable now at ISR, FNAL,
SPSmakepossiblethe experimentalinvestigationof a completelynew classof diffractive reactions,
namely doublePomeronexchangereactions.It has been alreadypointed out in section2, that the
questionof the existenceof the DPE-mechanismis very importantfrom the theoreticalpoint of view.
Experimentalstudyof theDPE-mechanism(if it will be firmly established)would help to clarify many
propertiesof the Pomeranchuksingularity.

In order to separatethe DPEcontributionfrom a nondiffractivebackgroundoneshould studyfinal
stateconfigurationswith two large rapidity gaps ~ ‘~2~‘ 1 (fig. 2.20). We haveseenalreadythat a
clearseparationof the diffractive mechanismis ratherdifficult even for the caseof single Pomeron
exchange(one largerapidity gap). For the DPEprocessthe kinematical limitations (the total rapidity
intervalat presentenergiesis lessthen 8) makethis problemmoredifficult. It should alsobe kept in
mind that the experimentalcuts, which are imposed in order to separatethe DPE-mechanism
(~, L~2> ~ or ~, ~2 = — ~)) not only reduce the nondiffractive background,but somewhat
distort the rapidity distributionsandstrongly influencethe valueof thecrosssectionarrivedatfor the
DPE-events.
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It is convenientto describeinclusive double-Pomeronexchangein terms of the variables~ =

lnl/(1 — Xa’), ~ = lnl/(l — Xb.) [148].The boundaryof the physicalregion on the ~, ~-plot (the line FG
in fig. 3.27)movesto the right as ~ increasesbecause~ + ~ = ~ + ~. The kinematicalregion,where
DPE is valid is shownby a hatchedareain fig. 3.27(~> ~, ~ — ~ > ~oY

1’.Lines of constantM~are
parallelto the line FG.

In order to exclude the ~M dependenceof the amplitudesit is convenientto introducethe new
variables~M = — — ~ and Y= — ~) and to considercrosssectionsat fixed ~ Then in the
processpp -~ pXp the differentialcrosssectionfor the productionof a centralclusterwith “center” V
and“dimension” ~M hasthe form (at q

1 q2 0)

da- — I I P 4 (tot)

dY d~Md
2q

1 d
2q

2 — ~—~(g00(0)) ~ (~)
+ (g~0(0)g~0(0))

2a- M)2chY exp[ — (~ EM)] + (g~~(0))4a-M) exp[ — (~— ~M)1}.(3.16)

The PP,PR andRR-interactionsaretakeninto accountin eq. (3.16). At fixed valuesof ~M and Y
the PR and RR termsdecreaseas i/Vs and 1/s correspondinglyas the energyincreases.The terms,
which are due to an interferencebetweenP and R-exchanges,canalso contributeto the differential
crosssectiont.Thesetermsdecreasewith energy(at fixed ~M, Y) as

It is clear from eq. (3.16) that in order to determinethe DPE-contributionit is necessaryto study
the energydependenceof the differential cross sectionat fixed value of ~ The only contribution
which doesnot dependon energyis the DPE-term.Notethat the PR-term,contraryto the DPE, leads
to a strong V-dependenceof the crosssection.The PR and RR-contributionsto eq. (3.16) can be
estimatedfor large M2 in the framework of the triple Reggemodel (fig. 2.23), using the vertices
determinedfrom the analysisof the single-particleinclusive spectra.Theseestimatesshow (seefor
example[149, 150]) that up to the highestISR-energiesthe backgroundcontribution,connectedwith
PR and RR-termsis rathersubstantial.Neverthelesscareful experimentalanalysisof the s and Y
dependencesof the differentialcrosssectionsallows oneto separatedifferent termsandto determine
the valueof the DPE-contribution.

The DPE hasbeen studiedat very high energiesby severalexperimentalgroups[151—156].The
resultsdependstrongly on the experimentalcuts,imposedon datain order to separatethe DPE. Note

1Theconditions~ — > ~ areautomaticallysatisfied if b.~is chosento be sufficiently large. Howeverin practice ~ 2 and it is necessaryto

imposetheconditions ~ — ~ > ~ in order to excludethenon-Reggeregion.
tTheanalysisof single diffraction dissociationshowsthat the interferencetermsare not very important. An estimateof theP—P-interference

termsfor theDPE-processescan becarriedoutusing theOPE-model(fig. 2.21).Thecalculation[55]pointsout thatthesetermsareessentialup to
ISR-energies.

yl

8
Ic

A ~
G

Fig. 3.27. Kinematicalregionof DPE (shadedarea)on the ~,

5~-plot.
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thatif the condition L~,I~2> ~ is used,thenthe DPE crosssectionmust increasewith s (at present
energies)due to the increaseof theavailablephasespace(hatchedareain fig. 3.27).On theotherhand
if the final pionsaremeasuredin a limited rapidity interval in the c.m.system(L~i(

