
PHYSICSREPORTS(SectionC of PhysicsLetters)23, No.1(1976) 1--121.NORTH-HOLLAND PUBLISHING COMPANY

LARGE TRANSVERSE MOMENTUM PROCESSES*

DennisSIVERS,StanleyJ. BRODSKYandRichardBLANKENBECLER
StanfordLinear AcceleratorCenter,StanfordUniversity, Stanford,Calif 94305, USA

Received17 June1975

Contents:

1. Introduction 3 4.3. Theoriesof theelasticform factor 64
1.1. Largetransversemomentumreactionsandthe 4.3.1.Constituentmodelsanddimensional

structureof hadrons 3 counting 66
1.2. Implications of power-lawscalingfor inclusive 4.3.2.Compositesystemsandrenormalizable

crosssections 4 theories 68
1.3. Furtherimplicationsof thelarge-transverse- 4.3.3. Infraredeffects 71

momentumdata — Feynmanscaling 8 4.3.4. Quarkconfinement,largetransverse
1.4. Relationsamongcrosssectionsin hardscattering momentumandform factors 72

models 11 4.3.5. Dimensionalcountingandlarge-transverse
1.5. What aretheimportantinternal mechanisms? 13 momentumexclusiveprocesses 73

1.5.1. Quark—quarkscattering 13 4.4. Soft gluon theories 74
1.5.2. Quark—hadronscattering 13 5. Phenomenologyand theconstituentinterchangemodel 76
1.5.3. Hadron—hadronscattering 14 5.1. The structureof theCIM 76

1.6. The structureof high-p
1events 15 5.2. Inclusive scatteringin theCIM 78

2. Experimentalsummary 17 5.2.1.Triple Reggeregion 78
2.1. Exclusive scatteringatlargeangles 17 5.2.2.Central region 78
2.2. Singleparticleinclusiveexperiments 24 5.3. Exclusive scatteringin theCIM 82
2.3. Dataon correlationsandassociatedmultiplicities 31 5.4. Fixed-angleand Reggebehaviorin theCIM 87
2.4. The direct productionof leptons 40 5.5. Decay distributions 89

3. Models without pointlike constituents 43 5.6. Characterizationof inclusivereactions 90
3.1. Nonpartonmodelsfor fixed-anglescattering 43 5.6.1.Photonprocesses 96
3.2. Hadronicfireball approachesto largePT inclusives 49 5.7. Theoreticalexpectationsfor correlations

4. Hardscatteringmodels 58 involving largePT hadrons 98
4.1. Introduction 58 5.8. The productionof new particlesandlargePi 102
4.2. Countinglawsfor largePi reactions 58 6. Summaryandconclusions 104

4.2.1. Exclusiveprocesses 59 Appendix A: Derivation of thehardscatteringmodel 108
4.2.2. Application to inclusiveprocesses 62 Appendix B: Relationbetweencalculationaltechniques 110

Appendix C: Calculationsofwide-anglescattering

amplitudes 113
Appendix D: Alternative theoriesbasedon parton

interchange 115
References 116

Single ordersfor thisissue

PHYSICSREPORTS(SectionC of PHYSICSLEUERS)23, No.1(1976)1—121.

Copiesof this issuemay beobtainedat theprice givenbelow. All ordersshould besentdirectly to the Publisher.Orders
mustbeaccompaniedby check.

Singleissueprice Dfl. 37.50,postageincluded.

* Work supportedby the U.S. Energy ResearchandDevelopmentAdministration.



LARGE TRANSVERSEMOMENTUM PROCESSES

Dennis SIVERS, Stanley J.BRODSKY and Richard BLANKENBECLER

StanfordLinearAcceleratorCenter,StanfordUniversity, Stanford,Calif 94305, USA

q~c

NORTH-HOLLAND PUBLISHING COMPANY — AMSTERDAM



D. Siversetal., Large transversemomentumprocesses 3

Abstract:

We presenta comprehensivesurveyof experimentalandtheoreticalwork on largetransversemomentumprocesses.Exclusive
dataandsingleparticle inclusivemeasurementsaresummarizedandsomediscussionof multiparticle inclusivedatais included.We
reviewmanyof the predictionsof nonpartonmodelsincluding thegeometrical,statistical,elkonalandbootstrapapproaches.A
moredetaileddiscussionis given of the structureof modelsbasedon thehardscatteringof constituents.Thepredictionsfor
hadronicandelectromagneticprocessesbasedon quarkcountingrulesandtheconstituentinterchangemodel (CIM) aresummar-
ized.We presentnumerouscomparisonswith experimentandindicatethe frameworkfor thecomparisonwith newexperimental
data.Recenttheoreticalprogressin theproblemof relatingshortdistancestructureof hadronswith theasymptoticbehaviorof
form factorsand fixed angleamplitudesis alsoreviewed.We includea brief discussionof thepossibleinfluenceof newhadronic
degreesof freedomon large-p

1phenomena.Finally, we attemptto anticipatethe typeof experimentswhich will provedecisive
in theunderstandingof this subject.

1. Introduction

1.]. Large transversemomentumreactionsand the structureofhadrons

It has long beenknown that the averagehadron—hadroncollision producesparticleswith low
transversemomentum.A few yearsago,earlyexperimentsat the CERN—TSRindicatedthat the
probabilityof producinga particlewith largetransversemomentum,thoughquite small, is actually
severalordersof magnitudehigher thanmight havebeenexpectedon the basisof a simpleextra-
polationof the low transversemomentumdata.While theseexperimentalresultswerenot as
dramaticas the famousRutherfordct-particlescatteringexperiments[205], theymayhavethe
samesortof significance.It is apparentthat it is not feasibleto conceiveof hadroniccollision
processesas occurringbetweenstructurelessmatter distributions,but that thereis an effective
nonuniformitycharacterizedby a smalldistancescaleor perhapsby pointlike constituents.

In the pastdecade,the observationof scale-invariantelectronandmuonscatteringat large
momentumtransferhasdemonstratedthathadronshavean effectivepointlike constituentstruc-
ture. Theseexperimentaldatahavebeenwell-explainedin termsof the quark—partonmodel, in
which the carriersof thecurrentsarestructurelessbut yet carry a finite fraction of thehadron’s
momentum.Thusoneexpectsthathadronscanscatterto largetransversemomentumvia hard,
largeanglescatteringprocessesinvolving their constituents.The possibility that the largetrans-
versemomentumprocessesinvolving only hadronsaredirectly relatedto the deepinelasticlepton
inducedreactionshasattracteda greatdealof attention.We will devotethe majorportionof this
reviewexploringandpursuingthe consequencesof this typeof connection.

In contrast,therehavebeennumerousattemptsto explainthelargetransversemomentum
processeswithout invoking partons.Thesemodelslacksomeof theattractivefeaturesof quark—
partonmodelsin that theydo not makethe kind of unificationbetweenhadronspectroscopy,
electroproductionandhadronicscatteringpossiblein the quarkmodel.They areimportant,
however,in order to seehow far we cango without invoking quarksandin order to definewhat
constitutesa definitive testof the applicationof quark—partonideasto hadronicscattering.

Evenif grantedthebasicpostulatesof thequark—partonpictureof hadronicstructure,one
muststill admit thatthe violent collision of hadronsis a moredifficult way to probethat structure
thandeepinelasticlepton—hadronsinceboth thebeamandtargetparticlespossessunknowncom-
plexity. To usean analogydue to Feynman,studyinghadron—hadroncollisions is like smashing
two watchestogetherandwatching thegearsfly out! Pursuingthis analogywe seethat theproduc-
tion of largePT hadronsin sucha collisionprovidesa uniqueway to studyingthe,possiblyfunda-
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mental,“gear—gear”interaction.The ultimategoal is to understandboth leptonandhadron-
inducedreactionswithin the samebasic frameworkandto unravelthe essentialdynamicaldegrees
of freedomof the hadrons.Thevariety of informationon violent hadronicinteractionswhich is
experimentallyaccessibleis largeand therearemanyopportunitiesfor testingandrefining our
theoreticalideas.The extracomplexityin the hadron—hadroninteraction,if it canbe handled,
offers the possibilityof a richer lodeof information.Conceivably,suchinformationcould help
illuminate the centralmysteryof quark—partonmodels:the mechanismof confinementwhich
preventsquarksfrom being observedsingly.

In this reviewwe will attempt to summarizewhat is knownexperimentallyaboutlargetrans-
versemomentumreactionsas well as to examinethe currenttheoreticalspeculations.This sum-
mary will be as current aspossiblebut the natureof the field is suchthat theremaybe substantial
new informationandpossible“surprises”from new experimentsthat we havenot beenable to
cover.The cutoff dateon experimentalinformationis roughly January1, 1975 *~

Our reviewis organizedas follows. The remainderof the introductionwill presentsomegeneral
theoreticalconceptsandshouldserveto warnthe carefulreaderof ourpersonalprejudices.We
also outlineherethe main implicationsof the datafor varioustheories,the connectionbetween
small-pT andlarge-prphenomena,andthe interrelationbetweenlargePT inclusiveproductionand
exclusivelarge-anglescattering.In section2 we discussin furtherdetail the mainexperimentsand
try to extractthe phenomenologicalfeaturesof the data.In section3 we reviewmodel approaches
to largetransversemomentumwhich do not involve partons,including eikonal,bootstrap,fireball
andthermodynamicmodels.Interestinglyenough,we find that manyfeaturesof thedatacanbe
understoodin thesepurely hadronicterms. In section4 we returnto amorecareful treatmentof
hardcollision models.Particularemphasisis placedon theseparationof short-distanceandlarge-
distancephenomena,the dimensionalcountingansatzandspecific featuresof theconstituent
interchangemodel.We alsoincludea reviewof recenttheoreticaltreatmentsof theelastic form
factor. In section5 we concludewith adiscussionof how experimentsmaybe ableto discriminate
betweenmodels.The appendicesincludea derivationof thebasicequationof the hardscattering
model andacomparisonof different techniquesfor calculations.We alsodiscussareasripe for
moretheoreticalwork. Large transversemomentumphysicsis just at its infancyand thisreview
canonly be a smallsteptowardilluminating a crucialnew areaof hadronicphysics.

1.2. Implicationsofpower-lawscalingfor inclusivecrosssections

The fact that the observedinclusivespectrumof hadronsproducedat largetransversemomen-
tum at theCERN—ISRwas muchlargerthananextrapolationof the form exp(—

6PT) basedon
the Hagedornthermodynamicmodelsuggeststhatthe datacanbe explainedin ahardscattering
model.In thesemodels,becauseof theassumedstructurelessnatureof the constituentsthegeneral
form of theinvariant crosssectionfor A + B -÷ C + anythingis predictedto be

-~ 1~ (s,t, C)~2) f(t/s, c)7~2/~), (1.2.1)
d3p/E p3~)’m2 (p~,)N

wherep~. tu/sand~)1tis the missingmass.We call this factorizationof the crosssectioninto a

* Another review,with emphasison theexperimentalaspectsof largetransversemomentumphenomena,is now in preparation

(P. Darriulat). It shouldreviewthisfast movingfield asof theendof 1975. (Editorialnote.)
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powertimesa functionof the dimensionless“scaling” parameterspowerlaw scaling. For two-
body exclusiveprocessesA + B -+ C ÷D at fixed °CM the analogousscalingform is

(s,t) 1 f(t/s). (1.2.2)

dt p
3~)~m2(p~,)N

This latterscalinglaw alsoimplies the powerlaw falloff for the electromagneticform factorsof
hadrons.In general,the valueofNin (1.2.1)and(1.2.2)dependson the particlesinvolved.

Thereis substantialexperimentalevidencefor the approximatevalidity of (1.2.1)and(1.2.2)
which we will examinein more detail later. The onethingwe want to notehereis that a simple
parametrizationof the inclusivecrosssectionpp -~ ir°anything(seefig. 1 ~1),canbe written
(Busseret al., [661)

d3ci 120 mb/GeV2
(pp-÷ir°X)~ exp(—l3xT), 0.1 <X.~.<0.4 (1.2.3)

d3p/E [p~.+1 GeV2]4

whereXT = PT/PT max 2pT/\/~.Chargedpion dataat FNAL (for 0.3 < X.~-<0.7) seemsto fall
evenmorerapidly with PT’ roughly asp~2(Cronin eta!. [93]).

It is interestingto comparethis empirical formulawith theobservationof Bjorken scalingfor
deepinelasticleptonproduction.We canwrite theinvariant crosssectionas

1129 ~ ~ i ~ I I I I I I I I I I I I I I I I I

~\ \
\~ INVARIANT CROSS SECTION =

\ FOR p+p—..-ir°+anyth~ng
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Fig. 1.1. The inclusivecrosssectionpp —‘ ir°+ X versustransversemomentum.The data arefrom theCCR collaboration[661.
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d3u (ep~ eX) = 4~2 f(t/s, ~ a/s), s ~ m2, ~2/~ t/s fixed (1.2.4)

d3p/E t2

which is equivalentto

d3a (ep eX) a ~ 1(0cm, ~2/~). (1.2.5)

d3p/E p~

This formuladisplaysthe scale-invarianceof the leptoninclusivecrosssection.Thereis apparently
no relevantmassinvolved in this reaction.To theextentthatscaleinvarianceis valid experimen-
tally, we candeduce(in the one-photonapproximation)thatthe usual structurefunctions
W

1(p•q, q
2) and vW

2(p q, q
2) arefunctionsonly of the variablex = — t/(cfl~2 t).

Sincethe datanowimply that the electromagneticinteractionswithin hadronsareessentially
scale-invariant,it is evidentthat the exchangeof onephotonwill lead to a scaleinvariant cross
sectionfor hadron—hadroncollisions.This facthasbeenemphasizedby Berman,Bjorkenand
Kogut [281. The crosssectionfor one-photonexchangefor hadronsis, however,everywheremore
thanfour ordersof magnitudesmallerthanthe currentdata (seefig. 1 .2). Using (1 .2.3) to extra-
polate,wecansurmisethatone-photonexchangemaybe importantat~ 2000GeV and

p.r. 45 GeV/cwhich is neartheupperlimits of the rangeof possiblefuture Isabelleexperiments.
At very high PT wemight alsohavea contributionfrom the weak interactionsof hadrons.The
kinematicrangewhereall threetypesof interactionsarepotentially importantis likely to be full
of surprises.

1027 I I I I I

1028 -

I0_29 - -

1030 - -

~ 10-31 - -

CCR I~-52.7GeV

I0~- -

- -

- e61’T

- -

I0_36 BBK(ly -

exchange
~/~52.7 0eV

I I I I
0 2 4 6” 8 10 2

PT(GeV)

Fig. 1.2. The extrapolationof the Hagedornexp (— 6pi) andthe contributionof 17 exchangefrom BBK arecomparedwith CCR
data.
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In view of theform predictedfor one-photonexchange,a naturalansatzfor violent hadron—
hadroncollisionsproposedby Berman,BjorkenandKogut [28] andin a different form by Berman
andJacob [29] is thatthereis acontributiondue to the carriersof the electromagneticcurrent
interactingthroughvectorgluon exchange.It is conventionalto assumethatthe couplingconstant
which characterizesthis interactionis dimensionless,as in QED, in order to havea renormalizable
theory.This, in turn, leadsto a scale-invariantcrosssectionEd3u/d3pa p~4f(t/s,11?~2/s)in con-
trastto the parametrization(1 .2.3).Within thecontextof this model,however,the observedp

1
behaviormight be interpretedas implying that the matrix elementis not dimensionless.

Oneof the majorproblemsin understandingthe relevanceof quark—partonideasto violent
hadron—hadroncollisions is thenthe apparentabsenceof thisp~

4contribution.Onesimplepos-
sibility is just to assumea super-renormalizabletheory suchas an underlyingg~3theory in order
that the couplingconstantpossessesunitsof mass.As discussedin ref. [10] scalarexchangewill
give the observedp~8behavior.Anotherpossibility is that,dueto kinematicrequirementsandthe
absenceof observablequarks,a particlewith form factor F(t) (1 —t/m2)’ is alwaysinvolvedin
the interaction.This contributionis importantin the ConstituentInterchangeModel (CIM) of
Blankenbecler,Brodsky andGunion [41, 42], the relatedmodel of LandshoffandPolkinghorne
[174], and,as discussedby Ellis [107, 108] contributesto a“semi-inclusive”modeof the parton
gluonmodel.