2)~ — a, a is fixed)
thebehaviourof thecrosssectionis thendeterminedby the energydependenceof the matrix element
(doesnot dependon s for DPE) [13, 149, 157]. The resultsof the experimentsperformedat ISR,
where the DPE mechanismhasbeen studied in the reaction ~ are shownin fig. 3.28
together with the theoretical predictions. Experimental data show that events of the reaction
pp~*pp~7.~17in the region x1~I>0.9and y~1J<1 satisfy to the criteria for DPE, i.e. a weakenergy
dependenceanda flat V-distributions. It has been also observed,that: a) the momentumtransfer
Ii = —q~andt2 —q~distributionsarefactorizedand haveaslopeB = (6 to 7) GeV

2, b) thereareno
correlationsbetweenthe transversemomentaof the final protons,c) the massdistributions of the
ir~i~-systemhavea thresholdmaximumat M 0.5 GeV in agreementwith the OPE-prediction,d)
the angulardistributionsof pionsin their rest frameareapproximatelyisotropic.

Thus the experimentaldata strongly indicate the existenceof the DPE-mechanismwith a cross
sectionwhich is close to the theoreticalestimates.However a more detailed investigationof the
energydependenceof the differentialcrosssectionsat fixed valuesof M2, q~and q

2 is neededfor a
final conclusion.

If the existenceof the DPEwould befirmly establishedit would thenbe very interestingto study
the following propertiesof the PP-interection.

a) The total cross sectionof PP-interactiona-~~(4M)anddifferent exclusive channels,—ir~if,
~°~° KK, p~etc.

b) The behaviourof the DPE at smallvaluesof t~.
c) The factorization relations (2.34) in the large M

2 region. These relations are sensitive to
Regge-cutcontributions.

d) The propertiesof the particles,producedin PP-interactionnamely(n)M2, a-~(M2),do-,/dy andso
on.

too

cII=}-I

2

10’
S

Fig. 3.28. Crosssectionfor thereactionp pp1r~irin the DPE-region.Theoreticalcalculation (curves)takesinto accountthe “background”
contributionandkinematicalcutsof theexperiments:4[l54], A, = A

2= ~5~— l.5;f [156]and4[l551, A, = A2= ~ I.
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e) The phaseshifts for the partial wavesof the ~ir(KK) system.The phase-shiftanalysiswould
allow one to clarify the structureof the amplitudePP—~ irn-(KK).

3.8. Summaryand conclusions

In this articlesomeof the recentexperimentalresultsin the field of inelasticdiffraction,which have
important implications for the natureof the Pomeranchuksingularity,havebeendiscussed.We have
consideredtheoreticalapproachesto the problemof diffractive scattering.Specialattentionhas been
paidto Reggeontheorywhich providesa unified framework for the descriptionof a large classof low
PT phenomenaat high energies.Oneof the main problemsof this approachis connectedwith the role
of Regge-cutsin the amplitudesfor diffractive processes.The presentsituationis very peculiar, some
experimentalfacts (such as the “geometrical” characterof diffractive scattering,structuresin the
momentumtransferdistributionsetc.) point out to animportantrole of Reggecuts;on the otherhand
anapproximatefactorizationtakesplace.Thusthe detailedtest of the factorizationrelationsis oneof
the main experimentalproblemsin this field. Investigationof the energybehaviourof the differential
crosssectionfor inelasticdiffractive reactionswith a good accuracy(in order to establishreliably the
rise of thesecross sectionswith energy at s -— ~ GeV2) and clear experimentalseparationof the
DPE-mechanismare alsoimportantissuesfor the theoreticalunderstandingof diffractive scattering.

Gribov’s Reggeoncalculusmethodallows one to study the propertiesof many-Pomeronexchange
amplitudesand to establishtheir connectionwith I-channeland s-channelunitarity. However many
importantparameters(Reggetrajectories,residues,reggeonverticesetc.) arenot fixed by the theory
and a new method for reliable estimatesof the unknown parametersof the Reggeontheory is
needed.Thisquestionis alsoclosely relatedto the problemof the asymptoticbehaviourof the theory.
It is possiblethat the solutionof theseproblemswill follow from the future developmentof quantum
field theory. The best candidatefor the underlying theory of strong interactionsis the quantum
chromodynamics:the non-Abeliangaugetheoryof quarksand gluons. In this theory the Pomeroncan
be closely relatedto the gluon structureof hadronsand the characterof the gluon—gluoninteraction.
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