It is not clear,however,thatmerelyremovingthe possiblep~4term solvesall the problems.
Datafrom theChicago—Princetongroupon pp -~ ir~XandFermilabindicatesthe situationis more
complicatedin that a single term of the form (1 .2.1) apparentlycannotfit all thedatasincethe
effectivepowerof N in (1 .2. 1) is different in differentkinematicregions.The mostnaturalways
of reconcilingall the datais to assumethat a sumof powerlawscaling termsis neededor thatN
dependson X

1. Correlationexperimentscantell theseoptionsapart,as weshall see.
A sumof termsis actuallypredictedin theconstituentinterchangemodel(CIM) of Blanken-

becler,BrodskyandGunion andin the massivequark modelof Preparata[199, 200].Onefinds
thatdifferent termswith differentpowersof p1 dominatein different partsof theCP experiment.
A quite acceptablefit to the FNAL andISR datacanbeachievedwith atwo-term parametrization
although,in principle,thereis no reasonto excludemoreterms. Thesoft gluon modelof Fried,
GaisserandKirby [129, 1301 predictsthatN increaseswith x1 (Fried [1241).

In the formervein, Bander,BarnettandSilverman[22] and Ellis [107] suggestthat threetypes
of mechanismscanbe important— eachdominantwithin its own regime in XT. At smallXT quark—
quarkscatteringis important,at intermediateXT quark—hadronprocessesbecomemore important,
andas onemovestowardthe exclusiveboundaryonly hadron—hadroncontributionsmaybe im-
portant.Experimentally,this is still very mucha possibility as long as thep~

4contributionis
small.Within thecontextof asymptoticallyfree gaugetheoriestheremight be somereasonsfor
this typeof suppression(Cahalan,Geer,Kogut andSusskind[68]).

As notedby Ellis [1071 theproductionof “jets”, manyhadronswith a total transversemomen-
tum of PT’ mayshowap~4scalinglaw eventhoughtheproductionof a singlehadron,at ISR
energies,falls off morerapidly.Similarly, in a modeldueto Preparata[199, 200], a scaleinvariant
form will not ariseuntil q~—* two “fireballs” becomespossible.We will discussthe predictionsof
all thesedistinct modelsfor inclusivespectrain moredetail andseeto whatextentcurrent or
projectedexperimentaldatawill allow usto distinguishmodels.In anyeventthe apparentabsence
of a scale-invariantquark—quarkcontributionin currentdatais of enormoustheoreticalimportance
from a quark—partonviewpoint andis oneof the moststriking indicationsthat thereareimportant
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aspectsof hadronstructurenot seenin deepinelasticleptonscatteringbut which canbe studied
in large-prhadroniccollisions.

1.3. Further implicationsof the large-transverse-momentumdata — Feynmanscaling

The differentkinematic regionsof the inclusiveprocessAB -~ C + anythingaredefinedin the
Peyrouplot shownin fig. 1.3. The invariant crosssection is describedin termsof the center-of-
massvariables,PT’ °CMande,

= tu/s

—t/s~(1—cos0CM) (1.3.1)

—u/s_~~(l+cos0CM)

� = du?~2/s 1 — = 1 — (x~-+x~)”2

wherec)?~is the missingmass,x
1 = p1/p~~ andXL = PL/PCM . The radialdistancefrom the

perimeterof the Peyrouplot is measuredby e.
The small-PT regionwherex1 0 containsthe bulk of the data. By conventionit is further

subdividedat high energyinto the “central” region,XL 0, the “triple-Regge” region,XL 1, and
the “fragmentation”region consistingof all intermediatevaluesof XL. The large-p1or “deep”
region is the onein which we areprimarily interestedhere.It extendsfrom PT > 2—3 GeV/c right
out to � = 0, the exclusivelimit. Since the deepregion sharesboundarieswith eachof the others,
importantconstraintson hadronictheoriescan beobtainedby requiringa smoothconnection
betweenthis and the otherkinematicregions.

Oneimportantfeatureof the inclusivecrosssectiondatais the approximatevalidity of Feyn-
man scaling.Forsmall transversemomentumthis meanswe canwrite

d
3p/E (s,PT’ XL) f(p

1, xL). (1.3.2)

This approximateasymptoticenergyindependenceis expectedtheoreticallyto be valid to within
logarithmicfactors.Thesefactorsareimportantin the discussionof the asymptoticbehaviorof
total crosssectionsbut theywill be neglectedhere.

As onecontinuesout into the deepregion,Feynmanscalingis expectedto generalize.One

e-~O(exclusive limit)
PT /

reg io’~-~<

(R/ _____

T.R. ‘, central region f T.R. ‘,

~“~TripIeRegge Region PL

Fig. 1.3. A Peyrouplot for the processAB —‘ C + anythingshowingthedifferent kinematic regions.
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possiblesimplegeneralizationis to write

d3p/E (s,pT,xR)~f(pT,xR). (1.3.3)

At fixed PT’ x
1 2pT/s/~goesto zeroass-4 oo and we expectsomeenergydependenceof the

crosssectionassociatedwith this fact. This doesnot meanthatFeynmanscalingfails at largep1,
it merelymeansthatcorrectiontermsdependon p1 sothat scalingis approachedmoreslowly at
largep1. Onecanarguethat the approachto scalingis largely kinematic in that theenergybehavior
of pp -# j5 andthe energybehaviorof pp -÷ ir arevery similar if they arecomparedat the same
valueof “effective mass”,v’m

2 + p~.This point is emphasizedin fig. 1.4 takenfrom the reviewof
Walker [225].

If we view hadronsas compositeor complexsystems,it is interestingto askwhat the effective
energyof the fundamentalinteractionsin a collision might be. For ordinary productionprocesses
mostof the energyis radiatedas hadronic“bremsstrahlung”down the beamdirection.High energy
aloneis not sufficient to studyhigh-energyinteractionssince,for example,in a multiperipheral
chainwe cango to high total energywithout anysubenergiesbecominglarge.When we observea
high-p

1 particle,however,we areguaranteedthatthereis a violentsubprocesswhich occursat a
minimumeffectiveenergysquaredof

5eff� 4p~.. (1.3.5)

The structureof aninteractionwith a hardcomponentis illustrated schematicallyin fig. 1.5.
In muchof the discussionof this reviewweareinvestigatingthepossibility that thishardcompo-
nentmayrepresenta simpleor evena fundamentalinteraction.If we canfind aprescriptionfor
stripping awaytheeffectsof theouterbremsstrahlung,thenwe canseewhetherwe can fi~irly
comparethis coresubprocesswith someannihilationcrosssection,suchas,for example,ae+e--+

hadronsat~e~e ~
4p~..The division of the processillustrated in thediagramof fig. 1.5 is quite

universal;virtually all the modelswhichhavebeenproposedturnout to havethis structurein
common. If we assumetheabsenceof importantinterferenceeffects,the inclusivecrosssection
correspondingto fig. 1 .5 canbe written in a simpleform involving probabilities.We definethe
distribution

Gb/B(x)=dNb/B/dx; O~x~1 (1.3.6)

I I III I I III I III

•Antiproton Doto
S otx’0 P

1-’O.65GeV/c

~otISR~

~otISR~( -

- P-~.’3GeVat ISR

• /1/PT- 6 0eV at ISR =
~k-__/~~~T’

8 ~ ~ I I I I

0 100 000

Fig. 1.4. Figuretaken from Walker [2251 comparingtheapproachto scalingof large-p
1pion datawith antiprotondata.
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for hadronB to containan offshell fragmentb with the longitudinal fractionx = p~/p~ of the
initial momentum.Thereis an implied integrationover the transversemomentumwhich is assumed
to be rapidly convergent.The conservationof momentumimplies the constraint

1 =~ fxdxGb,H(x) (1.3.7)

Notice that thereis a term in Gb/B(x) which correspondsto the “elastic” propagationof B without
bremsstrahlung

GB,B(x) Zö(l—x) . (1.3.8)

The quark—partonmodelfor deepinelasticscatteringgives the familiar relation

F28(x) = vW2(x) = ~ X~xGq/B(X) , (1.3.9)

whereGq~/Bis now the infinite momentumframeprobability function for aquark—partonof
chargeXa within hadronB. Within the samespirit, the inclusivehadron—hadronreactionscan,
at large-ps,be written in the form

d
3/E (AB~CX)=~ f dXa J’ dxb Ga/A(Xa)Gb/B(Xb) da (ab~CX), (1.3.10)

P bEB° P

whered3a’/(d3p/E)(ab -~ CX) is hadronirreduciblesincethe initial bremsstrahlungis contained
in the G’s. A derivationof (1 .3.10) isgiven in AppendixA. The “violent” subprocess,ab-÷ CX
occursat reducedSeff = XaXbS � 4p~..If the integrationover transversemomentum(which is im-
plied in eq. (1 .3.10)) is not performed,for example,we canstudyazimuthalcorrelationsin two-
particleinclusives.With a specificchoiceof elementaryscattering,eq. (1.3.10)and fig. 1.5 were
originally given by Berman,BjorkenandKogut [28]. It hasbeenrederivedandgeneralizedin
variousformsusinginfinite momentumframe techniques(Blankenbecleret al. [4 1,42]), Sudakov
variables(LandshoffandPolkinghorne[174,175,176]) andan analysisof the multiperipheral
model(Amati, CaneschiandTesta [10]; Levin andRyskin [180]). The interrelationsbetween
theseapproachesarediscussedin Appendix B. Possibleoff-shell effectsin the hardsubprocess
d3aV(d3p/E)(ab ~ CX) arenot explicitly includedin eq. (1.3.10).The fact that Gb,B(x) becomes
afunction independentof PBI for 1p

81 -4 o~,canbe derivedin super-renormalizableelementary
field theoriesandboundstatecalculations.

Otherexamplesof reactionswhich havethe samegeneralform as eq. (1 .3.10) includethe
Drell—Yan formula [102] for the processhh -÷ ji~p X via ~jqannihilationandthe two-photon
processee-~ cc + hadrons.

It is importantto notethe connectionbetweenthe behaviorof G(x) nearx 0 andthe Regge
behaviorof total crosssections.If U~A s~’onereadily finds (modulo logarithmicfactors)
(Feynman[119]; Landshoff,PolkinghorneandShort [178]; Abarbanelet al. [1])

GaIA(X)~ Cx° . (1.3.11)

Insertingthis into (1.3.10)we seethatPomeronexchange,a=1,givesFeynmanscaling for the
inclusivecrosssection,eq. (1.3.4).
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1.4. Relationsamongcrosssectionsin hardscatteringmodels

It is interestingto notethatmanyof the propertiesof crosssectionsin hard-scatteringmodels
canbe determineddirectly from theunderlyingbasicassumption.Consideranymodelin which
we canwrite in the limit s,t, u ~ (masses)2the exclusivecrosssectionas

(AB -+ CD) = (F~D(t))2K.~b(s,t, u) (1.4.1)

andthe inclusivecrosssectionin the triple-Reggeregionas
Ed3

G(ABt,VCX)ITRL Fb,B(x)K~b(xs,t,xu), (1.4.2)

dp ~ U

wherex = — t/(s + u) = — ~/~ — t is the Bjorken scalingvariable.The hadronicform factor
F~

0(t)reflectsthe probability of the transitionB -÷ D with D remaining intact and Fb,B(x) is the
generalizedstructurefunctiondescribingthe breakupof the targetB dueto the projectileb. These
equationsarethe analogsof the usualelectronscatteringformulaeandincludethe assumption
that thelargemomentumtransferis achievedin a single factorizableimpulse.A sumover the
internalindex b of suchseparabletermscanbe consideredas well but we will not write thissum
explicitly.

The expressions(1.4.1)and(1.4.2)areconnectedin the limit of smallmissingmassby a relation
of the Drell—Yan—Westtype [101,226]. The x -÷ 1 limit of the inclusivecrosssectioncanbe
written

d
3ci 1

lim = — [(l—x)Fb,B(x)]KAb(s, t, u) - (1.4.3)
x~.1d(dC)~2 cj~2

If thisis tojoin smoothlyontoexclusivescatteringfor o)7~2= m~,thenfor (l—x)~m~/(m~—t)
we musthave

(l—x)Fb/B(x) a (F~D(t))2 . (1.4.4)

Hence,

F~D(t) ‘—‘ (—t) Fb/B(x) (l—x)2’~—1. (1.4.5)

This is a simpleextensionof the Drell—Yan—Westrelationbut onehasnot assumedthat the
hadronicform factorshavethe samet-behaviorof the electromagneticform factor.

From(1 .4.1),we seethat in generalthe functionK fallsoff lessrapidlyat fixed anglethanthe
exclusivecrosssectionitself. Furthermore,if

(AB-+CD)Ifidt ~2(t)s2a(t)_2, (1.4.6)

then

KC (~ ,. 1 ,~ ~ 2a(t)—2 ~l 4 7Ab”’ ‘~‘fixedr ~ .

with

j3(t) = F~D(t) f3(t) . (1.4.8)
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Therefore,in thelimit s ~‘ ~J7~~~‘ It I (the triple-Reggeregionwith x 0) the inclusivecrosssec-
tion canbe written

Ed3 Icyp~2 ~1_2o(t)
° (AB -~ CX) — (_t)20(t)_2 ~2(t)Fb/fl(0) ~ — t) . (1.4.9)

dp

If this term is to contributeto Feynmanscalingwe mustrequireFb/B(O)~ 0. A moregeneral
parametrizationof Fb/B(x) nearx = 0

Fb/B(x) fb/BXa (1.4.10)

resultsin the behavior

Ed3 IC~j(2 ~1—a—2a(t)~ (AB —~ CX) — (_t)2a(t)_2 ~2(t)fb,B(_t/S)a ~ _t) . (1.4.11)
dp

Theusualtriple-Reggeformulais independentof thex -÷ 1 behaviorof Fb,R(x),however,if we
want to guaranteethat it connectssmoothlyonto the exclusivelimit it is importantthat we con-
tinue awayfrom x = 0 with theappropriateform of Fb/B(x)obeying(1.4.4). Thissimplecorrec-
tion to the triple-Reggeformulabecomesimportantfor decreasingmissingmass.

If we want to generalizetheexpression(1.4.2) to describethe inclusivecrosssectionin the
centralregionwe mustconsiderthe fragmentationof the projectileA. If we write the probability
of finding fragmenta of particleA with longitudinalmomentumfractionXa as Ga/A(Xa)=

X~1Fa/A(Xa)it is suggestiveto write the crosssectionin the explicitly symmetricform

Ed3a (AB CX) = f dXa dxb 6(XaXbS ÷Xat + XbU — m~— m~— m~— m~)

dp

X Fa/A(Xa) Fb/B(xb)Kb(XaXbS,Xat~XbU) , (1.4.12)

wherea sumover a andb is againunderstood.Comparingthis form with eq. (1.3.10)we seewe
haveisolateda restrictedsubsetof possibleinternalprocessesin the mostgeneralhardscattering
modelwheretheinternalsub-processis a 2—2 scatteringleadingto particlec.

By a simplechangeof variable,eq. (1 .4.12)canbe rewrittenas an angularintegralof the form

(1—2x2) ‘ 2 ‘ / 2 ‘ / 4 2Edo r dz F 1F I 2 K’~ — ____ 1 4 13’)

d3 — (1 —z2~a/A ~fj~7 b/B f~/ ab — 1 _z2’P —(1--2x
1) 1

Where K canbe identified with (2/7r) da/dt (ab -÷ cd). In thelimit of largep~at fixed x1 andx2,
the dependenceonp~is givenin termsof the fixed anglebehaviorof thebasicprocessdescribed
by Kb. For example,for the processpp -+ 7rX, an estimateof thecontributionfrom the pion
intermediatestatecanbemadeby usingtheempiricalresultthat irp -÷ irp variesass

8 at fixed
angleF~(t)‘-~ (—t)2, andhenceK -~ s’t. This contributionto the inclusivecross sectiontherefore
variesas (p.~y4.It is possibleto makea muchbetterestimateby a moredetailedestimateof
K(s, t, u) but this will be postponeduntil specificmodelsarediscussed.We seethatmanydifferent
modelswill yield formulasof the abovestructure;theymustbejudged,therefore,on their
detailedpredictionsfor FBD(t), Fb/B(x),andK(s,b, u), on their rangeof applicability, andtheir
simplicity. A furthergeneralizationof (1.4.13)allows for final statefragmentationof c into C.
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Fig. 1.5. The structureof an inclusiveprocessin ahard-collisionmodelwherethereis aunderlying 2—2 subprocess.

1.5. Whatare the importantinternal mechanisms?

Giventhat the underlyingstructureof currentmodelsis roughly determinedby the form of the
diagramshownin fig. 1.5, the differencesbetweenthevariousapproachesconsistof assumptions
concerningthe questionof what the importantinternalmechanisms,ab—~CX in eq. (1.3.10),
can be. The possibilitiesincludethe following.

1.5.1. Quark—quarkscattering
This is the mechanismoriginally discussedby BermanandJacob [29] andmadeexplicit in the

pioneeringpaperof BBK. The large-anglequark—quarkscatteringis followed by the scale-invariant
fragmentationof oneof the quarksinto thehadronC. If the fundamentalquark—quarkinteraction
is scale-invariantthis leadsto Eda/d3pscalingasp~4as discussedearlier.The implicationsof this
modelfor particleratiosandfor two-particleproductionhavebeenexploredby Ellis andKislinger
[110] andby Bjorken [32,33,34]. More complicatedphenomenologicalformsfor the quark—
quark crosssection,constrainedto agreewith fixed-angleexclusivehadronicprocesses,areusedin
the calculationsof Horn andMoshe [148].

Quark—quarkscatteringis in manysenses,the mostattractivehardcollision modelbecauseof
its simpleconnectionwith ideasfoundusefulin deepinelasticleptonproductionandthe amount
of work doneon the manyalternativesis duelargely to the apparentabsenceof thep~4behavior.
The specificpredictionsfor thephase-spacestructureof eventsand for particleratiosareimpor-
tantpredictionswhich merit testingin spiteof thisfailure.

1.5.2. Quark—hadronscattering
Thesearethe dominantcontributionsof theconstituentinterchangemodelof BBG. Thebasic

hypothesisis that the quark—quarkscatteringcontributionsaresuppressedleavingothertypesof
internalsubprocessesinvolving quarksandhadrons(perhapsbecausethedominantinteractionis
betweenquarksandtheir containers).Oneimportantexampleof such acontributionis qM ~ qM
(quark—mesonscattering).Herewe caneitherdetectthe hard-scatteringmesondirectly or the
quarkor mesoncanfragmentinto a hadron.Sincethe fragmentationfunctionsareassumedscale
invariant, the powerof p

1 in the powerlaw scaling,eq. (1.2.1),directlyreflectsthe fixed angle
energydependenceof the subprocess.A simpleansatzfor the scalinglaws of exclusiveprocesses
is given by the dimensionalcountingrulesof BrodskyandFarrar[62] andMatveev,Muradyan
andTavkhelidze[183]. We will discussin considerabledetail in section4.3 how theserulesare
derivedandtheir implicationsfor severalprocesses.The nontrivial extensionto the generalcase
andto inclusivescatteringwasgiven by BlankenbeclerandBrodsky [40] and will alsobe covered
in considerabledetail.
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The quark—hadronmechanismhasalsobeendiscussedin detail by LandshoffandPolkinghorne
[174—1771 wherethereis specialemphasison the fusion mechanismq~j-÷ MM. A relatedapproach
canalsobe found in the work of Kinoshita [160] and collaborators.

1.5.3.Hadron—hadronscattering
In the multiperipheralmodelof Amati, CaneschiandTesta[l0] andLevin andRyskin [180],

the diagramof fig. 1 .5 is still relevantif we think of the centralcollision as the two-bodyprocess
MM ~ MM wheretheM is theelementaryscalarin ag~3field theory.This modelhasbeen
thoroughly discussedby Levin andRyskin [180]. It leadsasymptoticallyto a strict p~8scaling
law for the inclusive crosssectionbut thereareseriousdifficulties in makingconnectionswith
deepinelasticreactionsandlargeangleexclusiveprocesses.In its simplestform the modelpredicts
limited multiplicities in the recoil systemoppositea high-p

1hadron.
A moregeneralapproachhasbeendiscussedby Teper [221] who merelyassumesthat the

violent subprocessis a purely hadroniclargeanglescatteringprocess.Quarksor partonsare thus
neverexplicitly mentioned.If we adopteither theconstituentcountingrulesor empirical fits for
variousexclusivelarge-angleprocessesthiscanprovideinterestinglower boundson the behavior
of the inclusivecrosssection.Experimentally,exclusivemeson—baryonscatteringis roughly con-
sistentwith the scaling law

(1.5.1)

Thus,usingeq. (1.3.10),we see that we musthavea contributionproportionalto

Ed

3u ~ ~f(~cM,~) (1.5.2)

dp p.r.

both for pp -~ BX andpp -~ irX. Thesecontributionsarealsopresentin the CIM but they are
usually assumedto be dominatedby termsinvolving quarksat sufficiently largevaluesof p

1 (at
fixed xT). Similarly, theassumedbehavior

~(MM-4MM)~-
1f(0cM) (1.5.3)

given by thedimensionalcountingrulescan leadto a contribution

(1.5.4)
dp p

1
It is a virtue of the assumptionthat the violent subprocessinvolveshadronsthat it allows us

to usethe structureof eq. (1.3.10)directly with experimentaldataon large-angleexclusivescatter-
ing in order to calculateinclusivecrosssections.To the extentthat we canneglectoff-mass-shell
effectsandcoherence,this shouldprovide importantnormalizationchecks.The approachshould
alsopredictsimply particleratiosfor smallXT wherethe fragmentationfunctionsareproportio-
nal to total crosssections.Sinceit is not clearwhethera point-like power-lawfalloff or an expo-
nentialfalloff associatedwith a massscaleis requiredfor large-angleexclusivecrosssections,the
advantageof dealingdirectly with datais obvious.

If we discussthe violent subprocessesin fig. 1.5 in purely hadronictermsthe notion of a
“fireball” or high-massexcitedhadronicstatebecomesimportant.For example,in the earlymodel
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of BermanandJacob[29] the internalheavyvectorgluon exchangeleadsto the excitationof
baryonicfireballs. A versionof this modelwas discussedby BergerandBranson[271. In its direct
form, themodel requiresthata baryonbe foundwith largetransversemomentumon eachsideof
the collisionaxisalongthedirection of thescatteredfireballs. Theremayalsobe problemswith
Feynmanscalingor crossingsymmetry in the particularversionsof the modeldiscussedso far.

Anotherapproachto diagram 1 .5 is to assumethe coresubprocessconsistsof theproductionof
a singleheavy fireball. In order to be different from the fireballs in the statisticalbootstrapap-
proachof Hagedorn[137] andFrautschi[122], this new heavy fireball musthavesomeunusual
characteristicsassociatedwith it. If it possessedthe usualcascadedecaymode found in bootstrap
models,then theinvariant crosssectionwould be approximatelygiven by a Boltzmannfactor
exp(—pT/kTO)althoughBouquet,LetessierandTounsi [54] haveshownthatmodificationsdue
to a largerecoil momentumbuilding up after severaldecayscanbroadenthep1 distribution.With
oneor morenew massscalesin additionto the usualkT0 in~of the statisticalbootstraptheory
we canobviouslyreproducesingleparticledistributionsbut theremay be someproblemsin
gettingreasonabletwo-particledistributionsandmultiplicities from a cascadedecaymode.Within
the contextof onefireball model, it is difficult to treatquantumnumberconstraintscorrectlyso
that, for example,a nontrivial K~/K particleratio canbe obtained.

Anotherpossibility is that this new typeof heavy fireball possessesa non-negligiblefission decay
mode,F(M) -~ F*(M/2) F*(M/2), in order to give the final stateadistribution in phasespacemore
like thejet structureof the partonmodel.Obviously,to acertainaccuracy,we canthenreproduce
manyparton-modelresults.

1.6. Thestructureofhigh-pr events

One of the potentiallymost interestingpiecesof informationthat canbe obtainedconcerning
largetransversemomentumphenomenais thestructureof eventsin phasespace.Whena high-p1
particleis producedwe would like to know howmanyotherparticlesareproducedandwhat
regionsof phase-spacetheypopulate.A spectacularpossibility is that completelynew andun-
expectedtypesof matter,such ascoloredor charmedhadrons,weakbosons,or heavyleptons,
maybe preferentiallyproducedin associationwith largetransversemomentumparticles.In any
case,the measurementof correlationsandassociatedmultiplicities canprovidesevererestraintson
modelsfor the underlyingproductionmechanism.

An essentialcharacteristicof hard-collisionmodelstypified by fig. 1.6 is thedevelopmentof
somesortof jet structure.It is easyto see how this ariseswithin thecontextof thesemodels.The
fragmentationof the initial hadronsandpossiblefragmentationof thescatteredconstituentsis

assumedto be a gentleprocesswhich preservesthe directionof all hadronicmomentawithin fluc-
tuationsof typical size (p1> -~ 0.3 —0.4 GeV/c. In the casethatoneof thescatteredparticlesis a
quarkparton,this entailsa belief that as in modelsfor deepinelasticscatteringthe final stateinter-
actionswhich neutralizequarkquantumnumbersareof thissamegentlenature.The coplanarity
of the internalhard-scatteringprocessis thereforeapproximatelymaintainedin the regionsof
phasespacein which final statehadronsarefound. Event-by-eventtherewill be fragmentation
productsalongbothbeamdirectionsandalongthe directionof the scatteredlarge-p1constituents.
This structureis shownin fig. 1 .6. The fact that the two large-p1jets emergeapproximately
coplanarbut not collinearis dueto thecenter-of-massmotion of a andb.

The observationof jet structurewould be a successfor hard-scatteringmodelswhile themeasure-
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Fig. 1.6. Figuretakenfrom Savit [2081 demonstratesthe regionsof phasespacepopulatedby hadronsin hard-collisionmodels.
The underlying2—2 subprocessleadsto jet structure.

mentof jet—jet crosssectionswould offer the potentialof looking back“inside” an eventand
deducingthe fundamentalquark—quarkor quark—hadroncrosssection.However,thereis some
evidencefrom recentmeasurementsof azimuthalcorrelationsassociatedwith large-p1by theCCR
groupthat the deviationsfrom coplanarityin large-p1eventsaresignificantly greaterthanwhat
is expectedon the basisof the simplearguments(Bjorken [35]). The spreadin hadronmomenta
aroundajet axis is morelike 1.2 GeV/cthan0.35GeV/c. It maybe possiblethathard-scattering
models,sincetheypreferp1 distributionsthat fall ratherslowly (aspowers),will be ableto
accommodatethis fact but thesituationis not as clear asit might havebeen(Gunion [135,1361).

An importantpoint to rememberis thatif oneof the scatteredconstituentsis a quark,the
multiplicity anddistributionof hadronsin thejet associatedwith thatquarkshouldbe identical
to thatof thesystemwhich balancesthe transversemomentumof a deeply-inelastic-scattered
lepton.This connection,involving particleratios,etc.,canbe testedexperimentallyin order to
quantifyour presumptionthatquarksrepresentan importantdynamicaldegreeof freedomin
large-p1hadronicprocesses.

If the basichardprocessis quark—quarkscattering,the usualassumptionis that in a given event
all the availablephasespaceregionsshadedin fig. 1 .6 areapproximatelyuniformly populated.
However,if the quarksscatterthrougha singleelementaryexchangethenthe middle regionswill
usuallybe emptyof hadrons:Furtherdetailson multiplicities andthe phasespace-geographyof
the parton modelarediscussedby Bjorken [351, Savit [208], andby Ellis andKislinger [110].

Let usbriefly compareseveralmodels.In the hadronicmultiperipheralmodel, the active
processis just meson—mesonscatteringandthe averagehigh-p1jets consistof only a limited num-
ber of particles.The fusion processq~j MM is assumedto dominatein the covariantpartonmodel
of Landshoffand Polkinghorne[177]. In the simplestversionof thismodelwe would againexpect
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a typicaljet to containa fixed numberof particles.In theCIM anotherimportantprocessis
qM -~ qM which leadsto an asymmetricsituationwherethe averagemultiplicity on thequark side
growswith increasingp1 while the multiplicity on theothersidestays fixed. Sincetherearepo-
tentially manydifferentprocessesimportantin the CIM andeachcanhavedifferentcharacteris-
tics, theaveragephasespacepopulationis probablymorelike the simpleparton model.

An importantprediction in the fireball modelof BermanandJacob[29] andBergerand
Branson[27] is thatoneexpectsbaryonnumberonein eachjet.

2. Experimental summary

The productionof particleswith largetransversemomentumin hadroniccollisions is a subject
of intrinsic experimentalinterest.Evenif it were clearthat theresultscouldbe fit by mundane
extensionsof ideasvalid at small transversemomentums,the experimentswould be valuablein
order to exploreanddefinethe short-distanceboundaryof the stronginteractions.Of course,the
experimentsdoneso far havenot beenmundanebut haveproducedsomebig surprises.This make
physicsinterestingandit is the interestgeneratedby thosesurpriseswhich triggeredthelarge
amountof work which nowjustifiesthis review.

In this sectionwe attempt to summarizethe availableexperimentaldatawith a minimum of
theoreticalinput. Theoreticalprejudicewill not be absentsinceit will influencewhatsubjectswe
includeandsinceit hasa largeeffect on how we or theoriginal authorsof thepapersreviewedhere
chooseto plot data.We hopethat this summaryof thosedatawhich beardirectly or indirectly on
thenatureof hadronicinteractionsatshort distancemay provevaluablea sourcematerial to those
with new untried-theoreticalideasor thatit canprovidean entry into the original literaturefor
thoseinterestedin moredetailsof the experimentalsituation.

The datawe reviewhereincludestwo-bodyexclusivescatteringthroughlarge angles,single-
particleinclusivespectra,andtwo-or-moreparticleinclusivecorrelations.We concludewith a
partial list of experimentswhich havebeenproposedandwhich mayproduceresultsin thenear
future.

Previousreviewsor experimentalsummarytalkswhich canbe consultedfor moredatainclude
Lundby [182],Walker[225],EllisandThun[lll],Brodsky [58,59,60], Landshoff[169,170],
Cronin [92], Darriulatet al. [97] andJacob[154].

2.1. Exclusivescatteringat large angles

Dataon exclusive2—2 scatteringprocesseshaveaccumulatedsteadily over theyears.In the
forwardandbackwarddirectionsdifferentialcrosssectionscanbe describedby Reggeparametri-
zationsof the form

(AB-÷CD)15~ -~ ~3(W)s2~(~2, (2.1.1)

wherew = t or u. The size andenergydependenceof theseperipheralpeaksis correlateddramati-
cally with the quantumnumbersexchangedin the t or the u channel.Fig. 2.1.1,takenfrom Chiu
[78], indicatesoneaspectof this correlationwhich supports(2.1.1). The bulk of theexistingdata
lies within the peripheralpeaksandit is thereforenot surprisingthatmostof thetheoretical
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Fig. 2.1.1.Takenfrom Chiu [781.The crosssectionof peripheralpeaksatPLAB 5 GeV/cis correlatedwith theexchanged
quantumnumbers.Thesystematicsof this correlationis supportfor thebasicfeaturesof Reggetheory.

attentionhasbeendirectedtowardsthis Reggeregion.
We areprimarily interestedherein the scatteringof hadronsthroughlargeangles.Away from

the peripheralpeaks,theonething commonto all reactionsis that the differentialcrosssections
fall rapidly with energy,requiring experimentswith high beamintensityand/orlong runningtime.
Thekinematicrangein whichmeasurementshavebeenmadereflectsthis counting-raterestriction
but accentuatedtheoreticalinterestin the topic may helpjustify the considerableexperimental
effort andmachinetimenecessaryto extendthe coverageof this kinematicregion.
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Fig. 2.1.3.The irp elasticcrosssectionat 5.0 GeV/cis corn-
Fig. 2.1.2. Figurefrom Eideetal. [1041 showingtheelastic paredwith ir~p—‘K~~andirp —‘ ~°n at large1.
differential crosssectionsat 5 GeV/cfor pp, lr+p, irp, K+p,
Kp and~p.

Differential crosssectionsatPLAB 5 GeV/c for pp, ~p, ~i.tp,K~pelasticscatteringareshown
in fig. 2.1.2.In fig. 2.1.3 irp elasticscatteringis comparedwith ir~p-÷ ~ andirp -÷ ~°n.
Exceptfor pp scattering,all theotherlargeanglecrosssectionsareremarkablysimilar in magni-
tudeat this energy.Thereappearsto be no solid explanationfor the specialrole of pp but the
striking similarity in size of theothercrosssectionsat90°comparedwith the largedifferencesin
the size of the peripheralpeaksindicatedin fig. 2.1.1 is worth noting. Evidencediscussedbelow
suggeststhat the pp crosssectionfalls with energymorerapidly thanthe othersso theremay be
an energyregimewheretheyareall comparable.

Whenconsideringthe energydependenceof the large-angledifferentialcrosssections,it is im-
portantto notethe fact that low-energynon-diffractivecrosssectionsin the forwardandback-
wardregionsexhibit a rapid falloff with energybeforethe emergenceof the peripheralpeaks.This
fact hasbeenemphasizedby Lundby [182]. Fig. 2.1.4showsbackwardK~pelasticcrosssections
as a functionof laboratorymomentum.Both reactionsinitially exhibit a rapid falloff at low ener-
gieswhich, for K~p,is replacedaboves = 4 GeV2 by a slowerenergydependenceas the peripheral
peakemerges.No backwardpeakis observedin Kp scatteringuntil evenhigherenergiesandfor
this reactionthe initial energydependenceis maintainedmuchlonger.Fig. 2. 1 .5 demonstrates
this samepoint. The datafor backward~5pscatteringshowanotherreactionwhere, in an exotic-
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Fig. 2.1.4. Energydependenceof backwardK~pandKp
elasticscattering. Fig. 2.1.5.Backwardelasticpp scattering.

exchangechannel,the typically rapid low-energyfalloff of thecrosssectioncontinuesto a fairly
high energy.A possibleconnectionof the low-energymechanismwhich is responsiblefor this
rapid falloff with the dynamicmechanismresponsiblefor thehigh-energyfixed-anglecrosssection
will be discussedin section4.5.This maybe an interestingpoint to explorefurthersincebehavior
of the low-energycrosssectionsis usually attributedto specificpropertiesof the low-lying direct
channelresonances.

Onecorollaryof this observationis that it is possibleto extrapolatethe large-anglecrosssec-
tions from low energiesto high energieswithout encountingthe typeof dramaticbreakobserved
in fig. 2.1.4 for backwardK~p.As an exampletheK~pelasticcrosssectionas measuredby Baglin
et al. [19, 20], Danyszet al. [96], Akerlof et al. [3] andYuta et al. [2291 is shownin fig. 2.1.6.

Of course,the bestreactionfor adetailedstudyof the energydependenceof the differential
crosssectionat largeanglesis pp ~ pp wherewe havegooddataover a largerangeof energy.The
pp differentialcrosssectionat 60°,70°,80°,and90°is shownas a functionof ln sin fig. 2.1.7.
The linesdrawnthrough the dataindicatethe possibility of dip structurein the crosssectionat
theselarge angles.Thisstructure,as well as fits to the databasedon currentmodelswill be dis-
cussedin moredetail later. One featurein the datawhich is notableis the absenceof anylarge
shrinkageeffects — the crosssectionat differentanglesis falling at approximatelythe samerate.
This indicatesthe possibilityof approximatelyfactorizingthe crosssectionat largeanglesinto aform

(s, cosO)I~05e~+1f(s)g(cosO). (2.1.2)
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Fig. 2.1.6.K~pscatteringat90°in thecm.

This factorizationis indicatedmoreclearly in fig. 2.1.8wherethe pp crosssectiondataatdiffer-
ent energiesnormalizedto the90°crosssectionare plottedas a functionof cos0. It is interesting
to investigatepossiblecorrectionsto eq.(2.1.2) but wewill deferthis until we candiscussthe im-
plicationsof variouspossiblemodelsfor the crosssection.

The systematicsof differential crosssectionmeasurementsareimportantbut if we areto deduce
amplitudestructurefor thevariousprocessesit is necessaryto havemoreinformation.Polarization
measurementsareobviously importantbut, becauseof thesmallcountingrates,therehavebeen
very few polarizationexperimentsextendingto largeangles.The dataof Abshireet al. [2] include
polarizationmeasurementsfor pp elasticscatteringout to t = —6 GeV2. This data is showncom-
binedwith somesmall-i’ polarizationmeasurementsin fig. 2.1.9.Two featuresarenotable.The
polarizationdoesnot vanishatlarget at this energyand thereis evidencefor somestructure,
perhapsdoublezerosat t ~ —1, —2.5, —4GeV2. We canconcludethat asinglespin amplitude
doesnot dominatein this rangeof momentumtransferandthat the differentamplitudeshave
potentiallycomplicatedbehaviorat largemomentumtransfer.

Anothertypeof structurewhich maybe importantat larget consistsof rapid fluctuationsof
amplitudeswith energyor with angle.Thisbehavior,knownas EricsonFluctuations[113], is
familiar in nuclearphysics.Experimentsdesignedto look for Ericsonfluctuationsin pp elastic
scatteringhavenot reportedanyevidencefor the phenomenon.Allaby et al. [51 examinedpp -~ pp
at 16.9 GeV/cover a rangeof anglesandAkerlof et al. [3] lookedat °CM= 90°overa rangeof
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energieswithout seeinganysharpstructure.F. Schmidtetal. [210], motivatedin part by a pre-
diction of Frautschi[123], havelookedat ir~p-4 ii~pat 5 GeV/c.The incidentbeampossessedat
a momentumspread~p = 1 20 MeV/c but the final statescatteringangleswere measuredwith
sufficientaccuracyto calculatethe incidentmomentumof agiveneventto ~p = 14—20 MeV/c.
This allowedthe data to be dividedinto two bins with momentumgreaterthanor lessthanaver-
age. At eacht, an asymmetryparameterwas definedby

A = N(÷)—N(—) (2 1 3)
N(+) + N(—)~

Dataon A areshownin fig. 2.1.10. The largeasymmetry,particularly indicatesthat, in some t
bins, the crosssectionmaychangeby a factor of 3 whenthe incidentenergyvaries by 36 MeV.
It would be interestingto verify this result in otherexperimentsandlook for thesefluctuations
in different reactionsandat differentenergies.

In summary,the main featureswhich canbe extractedffom the dataon large angleexclusive
scatteringarequite simple.The falloff with energyof differentialcrosssectionsis roughly like
s8 — s~’°in contrastwith the ~O— s2 observedin high energyperipheralpeaks.Thereis the pos-
sibility thatthis rapid falloff is connectedto the energydependenceof crosssectionscloseto
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thresholdso atlargeangleswe havea smoothcontinuationfrom high energiesto low energies.The
pp elasticcrosssectionis muchhigher thanir~p,K~pandj5p elasticbut maybe falling morerapidly.
Therearesomeindicationsfrom new dataon polarizationandEricsonfluctuationsthatlarge angle
amplitudesarenot completelysmoothandfeatureless.The questionof whetherall thesefeatures
of the datacan be accommodatedwithin the frameworkof existingtheoreticalideasis very
interestingandwe will addressthis problemin somedetail below.

2.2. Singleparticle inclusiveexperiments

In this sectionwe discussexperimentaldataon the single-particleinclusiveprocess

AB -~ C + anything, (2.2.1)

wherethedetectedparticleis observedto havelargetransversemomentum.The important
featuresof the dataincludethe shapeandenergydependenceof the inclusivespectra,particle
ratios,andthe connectionof thehigh-pt spectrato thosemeasuredatlow PT•

The first high-pssingle-particleinclusivemeasurementsat theCERN—ISR reporteda yield
muchlargerthanhadpreviouslybeenexpected.As shownin fig. 2.2.1, theinvariant crosssection
for producinghadronswithp1 = 5 GeV/c is approximately10~timeslargerthanthevalue given
by a simpleextrapolationof theexp(—

6p
1)dependencefound to bevalid in theregion0.15~ p1

~ 1 .0 GeV/c.The currenthigh energyexperimentswith substantialdata for theproductionof
particleswith PT > 2.0 GeV/carelisted in table2.1 alongwith someof the importantexperimental
characteristics.This tableis an updatedversionof a similar listing given by Ellis andThun [111].

I0~29 I I I I I I I I I I I I I I I I I ~ I

pp—ir°+ anything

- ~

-31

_\ ~ ,/~(GeV) -

~ I0~ - \ ~
~ o 44.8

E ~ \ + o~v ‘ 52.7
~, 0 - \ A 0 62.4 -

blO. I I~ ‘

~ I0~~

~ \ ft

= \~~_I.2xIo_25e-6pi 1’10—36 EI I I I I I I I2 3 4 5 6 7 8 9
pj (0eV/c)

Fig. 2.2.1.Data from the CCRcollaborationat theCERN—ISRon the inclusiveprocesspp —*~O near900 in theCM demonstrating
theexcessyield over anextrapolationof the form exp(—6p1) fitted to thelow PT data.
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Table 2.1
Measurementsof inclusivesingle-particlecrosssectionsat largePT

Experiment Reaction Detector c.m.energy PT range cm. angle
(GeV) (GeV/c) (Degrees)

CERN—Columbia— 23.5 2.8—4.6
Rockefeller(ISR) 30.6 3.0—6.4

pp —o ir
0 + anything Lead-glass 44.8 2.6—5.9 90 30

Busseret al. [66] 52.7 2.6—9.0
62.4 2.9—4.6

Saclay—Strasbourg pp —0 + anything Magnetic 23.2, 30.4 1.0—3.0
(ISR) (X not identified) spectrometer 44.4, 52.7

pp —~ + anything and 44.4, 52.7 3.0—5.0 90

Banneretal. [23] pp —~‘y + anything showercounter 44.4, 52.7 1.0—3.0

British—Scandinavian Single-arm 44 1.3—3.2 59 39
(ISR) spectrometer 53 1.3—5.0 59

pp —~ +anything with two magnets 23—62
Alper et a!. [7—91 p~ ~erenkov counters 44 1.5—4.7 90

added? 53 1.5—4.6 90

Chicago—Princeton
Fermilab pW—~K~ . Magnetic 19.4 0.8—7.3 77

— +anything
pBe~-op,p spectrometer 23.8 0.8—7.6 89

Cronin etal. [931 dd 27.3 0.8—7.2 96

Careyetal.[71,72] } pp ~ +anything Lead-glass 9.8—27.4 0.2—3.0 Fixed anglein

Columbia—Fermilab pp —~no + anything
— . Lead-glassAppelCt al. [12] pp -. h + anything

CERN—Paris—
Heidelberg + . tSR split fieldpp~h +anything .. 52.5 2—4 9—21
Karlsruhe magnetfacility
Cottrell et al. [90]

Thefact that the numberof completedexperimentsis still smallenoughsothat they canbe in-
cludedin this tableis importantas a reminderof how new this subjectreally is.

A notablefact of table2.1 is that all theexperimentswe will- discussheremeasureproton—
nucleoncollisions.Experimentswith pion or othertypesof secondarybeamsarestill only in the
preliminarystage.As we go through the following outlineof resultsit is importantto keepin mind
thatthe variousexperimentsarein substantialoverall agreement.Therearesomeproblemscon-
cerningtherelativenormalizationof thedatafrom differentexperimentsbut theseareminor in
view of thefact that,with the steeplyfalling crosssections,a 10% errorin measuringthe absolute
valueof the transversemomentumcanleadto morethana factorof two in the absolutevalueof
the crosssection.

The CERN—Columbia—Rockefellercollaboration(CCR), havemeasuredir°productionat the
CERN—ISR. Gammaraysfrom the decayof a~ aredetectedin an arrayof lead-glasscounters.
The two photonsfrom the decayof a ~r°arenot spatially resolvedandthe totalphotonenergyis
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measured.The contaminationin thesignalat largep1 from ~ productionis suppressedsincethe
decayof anr~would leadto photonsin different countersandwould be countedas two ir°’swith
lower transversemomentum.A morerecentexperimentshowsthat flb/7r0 ratio = 0.55±0.11 for

~ in the interval 3 to 5.6 GeV/c (Busseret al. [67]). Due to the largekinematicregionspanned
by this experiment,the global dependenceof the datais extremelyimportant.The claim is that
all thedatacanbe fit to the empirical form (GeV units)

Ed
3a= -~-- exp (— bx

1) (2.2.2)
dp PT

(seeeq. (1.2.3) in the Introduction)wherex1= 2p1/~’~,A = 15.4 mb, n = 8.24±0.05 and
b = 13.05±0.25. Becauseof thesystematicerrorsthedataareconsistentwith n 8 which was
the powerpredictedby theconstituentinterchangemodel(Blankenbecler,Brodsky andGunion
[41,421) for this process.

Threeotherexperimentshavemeasuredy-ray yields. The Saclay—Strasbourgcollaboration(SS)
havedataon pp -4 ‘y for valuesof p1 ~ 3.0 GeV/c.Thesemeasurementscanbe convertedto ~°

spectraassumingthereis no othermajorsourceof high energyphotonssothatthe interpretation
of the datarequiressuppressionof i~production.The SS resultsgenerallysupportthep1 and
energy-dependenceof the CCR datain the regionof overlapexceptthatan overall normalization
factorof approximately0.7 is neededwhich brings(2.2.2) into agreementwith the SS rate(see
Busseret al. [67]).

The FNI collaboration(Careyet al. [71,721) measuredpp -+ + anythingatFermilabfor fixed
lab anglesof 80, 100 and 120 mrad. For incidentprotonenergiesfrom 50 to 400GeV/c.This
translatesto a rangeof

0CM from 40°to 110°.Convertingto a ir°invariant crosssectiontheyfit
their dataat all anglesto the form (GeV units)

(pp—~ ir°X) (1 xR)(p + 0.86)~~~ (2.2.3)

d3p I

whereXR P”Pmax is the radialscalingvariable.Sincethe bulk of the datais at a lower energy
thaneitherCCR or SS,it is difficult to makea direct comparison.Thereappearsto be no direct
conflict but the form (2.2.3)whenextrapolateddoesnot agreewith otherdata.

The final ‘y experimentwe will be discussinghere,a Columbia—Fermilabcollaboration(CF)
(Appelet al. [12]), useda beryllium target.Whenconvertedto producethe crosssectionper
nucleonthe experimentalresultsindicatea goodagreementwith a modificationof the CCR fit
designedto fit smoothlyonto the low-p

1 data.The quotedparametrization,given in eq. (1.2.3),
gives somesupportto the resultsof CCRbut therearesomenormalizationproblemsassociated
with the nucleartargetwhich we will discussbelow.

The inclusiveproductionof chargedparticlesin proton—nucleoncollisionshasbeenmeasured
by threegroups,the Saclay—Strasbourgcollaboration(SS)andthe BritishScandinaviancollabora-
tion (BS) at the CERN—ISRandtheChicago—Princeton(CP)groupat Fermilab.

The Saclay—Strasbourggroup(Banneret al. [23]) measuredbothchargedparticlesandir°’s.

Oneof the first highp1 experiments,their original resultsareconsistentwith the moredetailed
resultsreportedsince.

The CP experiment(Cronin et al. [93,941)hasmeasuredtheproductionof chargedhadronsat
PLAB = 200, 300,400GeV/cat Fermilab.The measurementswere takenat fixed laboratoryangles
but thesewerechosento be near90°CM in theenergyrangescanned(77°,89°,96°,respectively).
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Fig. 2.2,2.Dependenceon the atomicnumberA of the nucleartargetfor thereactionp + A —
0n + anythingas a functionof PT•

Data from CPcollaboration.

The experimentwas run with nucleartungstentarget.At 300GeV/c themeasurementswere
repeatedwith othertargetsin an attemptto understandthe nucleareffects.The first result,indi-
catedin fig. 2.2.2,is that thevariation of theinvariant crosssectionfor ir productionwith the
atomic numberA is approximatelylinear for largep

1. This suggeststhe approximatevalidity of
the impulseor single-scatteringapproximationinherentin theparton model. At smallPT thecross
sectionis supposedto scalemorelike Aeff = Uabsk7p~The fact that the largep1 crosssectionis
closer to being proportionalto A’~thanA’-°andthatparticleratiosdependon A in a nontrivial
way at largep1,indicatestheremay be someadditionalrescatteringeffectsbut thesewill not be
consideredfurtherhere.

Oneimportantaspectof this experimentis the largevaluesof xT = 2pT/\/~atwhich cross
sectionsaremeasured.For ir~productiontheymeasureout to an x1 of 0.72while the CCR meas-
urementsfor ir°are all takenbelowx1 = 0.35. This meansthat CParesensitiveto thexT depen-
denceof the datain spiteof their comparativelysmall rangeof’f.~Forx1 ~ 0.4, the pion data
can be parametrizedby a form

Ed
3c s5-5~°-2exp{—(36.0 ±0.4)x

1}. (2.2.4)

d
3p

Forx
1 < 0.35 the dataagreewith the CCR experiment.The effectivepowerof s in theCPdata

(seeCronin [92]) is shownin fig. 2.2.3 plottedagainstx1. For low XT, the powerof s in this type
of parametrizationis sensitiveto finite masseffectsand, forx1 0, mustequalzeroin orderto
agreewith Feynmanscaling.

Particleratiosin the CP experimentareshownas a functionof p1 in figs. 2.2.4 and2.2.5. In
view of the evidencethat theremight besomenucleareffectswhich areimportantin the particle
ratios,it is importantto look at theparticlecompositionfrom pp collisions.The British Scandina-
vian dataon particlecompositionat~ = 52.8 GeV is shownas a functionof PT in fig. 2.2.6.The
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overall agreementis quite good.It is notablethat the ratio K~/ir~appearsto approachanasymp-
totic constantwhile K/ir andp/rr arefalling. It is interestingthat~/p ~ 1 nearp~= l~GeV/c.

Anotherimportantmeasurementfrom thesetwo groupsis the detectionof heavyparticles.The
CP dataon deuteronandantideuteronproductionareshownin fig. 2.2.5. In the momentuminter-
val 2 < p1 < S GeV/c the BS collaborationreporta ratio

= 1.2X l0~ (2.2.5)

anda ratio

d/d=3~5±1.5. (2.2.6)
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Fig. 2.2.8.Figure from Cronin [92]. Data on pN—~pX at 90°.

Comparisonwith thedeuteron—antideuteronratio of CP showsthat the ratio (2.2.6) is strongly
s-dependentandconsistentwith approaching1 at smallp1.

To studytheglobal dependenceof singleparticle inclusivedatathe plots in figs. 2.2.7 and2.2.8
dueto Cronin [92] arevaluable.Thesegraphsshowthe crosssectionon alogarithmicscaleplotte -

againstln s. The linesdrawnin arecontoursof constantp1 andconstantx1. Thesefigures clearl3
showthe absenceof andimportanceof dataextendingto largevaluesof x1 in the CERN—AGS-
Serpukhovenergyregimes.In view of the-smoothnesswith which exclusivecrosssectionsat larg
anglecontinuedown to low energyit would be extremelyinterestingto seethe “low-energy”
behaviorof the largep1 crosssectionsobservedat FermilabandtheCERN—ISR.Whatlow-energ~
datadoesexistjoins smoothlyonto the largep1—larges dataand,on thisplot, theredoesnot
appearto be a sharpdistinctionbetweenthe largep1 andthelow p1 regimes.An interestingfact
(Walker [225]) is that the energydependenceof thelargep1 ir-productiondatais similar to the
energydependenceof ~jproductionat low p1.This is illustratedin fig. 1 .4, reinforcingthe feeling
of continuity betweenthe largep1 andsmallp1 regimes.Perhapsthe initial conclusionsempha-
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sizing the differenceof the two regimesbasedon an extrapolationof theexp (— 6PT) form were
not well founded.

The singleparticleinclusivespectrapresentedherewill soonbe supplementedby new datain
otherkinematicregionsandwith otherbeams.We will return to expectationsfor thisdatabased
on fits with currentmodelsto the existingdatain section5.

2.3. Data on correlationsandassociatedmultiplicities

The mostdecisive testsof modelsbasedon specificdynamicalmechanismsinvolve the complete
phasespacestructureof individual eventscontaininga largep

1 particle.Until suchdataareavail-
ablewe canconstructpartial testsusingavailabledataon two-body correlationsandassociated
multiplicities.Sincethe experimentswhich measurethesequantitiesaremuchmoredifficult than
single-particleinclusivemeasurements,we canonly makea beginningat answeringthosequestions
which enableus to discriminatebetweendifferentmodels.

In order to understandthe issuesinvolved, recall thathardscatteringmodelsassumetheexis-
tenceof a quasi-two-bodysubprocesswhich leadsto largetransversemomentumin a singlestep.
This substructurecanbe usedto definethejet hypothesis.Event-by-event,the populationof
secondaryhadronsis confinedto the usuallow p1 regionandto two approximatelycoplanar
regionsalongthe directionof the highp1 particles.Thesejet axesapproximatelycoincidewith
the directionof the underlyingconstituentsafter scattering.Thejet hypothesisis illi.istrated in
fig. 1.6 takenfrom Savit [208].

Whenwe detecta largetransversemomentumhadron,saywith a finite valueof x1 =

we know that its momentummustbe balancedby theotherparticlesin the event.It is a dynami-
cal questionhow this balancingtakesplace.If it is balancedonly by particleswith small transverse
momentum,oneobviouslyneedsa largenumberof theseassociatedparticles,at least

(nA> ~XT”s[S/(pT> ~ (2.3.1)

If, on theotherhand,thereis an underlyinghardinteractionthe momentumcanbe balancedby
oneparticlewith equalandoppositetransversemomentum.Most modelschooseintermediate
behaviorsfor associatedmultiplicity, often logarithmic.A moredetaileddiscussionof the model
predictionscanbe foundin thereview of Bjorken [34].

Onetypeof experimentwhichis extremelyvaluableis thatdoneby aBrookhaven—Purdue—
Virginia Polytechniccollaboration(Andersonet al. [111). Using a multiparticlespectrometer
system(ARGO) theymeasuredthe meanchargedmultiplicity associatedwith ahigh transverse-
momentumprotonor pion. The dataon ~ cjq~))for the reaction

pp -~ p + X

atpL~= 28.5GeV/careshownin fig. 2.3.lb as a functionof the transversemomentumof the
protonfor differentvaluesof missingmass.A striking featureof the datais a riseof ~(n~> charged
particlesover an intervalof approximately0.3 GeV/c in p1. The locationof the structuremoves
to smallerp1 as the missingmassincreases.The position of the structure-is foundto be approxi-
matelyfixed in angleat around

0CM = 33°(tan 0CM = 0.66).The structureis seenin all pronged
crosssections.Outsidethe regionof the rise (nC(pT,C)fl~)) is approximatelyindependentof trans-
versemomentumexceptfor possiblekinematiceffects.This typeof suddenstructurewas not
predictedby anymodel.Possibleexplanationssuchas a changeover from onefireball to two
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Fig. 2.3.1. Figure from Andersonetal. 1111. (a) shows dataon associatedmultiplicitiesfor the reactionpp — n~MMand (b) gives
associatedmultiplicities for pp — p + MM. In both reactionsthemultiplicities plottedincludethe triggerparticle.

fireballsor a dampingof bremsstrahlungin a hard scatteringmodeldo not seemto work in detail.
However,AlonsoandWright [6], find the sharptransitionin multiplicity canbe accommodated
in atwo componentmodel consistingof ahard scatteringterm plus anormalhadronicbackground.
There is a definiteneed for moretheoreticalwork in this areaas well as moreexperimentsof this
type at bothhigherandlower energies.

The samegrouphasalsopresenteddataon (n~(pT,1)1~ )) in the reaction
pp ~ + anything

which is plottedin fig. 2.3.1 a. Thesedataalsoshowajump structure.An interestingfact is that
the differencei~ (n~(p1,~flt)) — (n~(p1,~m))is almostindependentof bothp1 and -‘)i~ over the
entire kinematicregion.A plot of this quantity is shownin fig. 2.3.2.

As interestingasthe Brookhaven—Purdue—VirginiaPolytechnicdataare, we cannotbe sure
that we areat highenoughenergyto be sensitiveto thesamedynamicsthatdominateFNAL and
ISR. Its realimportancefor ourpresentpurposesis that it providesa basisof comparisonfor
higherenergydatato come.We thereforeturn to data from threeISR experimentswhich have
reportedresultson multiplicities associatedwith a largetransversemomentumparticle.Noneof
theseexperimentsmeasurethe momentumof the associatedparticlesandnonehaveacceptance
over thefull solid angle.
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Various binsin missingmassareplottedasa functionof p1. 62 GeV as a functionof PTof a trigger photondetectedat0CM = 90°.

The Pisa—StonyBrook experiment(seeDel Prete[98]; Finocchiaroet al. [120] on charged
multiplicities associatedwith a large transversemomentum‘y hasa detectionsystemcovering
around80%of thefull solid angle.Datain fig. 2.3.3demonstratethe rise in multiplicity as a func-
tion of PT of a ‘y emitted near°CM= 90°.Th~dataarenormalizedto the multiplicities at each
energywith a low p

1 trigger.

In the absenceof anymeasurementsof the momentumof the associatedparticles,theexperi-
mentersmadea parametrization

(nA(s/~’,p1)> = (~low(~,1~_
2p

1)) + (n~t(~/~, PT)> , (2.3.2)

where(nIow(.J~~
2PT)> is the valueof the averagemultiplicity of low transversemomentum

eventsevaluatedat the “reduced” energy — 2p
1.With this crudecorrectionfor phase-space

effectsthe valueof (njet(~/~,p1)> is found to be roughly independentof energy

(nJet(~J~, p1)> — 0.5P1 , (2.3.3)

seefig. 2.3.4.Comparisonwith eq. (2.3.1)showsa contradictionunless(p1> 2 for the balancing
particles.

When we askwheretheextraparticlesassociatedwith a largePT ‘V appearin phasespace,we
seefrom fig. 2.3.5 that they areconcentratedin the oppositehemispherefrom the trigger in a
largeneighborhoodaroundzerorapidity.Momentaarenot measuredso the dataareplotted asa
functionof ~ = log tan (

0cM/2)- Sincethe dataarenormalizedto low p
1 triggersthe usualtwo

particlecorrelationeffect is divided out or, dependingon yourpoint of view, folded in. The basic
behaviorof associatedmultiplicities with energyandp1 is confirmedby theotherexperiments.

The azimuthaldependenceof the multiplicity in aregionaroundi~= 0 is shownin fig. 2.3.6.
Again thedata is renormalizedto a smallp1 trigger. The multiplicity doespeakin the direction
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oppositethe detected~ as suggestedby simple ideasconcerningthe conservationof momentum.
The width of thedistributionin the azimuthalangle~ is quitebroad,correspondingto z~4 100°
FWHM. The datamayalsobe consistentwith asimple form of thejet hypothesisif, in addition to
alarge transversemomentumjet in the oppositehemispheretherearealsomanylow transverse
momentumparticles.Momentummeasurementsof the associatedparticleswould provevery
interesting.Data from the CCR groupon azimuthalcorrelationsbetween~ hasbeenparame-
trized

C(~)= exp [—Bsin ~Ø] , (2.3.5)

where~Ø is thedeviationin azimuthalanglefrom 1 80°.When both ir

0’s arerestrictedto be larger
than2 GeV/c theyfind B = 1 .5 ±0.2. This translatesinto an averagecomponentof momentum
normal to the hypotheticalscatteringplaneof

(PN> 1.3 GeV/c -

This is considerablybroaderthanis expectedfrom simple ideasconcerningjets wherethe spread
aroundthe hypotheticaljet axis is expectedto beabout the sameas the averagemomentum
spreadaroundthe beamdirection in “soft” scatteringevents.One way of quantifyingthis lack of



36 D. Siverset a!., Largetransversemomentumprocesses

coplanarity(dueto J.D.Bjorken) is to makethestrongassumptionof a randomwalk aroundthe
jet axisso that the normalcomponentof momentumis expectedto be

(2.3.6)

where(p1> is the averagetransversemomentumin a typicalhadronicprocess.In the partonmodel
this equationmight beexpectedto beapproximatelytrue with n = 4 reflecting the 2 -÷ 2 nature
of the hardscatteringprocesswhile (p1> 0.3 — 0.4 GeV/c. If we do not introducea new large
massscaleinto thelargePT processeswe are left with thealternativeof consideringa largenumber
of degreesof freedom,

n 20—35 (2.3.7)

in (2.3.6). Sincethis numberis not smallcomparedto the averagenumberof particlesproduced
in a collision at the ISR,it suggeststhat mostparticlesparticipatein the “balancing” of the trans-
versemomentum.

The Pisa—StonyBrook collaborationhavealso triggeredtheir apparatusatECM = 53 GeV on a
largetransversemomentumphotoncomingout at °CM= 17.5°±4°(~= 1.9 ±0.2) insteadof
0CM = 90°.In the new settinga photonhasnearly 3 timesthe CM energyof a photonwith the
sametransversemomentumat °CM= 90°.The normalizedtotal multiplicity, shownin fig. 2.33,
still displaysa risewith p

1 but it is lessrapidandbeginsat a largervalueof p1 thanin the90°data.
Theangulardistributionsof the normalizedmultiplicity arecomparedwith the90°data in fig.
2.3.8.Thereis a substantialdepletionin thenumberof particlesat anglesequalto or smallerthan
thatof the photon.This effect maybe dueto energyandlongitudinalmomentumconservation.
Rememberthat the dataare normalizedto low transversemomentumeventswherethereis a posi-
tive correlationwhentwo particlesbothhave~i 2.

The direct comparisonof the dataat90°and17.5°suggestthat, roughlyindependentof the
longitudinalmomentumof the trigger particle,its transversemomentumis balancedby theemis-

I I I I I I I, I
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Fig. 2.3.7. Averagetotal multiplicities of chargedparticlesasa functionof thePT of the detectedphotonat
0CM = 90°and

0CM = 17.5°.
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sion of particlesatapproximately0CM = 90°andspreadovera wide rangeof azimuthalangle.The
behavioris roughly consistentwith ajet hypothesisbut might conflict with the mostnaive forms
of the partonmodelwith narrow coplanarity.

In the studiesof eventsassociatedwith highPT photonsthe Aachen—CERN—Heidelberg—
Munich collaboration(Betevet al. [31]), triggeredon a photonandthenexaminedthe correlation
betweentwo otherparticles.This importantcorrelationfunctionwas positiveovera rangeof

2 andseemedto haveno strongdependenceon the transversemomentumof the trigger‘V.
This tendsto saythat the short-range-orderhypothesis(i.e., that the correlationdistributionhasa
fixed rangein rapidity) doesnot breakdown for thoseeventscontaininglargep

1 particles.
The CERN—Columbia—Rockefellercollaboration(Busseret al. [67]) havemeasuredthecorre-

lation function

E1E2dcr/d
3p

1d
3p

2
R(p1,p2) , (2.3.8)

(E1da/d
3p

1)(E2dcrld
3p

2)

for two largep1 ir°’s.The datafor ir0’s on oppositesidesareshownin fig. 2.3.9andcompared
with curvescalculatedfrom the “uncorrelatedjet model”.The “uncorrelatedjet model” consists
of a factorizablematrix elementandno dynamiccorrelations.To the extendthe dataagreewith
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Fig. 2.3.10. Correlationfunction for two largePT ~°‘~ on thesameside.

thesecurves we canconcludethat the observedcorrelationis’just a reflectionof conservationof
momentum.The correlationon thesameside, fig. 2.3.10, indicatesa substantialprobability for
producingir0’s in clusters.Whetherthisis just the sameclusteringeffect observedat smallp1 is
not known.The plot of the distributionin the invariant massof the

2ir°systemis displayedin
fig. 2.3.11.
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The CERN—Columbia—Rockefeller—Saclaygrouphavearrangedleadglassbehindamagnetic
spectrometeron onesideof the ISR storagerings anda magneticspectrometeron theotherside
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in order to studyir°-chargedparticlecorrelations.They trigger on a 10 with p1> 3 GeV/cand
measurethe associatedprobability of havinga largep1 chargedparticle.The dataat \/s = 52.7GeV
is shownin fig. 2.3.1 2. When the chargedparticle is oppositetheir°we seean enhancementsuch
as thatwhich might be expectedon the basisof momentumconservation.When thechargedpar-
ticle is on thesamesideas the1° we not only seesomecorrelationsuchas mightbe expectedfrom
clusteringbut the probability of havinga largep1 chargedparticleis approximatelyequalto what
it is on theotherside. Thisfeaturedoesnot seemto be naturalin any simplemodeland it is impor-

tant to find out whetherit persistsat otherenergiesandotherchoicesfor the particlesinvolved.
The center-of-massmotion of the hardsubprocesscaneffect the normalizationof the opposite
sidecorrelation.

We will return to the theoreticalinterpretationof thesedatain section5.

2.4. Thedirectproductionof leptons

Anotherprocesswhich hasattractedconsiderabletheoreticalandexperimentalattentionin-
volvestheproductionof a single leptonpair. In mostof the hardscatteringmodelswe discusshere,
this processis relateddynamicallyto theproductionof largetransversemomentumhadronsand
we thereforefeel justified in including in thissectiona brief digressionfrom our main topic. In
addition,the recentobservationof a heavy, narrow enhancementwith mass3.105GeV in the
reactionpp -~ 2~2 + anything(Aubertet al. [17]) hasintensifiedinterestin understandingthe
processawayfrom the resonantpeak.In this sectionwe reviewthe dataon the hadronicproduc-
tion of leptonpairsandtheinclusivecrosssectionsfor single leptonsanddiscussbriefly their im-
plicationsfor models.

Fig. 2.4.1 showsthe dataof Christensonet al. [8 1,82] on the crosssectionfor the inclusive
productionof lepton muonpairs.The shoulderin thesedatais now associatedwith the production
of thesharpenhancementobservedby Aubertet al. [17] smearedby the resolutionof thespec-
trometer.The smoothcurveis the experimentalists estimate of the “background”process

pp —~ + anything—~ Q~Q + anything.The continuumis parametrizedat 29.5 GeV/c by

= 2 X l0-
32(cm2)(1_r4)/c)ltS.8, (2.4.1)

wherer = Cm /(s~2 — 2m~).
The mostpopulartheoreticalmodel for theproductionof a massivetime-like photonis the

Drell—Yan mechanism(Drell andYan [102]) in which the virtual photonis creasedas a result of
aquark from oneinitial hadronannihilatingwith an antiquarkfrom the other. This contribution
canbewritten in the form

cia (4~2) 2 (r2fdxdy [~e?(Fj(x)~(y)+~j(x)Fj(yn]~(xy_r2)}, (2.4.2)

wheretheF
1 (x) arethe quarkdistributionfunctions.Perhapsthe closestanalogywith largep1

hadronicprocessesinvolvesthe subprocessquark—antiquarkannihilationinto two highp1 mesons
as describedby LandshoffandPolkinghorne[174—176].

Sincethe quarkdistributionfunctionsarein principle separatelydeterminedfrom dataon
electroproductionandneutrinointeractions,the formula(2.4.2) involvesno undeterminedcoeffi-
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Fig. 2.4.1. Figure taken from Lederman 11791displays the data on pN —° + anythingat BNL. The solid curverepresentsa fit
after theeffectsof the ~i(3100) andl~1(3700)areremoved.

cients.Thereis an uncertaintyof a factorof 3 dependingon whetheror not quarkscarry SU(3)
color. This contributionalonedoesnot seemableto describethe data.Note particularly that the
~)7~-behaviorat fixed r doesnot agreewith (2.4.1).

A differentmodelhasbeensuggestedby Berman,Levy andNeff [30] in wherethereis the
productionof a virtual chargedparticlewhich bremsstrahlungsa massivephoton.This model is
not absolutelynormalizedsincewe needto makesomeassumptionsabout theproductionof off-
mass-shellparticles.Using somethinglike inversevectordominancelogic wecan arguethatanyof
the mechanismswe havediscussed,CIM, fireball models,etc.,which cancreatevectormesonscan
be usedto makemassivephotons.Theseextramechanismsmay perhapsmakeup thedifference
betweenthe dataand thecontributionfrom quark—antiquarkannihilation.

Recentlya numberof experimentshavereporteddataon theinclusivereaction(Jam et al. [157];
Boymondet al. [56];Appel et al. [13])

p + nucleon-÷ (lepton)~+ anything, (2.4.3)

(where the “direct” leptonsarethosenot attributableto I or K decays)for’~/i~between11 and
53 GeV. As demonstratedin figs. 2.4.2and2.4.3 experimentsarein agreementwith theobserva-
tion that the ratio

/1/1 1 0~ (2.4.4)

is approximatelyindependentof p1.The Drell—Yan mechanismand theothermethodsof produc-
ing massiveleptonpairscancontributebut are to be small. Sincethe ratio is roughly constant,this
employsa powerp~at fixed qit

2/s approximatelythe sameas hadronicproduction,which is quite
difficult from thep~4predictionof theDrell—Yan mechanism.Of course,we expectedcontribu-
tions from the decaysof p°,w0 and~OSincetheseareexpectedto havethe correctp

1 dependence,
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Fig. 2.4.2.Dataon pN—° + anything at 300GeV,’c from
theChicagoPrincetoncollaboration.As do manyotherexperi- Fig. 2.4.3. A comparisonof direct electronproductionas
ments,theyfind muon/pionratio of approximatelyl0~ measuredby theCCRSgroupwith chargedpion production
independentof PT~ asmeasuredby theBS group.

let usseewhethertheratio (2.4.4) canbeattained.In thespirit of clustermodels(seethe review
of Ranft [203]), let usconsiderthe mostextremecaseandassumethat asignificantfraction of
all ir’s observedcomefrom the decayof the knownvectormesons.With equalproductionof

~,+p~, p°, w° 3I~+ 3ir + 310 + (0.67+ 0.76)X l0
4j.i4~r

we could expecta ratio

~/ir~~Xl.43X 104=0.48x iOn.

Now if therearesubstantial~‘s produceda reasonablecontributionfrom their leptonicdecays
canbeexpected.If we assumea(p°)= a(p~)= a(w) andput in the fact that theproductionof~’s
from proton—protoncollisions shouldbe suppresseddynamicallya(~

0)= ea(p°)we get a ratio

~ 1~43~2•5~xl0~

? 3+0.l5e
which can be maderoughly consistentwith the experimentalratio if e is fairly large.The experi-
mentaldataon 4, production(Busseret al. [67]) yields

a(4,
0)/a(ir)~ a(Ø0)/3a(p0)=~c~0.2

but from othersources(for example,{do/dt (irp -~ ~n)}/{da/dt(irp -~ wn)} ~ 1/280),we might
expecte to be muchsmaller.

If we neglect4, productionas a sourceof p’s we areleft with a largecrosssectionto explain,
for example,theproductionof charmedparticlesor of ~i, iii’.
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Now becauseof thelargebranchingfraction of the ili(3 105)into leptonpairs(Augustinet al.
[181) wecan usethe single leptoncrosssectionto put an upperboundon theproductionof 111’s
in high energypp collisions.Using the aboveassumptionwe get

a(~i)/a(p
0)< 2.8 X l0~, a(i,1i)/a(ir~)<9.3 X l0~.

This is considerablylarger thantheobservedratio of crosssectionsat BNL or FNAL sothat unless
theamountof ~i productiongrowssignificantly with energythe new particlesdo not givea major
contributionto the single leptonrate.

3. Models without pointlike constituents

It is an interestingexerciseto seehow we would go aboutdescribingthe large-transversemomen-
tum behaviorof hadronicmodelswithout pointlike constituents.Sincethe quarkswithin hadrons
arewell hidden,it is possiblethat,at somelevel, we do not needto invokequarksas essential
degreesof freedomto describethedynamicsof hadroniccollisions. It seemsevident,for example,
that the diffractive scatteringof high energyhadronshasvery little to do with the interactionsof
individual quarks.On theotherhand,deepinelasticleptonscatteringdatadisplaystrongevidence
for quark-likeconstituentsin theproton.Without carefuldiscrimination,it is not immediately
clearwhetherlarge-transverse-momentumhadronicprocesseswill besensitiveto quarkstructure.

We shall seeherethatnonpartonapproachesto large-anglescatteringprocesseshavebeenrela-
tively successful.For presentdata,their predictionsareat leastas successfulas thoseof constitu-
ent models.To describeinclusivedata,however,modelswithoutpartonsmust apparentlyfind a
new frameworkor new dynamicalmechanismsin order to be competitive.

3.1. Nonpartonmodelsfor fixed-anglescattering

Models for the scatteringof two hadronsthroughalarge angleat highenergyaredivided
naturally into two classesaccordingto whethertheunderlyinginteractionsis governedby a dis-
tancescaleor whetherit is pointlike.Dualmodels(Krzywicki [166,167]), geometricalmodels
(Chu andHendry [83, 84], SchremppandSchrempp[212, 213]),statisticalmodels(Frautschi
[123], Eilam et al. [105]) belongto theformerclasswhile the secondgrouprelieson ideasbased
on pointlike constituentstestedin electroproduction.The partonmodel(Abarbanel,Drell and
Gilman [1], Horn andMoshe[148]), constituentinterchangemodel(Blankenbecleret al. [41,42]),
themassivequarkmodel(Preparata[200]), andtheconstituentcountingrulesof Brodskyand
Farrar[62] and Matveevet al. [183] basedon studyof Feynmandiagramsareexamplesof models
withouta distancescale.More detailscan be found in the articleby Sivers [216].

Historically,oneof the first formaldiscussionsof high energyfixed angleamplitudeswas in the
form of alower bounddevelopedby Cerulusand Martin [75]. Thiswork was very importantin
that it first showedhow an amplitudeat fixed angleis constrainedby analyticity postulates.

The boundof CerulusandMartin occursif we assume:
1. The amplitude,A(s,z), hasthe usualMandelstamanalyticity.Thatis, it is analyticin thez

planecut from —~ to —(1+c/s)andfrom (l+c/s) to +oo wherec is someconstant;
2. Thereis a finite domain in thez-planein which the amplitudeis boundedby 5N~

Throughthe useof a cleverconformal mappingand the applicationof Hadamard’sthreecircle
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theorem,CerulusandMartin showedthat theseassumptionsimply the fixed anglelower bound,

A(s,z)I~dexpE—c(z)s”2lns], (3.1.1)

wherec(z) is somepositive functionof z = cosO.
Aside from beinga triumphin the applicationof complexvariabletechniquesto high energy

physics,the bound(3.1.1)hasturned out to havephenomenologicalimpact.Motivated,in part,
by anempirical fit to the differentialcrosssectionof pp scatteringby Orear [192],

(du/d&2)~A exp(—q
1/q0)Aexp(—qsin0/q0), (3.1.2)

whereA = 34mb/srandq0 = 0.151 GeV/c,Kinoshita [159] proposedthat the bound(3.1.1)may
be saturatedby physicalamplitudesfor anglesoutsideof the peripheralpeaks.He formulatedthe
principle of a “minimal interaction”which implies that fixed anglescatteringamplitudesshould
assumethesmallestvalue consistentwith thegeneralrequirementof analyticity and unitarity.
This hypothesisimplies the absenceof anyreally “hard” componentin hadronicscatteringsothat
insteadof observingfrequentcollisions in which hadronsscatterthroughlarge angleswe find
insteadtheproductionof new hadronsathigh energy.

Using theuncertaintyrelation,Kinoshita’sconjecturecanbegiven a simplegeometricalinter-
pretation.Let us, for example,assumethat thereis an absenceof fine structuresothat theuncer-
tainty relationcanbeinterpretedas an approximateequality for somei~L(s),the rangein angular
momentumin which the scatteringamplitudeis significant,

A(s,0)/A(s,0) exp{—z~L(s)0), 0 ~ 1/2 . (3.1.3)

For pp scatteringwe can askwhether(3.1.3)canbe valid with AL(s) determinedby the diffrac-
tive channelalone,

~L(s)~ ~~b0sh/2 , (3.1.4)

with b0 1 fm (5.1. GeV~).For the90°(0 = 1/2) differentialcrosssectionthis predicts

(s,0 1/2)~exp (—5.1~ exp {-- 8.Os”
2}, (3.1.5)

which is muchmorerapid thanthe experimentalfalloff. We concludethatdiffraction is negligible
at90°andthat a geometricalmodel for pp scatteringmustcontaina peripheralcomponentas well
as a diffractive one.

In fig. 3.1.1 we comparedataon 90°pp scatteringwith a form

s2 ~2i(~, 0=1/2) constexp{—(~b)~irs~2}, (3.1.6)

where~b can be interpretedas the width of a peripheralbandof partial waves.The value

i~b~0.48fm (3.1.7)

is suggestedby a studyof the impactparameterin K p scattering(Schmid [209a]). On thesame

graphtheconstituentcountingprediction

consts’° (3.1.8)
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Fig. 3.1.1.Comparisonof theform (3.1.6)and(3.1.8)with elasticscatteringdata.The dataaredividedby theasymptoticform of
theconstituentcountingprediction (X) andtheminimal geometricprediction(.). If we were in a regionwhere the asymptotic
predictionsof themodelwerevalid theplot shouldbeapproximatelyconstant.Both approachesdo reasonablywell.

is comparedwith the data.In view of the fact that thecorrectionsto the asymptoticform expected
from eachmodelarenot known,the agreementof thedatawith the two alternativesis comparable.

As emphasizedby Hendry [146] oneadvantageof the geometricalapproachis the possibilityof
asimple anddirect understandingof the structurein the crosssectionin termsof fixed-t dips asso-
ciatedwith Besselfunction(or Legendrefunct4on)zeros.The approximatedouble-zerostructure
of the large-anglepp polarizationdata,fig. 2.1.9, is fairly direct evidencefor a centralplusperi-
pheraldecompositionof the pp scatteringamplitudes(Hendry andAbshire [147]).

Anotherreasonfor studyinggeometricalmodelsis to test the regionof validity of field theory
approach.The asymptoticconstituentcountingrulesshouldbe strictly valid in a regimewhereall
spin amplitudesareproportionalso thereis no polarizationandwherethe amplitudesaresmooth
andfeatureless.The presentdatamaybe in a transitionregionwherebothapproachesareapproxi-
matelyvalid dueto somesurtof duality whichmakesthe applicationof simpleasymptoticesti-
matesvalid right down to smallenergies.Kane [158] hasshownhow theintroductionof absorp-
tion effectsinto hardscatteringmodelsleadsto an oscillatingfactoroft modifying fixed angle
powerlawbehaviorpredictions.

An alternateapproachto fixed anglescatteringassumesthe existenceof alargenumberof
direct channelresonancessuchas in dualmodels.Whiledualmodelsin their simplestform violate
the Cerulus—Martinboundtheycanbe interpretedin the spirit of statisticalbootstrapmodels
(Frautschi[123]). If we considertheprocessab -÷ cd, neglectingspin andassumethat in the
regionof interestIA 2 canbe approximatedby theincoherentsum of resonances

(1 1_i_i \2 D
2( a\( ii \2( ii \2

2 ~ ~, ~~ ~cosvj ‘-‘Vab’ ‘~‘Vcd1IA(s,z)I
8...9~~ . (3.1.9)

(°~./~—m1,,)
2+

The sumin 1 extendsoverthe rangeI E (0, qR),whereR is atypical hadronicradius.If we neglect
thedependenceof the residuesoverthis rangewe canfactorout the 0 dependence



46 D. SiversetaL, Large transversemomentumprocesses

qR qR

~(s,0) �~(2l+l)2P?(cos0)/~(2l+1), (3.1.10)

anddeal with theappropriateaveragequantitiesin the form

2 (21) (‘Vab(~/~))2(~(~/~))2~(V~) ~(s, 0)IA(s,z)I ~—_____________________________ - (3.1.11)
F(.fs)

Now thefurtherstatisticalassumptionof equalpartition of probability amongchannels

(7ab(V’~))2/1T(V’~)~(‘VCd(/~))2/F(\/~)~l/p(V’~) (3.1.12)

allowsus to simplify further

= 1 F(v’~)~(s,0). (3.L13)
d~20m900 64ir2s p(’.fs)

By simplespace-timeargumentswe know that a resonancecannotdecaybefore a signalcan
passacrossa typical hadronicradiusandthat

F(..fs) O(~/~). (3.1.14)

Thestatisticalbootstrapmodelgives,of course,a specificpredictionfor bothF(~/~),andp(\/~)
andhasbeencomparedto databy Eilam et al. [1 05]. The only parametersarean overallnormali-
zationfactorin theexpressionfor the densityof statesandasmallambiguityconcerningthevalue
of kT

0.Fits to irp andj5p elasticscatteringat90°areshownin fig. 3.1.2 andcomparedto the
powerbehaviorof constituentmodels.Theagreementwith thedatais good.

7Tp—~-7rp PP~PP
100 I I I I 0 1 I I I I

I0~ - + (a) — 10~ - + (b) -

— lO_2 - - 102 - -

-~

-~ A~’,i
E E

~o IO~ - — ~ l0~ - -

0 T I~5 0

l0~ - - ~ IO~ - -

I0~~- k - l0~ - -
Statistical Bootstrap ~ Statistical Bootstrap ‘

T~l40MeV — T140 MeV

106 - FIeld Theory \\~ — I0_6 - Field Theory -\\ 5-IO

I0~ I I I I I’\ IO~ I I I I
0 2 4 6 0 2 4 6

Ecm(68V) Ecm(G8V)

Fig. 3.1.2.Comparison of statistical bootstrap and constituent models for (a) irp and (b)~pelastic scattering at 90°.
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A major flaw in thestatisticalapproachis that no predictionsaremadefor thebehaviorof
fixed anglecrosssectionsin exotic channels.Onepossibleway aroundthis is to extendtheob-
servedspectrumto exoticchannelsandjust statethat thedensityof statesin exoticchannelsis
small.This would thenimply, for example

da/d~(pp—~pp) ~ (3.1.15)

da/d~7(j5p—*pp)0m90°

da/d&l(K~p-+K~p) ~ 1, (3.1.16)

da/d~2(Kp-+Kp) 0m90°

which is in agreementwith presentobservations.It would alsoseemthat the naiveapproachwould
imply largefluctuationsaboutthemeanin suchexoticchannels.This is not observed.Presumably,
the correctanswerfor exoticchannelsinvolvesgettingthe spectrumin nonexoticchannelsright
and thenimplementingcrossing.

Thereexistsonesolid pieceof supportfor the existenceof high massresonancestatesof the
typenecessaryfor the statisticalapproachdiscussedhere.This consistsof the rapid fluctuations
with energyof the larget differentialcrosssectionfor irp elasticscatteringobservedby F. Schmidt
et al. [210] andillustrated in fig. 2.1.10.The existenceof theserapid fluctuationswas predicted
on the basisof a statisticaltreatmentof overlappingresonancesby Ericson[113]. Their impor-
tancein termsof the statisticalbootstrapprogramhasbeenemphasizedby Frautschi[123]. Basi-
cally we expecta largenumberof overlappingresonanceswhich, on the average,haverandom
phasesto be partially coherentin local regionsof energy.The periodof the fluctuationsproduced
shouldgivea measureof the averageresonancewidth andthe relativesizeof the fluctuations
shouldvary inverselywith the density.

It is impossibleto learnon the basisof the singleobservationof fluctuationsreportedby
Schmidtet al. whethertheycorrespondin periodor size with thosepredictedby the statistical
model. Many more measurementsof this typeare neededbut it doesseemmostnaturalto attri-
butethesedatato somesortof high-massresonancephenomena.

One of the mostcrucialdistinctionsbetweenfinitely-compositehadronsandinfinitely-composite
hadronsinvolves the asymptoticform of Reggetrajectories.Therehasbeena considerableeffort
to extendtheconstituentinterchangemodelfrom the fixed-angleregion into the fixed-t region.
This effort hasresultedin predictionsfor thelarge-tbehaviorof Reggetrajectories.Let uscon-
siderherethe statusof the predictions

lirn ct,TP(t) —l , urn ct~~(t)= —2. (3.1.19)

Thispredictionscanbe testedby measuringtheeffective trajectory in irp -~ ir°n andpp elastic
scattering.In contrast,dualor geometricalideaswould requireinfinitely falling trajectories.

Barger,HalzenandLuthe [25] havecalculatedan effectivetrajectory in pp scatteringusing

ln ~ ~ = (2~~(t)— 2) ln s + ln ~(t). (3.1.20)

This is shownin fig. 3.1.3.Blankenbecleret al. [47] havecalculatedthe effectivetrajectory in
fig. 3.1.4a using
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In (pp pp) = (
2aetr(t) —2) In (—u) + ln ~(t), (3.1.21)

which theyclaim is moreconsistentwith theduality propertiesof the pp elastic amplitude.The
differencein the t-dependencesof thesetwo trajectory functionsis primarily dueto

/ A 2
2 _____ln (—u) = ln (s+t —4m ) = ln (s)+ In II + , (3.1.22)

s

andsothe fact that the trajectoryof Bargeret al. fallsbelow —2 should thereforenot necessarily
rule out (3.1.19).

The p-trajectoryextractedfrom chargeexchangedataof Brockettet al. [57] seemsto fall below
theexpectedvalueof—l. However,elasticirp analyzedby Blankenbecleret al. [47] as shownin
fig. 3.l.4b supports(3.1.19).

Possiblymoresignificantevidenceconcerningthe large-i’ behaviorof Reggetrajectoriesis the
study usingfinite energysumrulesof the amplitudestructureof irp -* ir°n. Elvekjaeret a!. [112]
report that the large-i’ region the amplitudesarevery similar to what is expectedfrom a simple
p-Reggepolewith a linear trajectory.In particularthey point out the right-signaturezeroat
t = —1.6 anda secondwrong-signaturezeroat t~ —2.4, —2.5 consistentwith the placeswherea
linear trajectorywould passthrough —1 and—2 respectively.Their resultsare shownin fig. 3.1.5.
Thereis somefeedbackthroughthe “optimized convergence”finite energysum rule of the form
assumedfor the trajectory functionand the structurein the amplitude.However,if this structure

t 1GeV/c)2

Fig. 3.1.3.Effective trajectoryin pp scatteringof Barger,HalzenandLuthe [25].

2-—--~~ I I I I I

~ aef I (a) — 0 - ~ 0eff (b) -

0 -~ I...

~ ~--—~ -~ ~ ~0

Fig. 3.1.4. (a) Effective trajectory in pp scattering of Blankenbecler, Iran Than Van, Gunion and Coon [471.(b) Effective trajec-
tory in np scattering.



D. Siverseta!., Large transversemomentumprocesses 49

20 I I I I Il
~(a) 6’. -

0 -.
•. .

2O ~L’
74 6eV/c

T —40 .1 ~ - I I I I I0 0

—20 - .1 ~L° 2.08 6eV/c - -~ —20 -1 •‘....‘• -

-~ r L p °2.O8 6eV/c

~-4O - - ~-4O L -

E: (Iii ~T2~Tj
O —0.5 —1.0 —1.5 —2.0 -2.5 —3.0 0 —0.5 —1.0 —1.5 —2.0 —2.5 —3.0

t (GeV/c)2 t (GeV/c1~

Fig. 3.1.5. Evidencefor secondwrongsignaturezero in A(irp —°1r°n)discussedby Elvekjaeret al. [112].

is confirmedindependently,for example,by amplitudeanalysisat large t thenit would arguequite
strongly for the existenceof indefinitely falling trajectories.

3.2. Hadronicfireball approachesto large PT inclusives

In this sectionwe turn our attentionto modelswhich attemptto explainhighPT phenomena
without invoking quark-likestructurelessconstituents.Thesehadronicmodelsinsteadrelate the
productionof large transversemomentumparticlesto ideaswhich haveprovedusefulin under-
standinglow p

1 data.
The first, andoneof the mostimportant,thing to keepin mind is that basedon purely hadronic

ideasthereis no reasonto expectlargep1 inclusivecrosssectionsanywherenearas largeas they
havebeenobservedto be.We canbemore explicit aboutthis. Two reasonablycompleteandself-
consistentmodelshavemadepredictionsfor thep1 distributionsof inclusivehadronicprocesses.
The dualresonancemodel(DeTaretal. [99]) predicts

Ed
3a/d3p~pL~oexp(—4ot’p~.) (3.2.1)

(which conflictswith asimpleextensionof the Cerulus—Martinboundto inclusiveprocess).The

statisticalbootstrapmodel(HagedornandRanft [138], Hagedorn[137]) gets

Ed3U/d3pIpL~r~Oexp(—-p
1/m~). (3.2.2)

Within the contextof thesemodelsthereis no apparentneedfor largep1 eventsfrom some
sortof violent subprocess.The observationof largecrosssectionscharacterizedby eq. (1.2.3)or
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fig. 1 .1 thenindicatesthat thesemodelsarewrong or, at best, incompleteand that theyneed to be
modified.The hadronicmodelswediscussheremakemodificationsof a somewhatad hocnature,
invoking new mechanismsor new, unsuspectedmass scalesbut we will temporarilyoverlook the
lack of internaltheoreticalmotivation.The unexpected,largecrosssectionsaremotivationenough.
As is evidentin the restof this reviewthe hardscatteringmodelsin which largecrosssectionsare
expectedare not without their ownshortcomings.Onemain purposein consideringnon-parton
modelsis to gain further insight into theproblemofjust how importantit is that we consider
quarksto be an essentialdynamicaldegreeof freedomin largep1 hadronicinteractions.

Beforewe go on to considerthead hocmodelswhich attemptto describethe currentdata,let
us try to get the flavor of the two modelswhich predictexponentiallyfalling crosssectionsat
large p1. The dual resonancemodelprediction is basedon a Mueller——Reggeanalysisof the dual
6-point function.Consider,for example,the term with the orderingof particlesshownin fig. 3.2.1.

X ~2

b

Fig. 3.2.1. Labellingof the particlesfor thedualamplitude,eq. (3.2.3).

The dual model amplitudewith this orderinghasthediscontinuity

— °hc 00

disc~2B6 F(a~1+1)(a)aaa(~~)(—i) f f dy~dy2 0(1_~1y2)yb~~0bë’

Obc+ °bb°aar obc+ °bb °iiac — Oal_Obbf0aãc
4Oãac

I a I a / a aX ~I ———— ~l —----——y
2j i~ Y1Y2

\ aac / / \ aac ~

X (1 —y1 — y2), (3.2.3)

whereaal = ~~((Pa+Pã)
2),a = a((pa+pb+Pc)2) = a(Q7~2) etc.,are the linear trajectory functions.

At fixed XL and largep.~we have

abc aPT/XL, (3.2.4)

and we get a contributionfrom the integrandneary
1 y2 ~proportionalto (Virasoro [224a])

l+x
exp [—2a’p~.~ ln (l_X~))1~ (3.2.5)

In the centralregion,XL = 0, this continuesinto the form (3.2.1).
The exponentialfalloff in p~.in the inclusive distributionof the dualmodelis relatedquite

closely to the fixed-anglebehaviorof the dual4-point function. The absenceof Reggecutsor
multiplicative fixed polesin the J-planeallows the exchangeof a linear Reggetrajectory to domi-
nateat largemomentumtransfers.It is importantto keepin mind the fact that thedualmodel
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doesnot implementunitarity andthat thesimple predictions(3.2.1) and(3.2.5) areprobablynot
stableunderthe unitarizationof the model.Therehavebeensomeattemptsto generalizesuch
results(Ellis andFreund[1091, Sivers [216, 2171)but theseremainvery speculative.The predic-
tions (3.2.1)and(3.2.5) are,of course,in drasticconflict with the data.This fact alongwith the
inability of dualmodelsto define reasonablecurrentamplitudesandform factorsmustnowbe
considereda majorchallengeto the continuedapplicationof the dual approach.

Hagedorn’sstatisticalbootstrap(Hagedorn[137]) constitutesanotherfundamentalmodelwhich
doesnot invokestructurelessquarksin order to makea definitepredictionfor the transversemo-
mentumdistribution.Thebasicpostulateof thestatisticalbootstrap(Frautschi [122]) is that
thereexistsa spectrumof high masshadronsand thatthe energyof interactionin hadron—hadron
collisionsgoespredominantlyinto theproductionof thesemassivefireballs.Consistencyargu-
mentsbasedon the unitarity equationthenrequirethat the densityof hadroniclevelsis given by

p(C)7( ) = ccnta exp(C)7l IT0), (3.2.6)

whereT0 is a temperatureanda ~ ~. Thishadronicdensityseemsto be approximatelyrealizedin
natureby the observedlow massstatesas demonstratedby fig. 3.2.2.From thiswe deduce
T0 160 MeV.

The distribution in transversemomentumof the secondarydecayproductsin thestatistical
bootstrapmodelthenfollows from the fact that the dominantdecaymodeof the high-massfire-
balls is the so-calledcascadedecayM~—* M*? + m~.To theextentthat we canneglectrecoil mo-
mentumwe expectthis distributionin the fireball restframeto be given by a Boltzmannfactor

exp [_(p~+p~.+m~)l~I
2/T] , (3.2.7)

wherethe temperature,T, is closely relatedto the temperaturein the densityof states,(3.2.6),

T~T
0. (3.2.8)

In high energycollisions, thesuperpositionof fireballs with different longitudinalvelocities
smearsout the Boltzmannfactor in the longitudinal directionbut, sincemostfireballs arepro-
ducedwith small transversemomentum,the dependencein the transversedirectionremainsal-
mostunchanged.

The fact that for areasonablerangeof intermediatemomentatheexperimentallyobserved
transversemomentumbehavior

Ed
3a/d3p C(pL) exp(— 6p.~.) (0.1 ~ p

1 ~ 1.0 GeV/c) (3.2.9)

agreesquite well with (3.2.7) wherethevalueof T is given by T0 in the densityof states,(3.2.6),
was originally consideredan outstandingsuccessof the model.Now that we haveto dealwith new
observationsindicating that the dataat high transversemomentumbe severalordersof magnitude
above(3.2.9)we are facedwith a problem.Do we believethatthe agreementof low p1 datawith
(32.9) fortuitousor do we recognizethe modelas havinglimited rangeof validity? If we takethe
latter viewpoint we canimaginethat relaxingsomeof the assumptionsof the modelwill enableus
to extendourunderstandingout to largerp1.

Most of the modelswe discusshere,whetheror not they follow preciselythespirit of the
statisticalbootstrapmodel,retain the conceptof the fireball and thereforesharemanyconceptual
features.The ideaof a fireball or clusterof hadronshas,of course,beenavaluableaid in under-
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Fig. 3.2.2. The density of states in the statisticalbootstrapof Hagedorncomparedwith observedhadronicresonances.

standingthe correlationsin low p1 data.The reviewof Ranft [203] is particularlyinstructivein
outlining the importanceof this concept.

OnesimpleapproachtD largetransversemomentumdiscussedby Jabs[15 11 is to introducea
newclass of fireballs. A high energycollision is assumedto proceedvia two distinct mechanisms,
fragmentationandpionization.The pionizationcomponentcoincidesroughly with the usual
statisticalbootstrapideasbut fragmentationis handledseparately.Specifically,Jabsassumesthat
the fireballs carryingthe quantumnumbersof the leadingparticleshavequite different properties
thanthoseproducedin the pionizationregion.

The contributionsof the fragmentationfireballs to the inclusive crosssectionin thismodel is
max

3
7F r

Edo * r I PT
OMFPT j ~YFW(0YF)d~YF exp L ~ (3.2.10)

dp FRAG 1 F

where7~is the Lorentzfactor given approximatelyby

i -~./.~-E
~ =1 I (3.2.11)F \2M~min(P

1)J

whereE~is the amountof C.M. energygoinginto pionizationandW(7F) is a normalizeddistribu-
tion of fireballs.By taking thesefireballs to occasionallybe very massiveandhenceslow in the
C.M. systemandassumingtheydecaystatisticallywith a temperatureTF 2T0, the singleparticle
inclusive datacanbe roughlyunderstood.

While therecanbe no fundamentalobjectionto thead hoc introductionof anew temperature
or massscaleit is not inherentlysatisfying.A simplifying assumptionusedby Jabsis that the fire-
ballsareproducedstrictly along the collision axis;without furtherclarification of how reasonable



D. Sivers eta!., Large transverse momentumprocesses 53

this assumptionis, the understandingof theproductionis incomplete.
PokorskiandvanHove [195] havea similarview of the origin of highPT particles.Theypoint

out that if the leadingfireball is assumedto be produceddiffractively in the spirit of thediffrac-
tive dissociationmodel(Hwa andLam [149]) or the novamodel(JacobandSlansky[155]),
thenthe low massesof diffractive fireballs andthe competitionof differentchannelscombineto
keeptransversemomentaof decayproductslow. At NAL or ISR, however,theproductionof
heavyfireballs can leadto largetransversemomenta.

In a separatepaperPokorskiandvan Hove [196] alsomakean interestingconnectionbetween
fireball modelsandquarkpartonmodels.Theynotethat the averagefractionof C.M. energy
carriedoff by protonsin proton—protoninelasticcollisions is nearone-half.Also, the average
fraction of the proton’smomentumcarriedby quarksas deducedfrom analysisof lepton—proton
inelasticscatteringis closeto a half. This suggeststhatthe fragmentationfireball canbe con-
sideredto carry the quantumnumbersandapproximatelythesameC.M. energyas theinitial
quarks.The assignmentof alargemassto this fireball canthenbe consideredroughly equivalent
to giving the valencequarksalargerelativemomentumand the“decay” of alargemassfireball
to producehigh transversemomentumhadronscanhavethe sameunderlyingdynamicsas the
quark—partonmodel.In the synthesisof PokorskiandvanHove it is unspecifiedat what level
the underlyingfundamentalconstituentsbecomethe importantdynamicalentitiesinsteadof the
fireball. More explicit calculationsareneeded.Onething whichis clearis that it is over-simplify-
ing thingsto consideronly fireballswhich themselveshaveno transversemomentum.

An interestingcalculationin thecontextof statisticalmodelshasbeenperformedby Bouquet,
LetessierandTounsi [54]. The heavyclusterswhich are formedareassumedto decayin asequen-
tial cascademechanism.Thiswould leadto the Boltzmanndistributioneq. (3.2.7) for the trans-
versemomentumof thedecayproductsif the recoil momentumof theheavyclusteris neglected.
Theythenobservethat thebuildup of successiverecoils to producealargemomentumis statis-
tically unlikely but not sounlikely as to be unableto producethe observedyield of high trans-
versemomentumhadrons.Detailednumericalcalculationsdescribedin their paperyield the
curveshownin fig. 3.2.3.The calculationsarecomplicatedenoughthat it is difficult to abstract
anyfeaturesof the datawhich will conclusivelysupporttheir contention.It remainsan interest-
ing pieceof work which showsthat it canbe dangerousto usestatisticalargumentswhen the
numberof particlesin the decaymodeis still relativesmall.

Onemodificationof the statisticalmodelwhich hasnot receivedmuchattentionis thepossibil-
ity that high massfireballs havea small “fission” decaymodewheretheydecayinto two approxi-
matelyequalmassobjectsas well as the usualcascadedecaymode.A reasonablebranchingfrac-
tion into a fission modecanresult in substantiallargePT inclusivecrosssections.Of course,this
decaymodecould alsogivejet-like structureto the populationof hadronsin the final state.
Detailedcalculationson this approachhavenot beenmadealthoughthe formalismis available
(BarnettandSilverman[26]).

A distinct versionof the fireball modelis advocatedby BergerandBranson[27]. In theirap-
proachlow massfireballs areproducedatlarge 0 througha hardscatteringmediatedby the
current—currentinteractionof BermanandJacob [29]. The invariantcrosssectionfor thepro-
duction of thesebaryonicclustersin fig. 3.2.4 is given by

Edo i ~ ____________ = F2(w1)F2(o.,2)( +—+ }-I- [cos0 ~—* —cos9] , (3.2.12)

d91~d
3p~ 7r5 ‘t2w

1w2 t 2 /
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Fig. 3.2.3. Transversemomentumdistributionin thefireball modelof Bouquet,LetessierandTounsi [541.
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Fig. 3.2.4.The low massfireball modelof Bergerand Branson [271.

whereF
2 is the usualdimensionlessscalingfunctionvW2 and

= ~[sh/2(m~+p2)~I2 — 2m~— (s—4m~)
112pcosO]

(3.2.13)
= —~- [s — s1’2(m~+p2)~2— 2m~— (s — 4m~)”2pcosO] -

The crosssection(3.2.12)whenintegratedoverall finite regionof phasegives acontributionto
the total inelasticcrosssectionwhich riseslinearly with s. Becauseof the magnitudeof thelarge

crosssectionthis rise is not a problemat currentenergiesbut theremustbe somesortof
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mechanism,possiblya naturalcutoff, which removesthis lineardivergence.
Becausethe fireballs in Bergerand Branson’scalculationhavebaryonnumberoneanda small

mass,theypredicttheproton/pionratio to be quite large.A valueof 5 for thisratio is cited in
their paperbut the actualvalueis sensitiveto the input massspectrumfor the fireballs. However,
the observedvaluep/ir I atp1 = 3 GeV/c (seefigs. 2.2.5 and 2.2.6)is uncomfortablysmall for
a modelwith light baryonicfireballs.

An approachrelatedto fireball modelswhich attemptsto incorporatean ideaof the space-time
structureof a collision is the “hydrodynamical”modeloriginally proposedby Landau[168]. The
pictureis that someportionof the hadronicmattergoesto form a massivefireball localizedin
somevolumecharacteristicof the incidentenergy.One ideaof the time evolutionof this fireball
is that it expandsadiabaticallyfor someperiodduringwhich the behaviorof the hadronicmatter
is governedby the classicaldynamicsof a perfectfluid. The expansioncontinuesas the system
“cools” until a temperatureof orderm~is achievedandthe systemcondensesinto pionsand
otherhadrons.

In a detailedstudy of the hydrodynamicequationsdoneby Carruthersand Duong-Van[74],
approximatesolutionsfor the particledistributiondueto condensationsuggestsa gaussiandepen-
denceon rapidity. In the longitudinalrapidityyL ~ln{(E+pL)/(E—pL)}

Ed
3u exp (—y~/R~), (3.2.14)

dp

thewidth, RL, is approximatelyrelatedto the Lorentz contraction

RL~~-ln(s/s
0). (3.2.15)

Fromsymmetryarguments,Carruthersand Duong-Vansuggestthat the90°inclusivecrosssection
shouldalsobe given by a gaussianin transverserapidity,y1 = ~ln {(E+p1)/(E — p1)}

Ed
3a exp (—y~/R~), (3.2.16)

dp YLnO

wherethe width is now approximatelyindependentof incidentenergy.The datais roughly consis-
tentwith this gaussianform over many ordersof magnitudealthoughit is hardto understandthe
s-dependenceof the highp

1 crosssectionunlesscorrectiontermsderivedfrom beamfragmenta-
tion areimportant.Oneinterestingsuggestionis to takethe hydrodynamicalmodelfor thedepen-
denceof the hadronirreducibleinteractionin ahardscatteringpicture for the interactionlike
that describedby the graphshownon fig. 1.5.

A suggestiondueto Dumont andHeiko [103] andHeiko [145] is thatalthoughthe bulk of
particles can appear only at the condensationstage,someparticlesmay escapefrom the hadronic
matterat anytime andwill havea momentumreflecting the “temperature”at that time. They
divide, ratherarbitrarily, the progressionof the fireball into the formulationor initial stage,the
expansionstage,and the condensationstage.For particlesescapingfrom the initial fireball they
expecta distributionin p.r. approximatelygiven by

Ed
3a AxT exp(—Bp~/s”4), (3.2.17)

dp u~

which canbe understoodin termsof the original Fermistatisticalmodel [11 8a] wherethe highest
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(103] for the inclusivep1 distribution, in the bootstrapmodelof Harte.

temperatureachievedis proportionalto ~1/4 For particlesescapingduring the expansionstage
theyproposean empirical form

Ed
3o = CPT exp~—p

1/(D+Es”
4)}, (3.2.18)

dp exp

so that theeffective temperatureinterpolatesthe initial temperatureandthe breakuptemperature
T m~.The small p

1 datais thenfit by the usualHagedornspectrum(3.2.7).
With the fair numberof parametersdisplayedin the modeltheycanachievea reasonablefit to

the inclusivecrosssection.A typical fit andthe valuesof the parametersareshownin fig. 3.2.5.
The global displayof thedatagiven by Cronin, fig. 2.2.7, doesnot favor suchan arbitrarydivision
but the essenceof the idea is that thereis a continuumof temperaturesbetweenT = Bs”

4 and
T = m,~which areimportant,andthis would not arguefor the existenceof breaks.Meng Ta-Chung
[185] hasproposedan alternateform wherethe temperatureis proportionalto s~.

An alternatehadronicmodelwhich shouldstandseparatelyfrom fireball modelsis theso-called
asymptoticbootstrapmodel of Harte [142,143]. This model ~issumesthathadronsare infinitely
compositein the sensethat thereareno polesin the irreduciblekernel of a Bethe--Salpeter-type
integralequationwhich representsunitarity. Self-consistencyargumentsarethenusedto derive
the asymptoticbehaviorof vertexfunctionswhenoneor moremomentumtransfersis large.

The model haspredictionsfor electroproductionnot too dissimilar from presentdata. In con-
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trast,it predictsthat the crosssection0e~e—hfallsfasterthan l/Q2. The predictionswe want to
mentionherestartwith thepredictedbehaviorof electromagneticform factors

F(t) — exp {—af(m2,m2) (—t)”4} , (3.2.19)

(seealsoStack [2181). This is in goodagreementwith the data.The fixed anglebehaviorof
exclusiveamplitudesin this modelis alsoexpectedto fall exponentiallywith (~t)~”~.The in-
clusiveproductionof hadronsat largep

1 in this modelcomefrom graphssuchas that shownin
fig. 3.2.6wherethe heavy line is a p

2 = 0 propagator.In diagrama of this figure the maximum
contributioncomesfrom t near tmln andleadsto an inclusivecrosssectionbehavingasymptotically
as

Ed3cr

d3p ~oo— f(s, x
1) exp (—cp~

2), (3.2.20)

wherec is a universalconstantandf is slowly varying. A comparisonof this singlecontribution
with dataon pp -* ir°from the CCR groupis shownin fig. 3.2.7.The otherdiagramshavenot
beencomputed.

Noneof the modelsdiscussedherecanbe consideredcompletelysuccessfulin the sensethat
the largeinclusivecrosssectionsfor highp

1 hadronsarea naturalexpectation.Severalmodels
cannotbe ruled out with existingdatabut thesecannotbe consideredattractivebecausethey
containad hoc features.One importantconstraintis that themodelsmakeinterestingnontrivial
predictionsfor two-bodyinclusives,multiplicity correlations,etc.which canbe comparedto new
data.An importantconsequenceof the work of Pokorski andvanHove is that it maybe possible
to makea synthesisof fireball andquark—partonmodelswhich allowsall kinematicrangesto be
dealtwith on a uniform basis.Thisexciting possibilitydeservescarefulexploration.
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Fig. 3.2.7.The CCR data compared with Harte’s prediction.
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4. Hard scattering models

4.1. Introduction

Hadronicreactionsinvolving theproductionof particlesat largetransversemomentumpossess
the excitingpossibility of directly reflecting theunderlyingstructureof hadronsand the interac-
tion of their possibleconstituentsat very short distances.Althoughthe underlyingdynamicsare
certainlymore complexthanthe simpleparton modeldescriptionof deep-inelasticlepton—hadron
scattering,an importantfirst questionis whetheronecanadequatelydescribethe behaviorof
largep1 reactionsin termsof a few simplebut generalconstituentscatteringmechanisms,and
whetherthequark modeldoesin factdeterminethe essentialdegreesof freedomof hadronic
matter at short distances.

In the following, we shall attemptto describethe simplestapproachesto this objectivein the
classof hardscatteringmodels.The rulesof dimensionalcountingwill be discussedand then
applied to a moredefiniteconstituentmodelof thehadronsto discussexclusiveandinclusive
reactions.A similar typeof theory usingthe eikonalizationpropertiesof softenedvectormeson
theorieswill be discussedalso,and the possibleconnectionwith constituenttheorieswill be ela-
boratedupon.

4.2. (‘ounting lawsfor large p1 reactions

As wehaveemphasized,the inclusivecrosssectionfor A + B -÷ C + X in anyhard scattering
model is given simply by the sumof crosssectionsfor eachcontributingsubprocessa+ b -÷ c

at largePT weighted by the fractional momentumfragmentationprobabilitiesGa/A, Gb/B and~
Since the fragmentationprobabilitiesarescale-invariant,the largep1 scalingbehaviorof
Eda/d

3p (A + B -÷ C + X) reflects the scalingbehaviorof thesubprocesscrosssection
da/dt’(a+ b —~ c+ d). Dependingon the model,the interactingparticlesa, b, c, d caneachbe
hadrons,quarks,or diquarks.In order to computethe contributionof eachtypeof subprocesswe
canuse the dimensionalcountingruleswhichare basedon an underlyingscale-invarianttheory.
The countingrules for elasticscatteringandform factorswerederivedindependentlyby Brodsky
and Farrar[621 usingrenormalizablefield theory methodsand by Matveev,Muradyanand
Tavkhelidze[183] usingthe ansatzof scale-invarianceor “automodality”of the quarkscattering
amplitudes.Someapplicationsto thep

1 power of inclusivereactionswerealsodiscussedby
BrodskyandFarrar[621. A completediscussionof the generalizedstructurefunctionsandthe
thresholdbehaviorof inclusive reactionswas given by BlankenbeclerandBrodsky [40]. Someof
theseresultswere obtainedby differentmethodsby Gunion [134]. The rulesareas follows: First,
onecountsthe minimumnumberof “active” elementaryfieldsparticipatingin the largep1 process

nactjve = + ~b + ~c + (4.2.1)

andthe minimumnumberof spectators(noninteractingfragments)or “passive” fields in A, B,

andC:
~passive = n(~A)+ n(bB) + ,i(Cc). (4.2.2)

Then following the quide of simpleBorn graphsin renormalizablefield theoriesone canderivethe
following resultfor eachcontributingsubprocess:
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~~i(AB-÷CX) s,u,t f(OcM,e) -~ ~ f(0~)e’~ (4.2.3)
d P large (PT)N p—nO

for e = ‘-~11~
2/s fixed, where

N = ~active — 2, (4.2.4)
and

F = 2npassive — I . (4.2.5)

It is physicallyclearthatN should increaseas the numberof fields forced to changedirection
increases,andthatF (the degreeof “forbiddenness”)shouldincreaseas increasingnumbersof
spectatorstakeawaythe availablephasespace.The readercanreadily checkthat the usualscale-
invariantpartonpredictionsfor deepinelasticleptonscatteringor Comptonscatteringarein-
cludedas specialcasesof the aboverules.For ep-÷ eX, ~active = 4 (for eq -÷ eq) and~hadr~onic = 2
giving ~W

2(x) (I —x)
3 for x -÷ 1. For scatteringon antiquarks(or strangeor charmedquarks)in

theproton,~1passive= 4 andVW
2(~q)~.°(l—x)

7. This last resulthasbeenusedby Gunion [134] and
Farrar[117] as a simpleparametrizationof the nucleon’santiquarkdistribution.Notice for
pp -± pX, the Drell-Yan mechanism(q~j-÷~i~c) predictsN = 2, andF = 11 (for 6 spectators).

More generally,the spectatorrule gives for x —~ 1

GalA(X)~(l—x)2”’, n n(IA) (4.2.6)

for the fractional longitudinalmomentumdistributionof (off-shell) hadronA in hadronB. Some
examplesareGq_

1~°~.’(l—x), G,51~— (l—x)
5, G_~,

2—° (1—x)”, etc.One canalso usethis resultto
predictdecaydistributions(seesection5.5) andthediffractive dissociationcontributionsto in-
clusive reactionsA + B -÷ C + X in the triple’Reggeregion.Writing

~1~!—O(l—x)l_
2aeff(o) , (4.2.7)

d3p

oneobtainsaeff = 1 — n(iA) if a = C. Generally,therearealsocontributionsfrom two step
processeswhichgive

a~~~(O)= ~(0) —

where&(0) is the trajectoryfor the processa+ B -÷ C + anything.For the caseof electromagnetic
couplings,e.g.,leptonsor quarksto a photon,therearecorrespondingequivalentphotonor equi-
valentlepton distributionsas discussedby Chen andZerwas[77]. For theseprocessesthespecta-
tor rule (4.2.5)is generalizedto (Blankenbecleret al. [44])

F — 2nhadronic + e.m. —passive ~lp~ssive , (4.2.8)

where~~ive is thenumberof spectatorquarksor leptonscoupling to a photon.Note that
photonsarenot countedin thespectatorrule,althoughextra factorsof log s arise.

4.2.1.Exclusiveprocesses
The generalresult(4.2.3)canalsobe appliedto exclusivetwo bodyprocesses,~~passive= 0, to yield

(AB -÷ CD)
5~abc~~d

2 f(0cM), (4.2.9)
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which,for eh -~‘ eh gives the result

Fh(t)~-t~’~’~, (4.2.10)

for the asymptoticbehaviorof spin-averagedform factors.For multiparticleexclusiveprocesses
the predictionis

(4.2.11)

where~ is the crosssectionintegratedoversomefixed regionof manybody invariant phase
spacesuchthat all two-particleinvariantsarelarge.In (4.2.11)NM is the numberof meson(q~)
statesandN8 thenumberof baryons(qqq). For example,this resultmakespredictionsfor specific
exclusivechannelsin ~p or e~eannihilation.The regionof phasespaceconsideredmustbe
chosento be outsideof possibleprominentresonancecontributions.

Theprediction(4.2.9) is comparedwith pp elasticscatteringdatain fig. 4.2.1 andwith irp and
Kp in fig. 4.2.2.The predictionsfor form factorsarediscussedin section4.3.Othercomparisons,
including photoproduction,arediscussedby BrodskyandFarrar[62, 63].

The dimensionalcountingrulesarederivedassumingthat the compositesystemshavezero
internalorbital angularmomentum.Brodsky andFarrar[63] presentargumentswhich indicate
higherorbital statescanbe dealtwith by assumingthat theycontainextraelementaryvector
fields. It is alsopossiblethat thereexistsuppressionsof variouscontributionsfrom a morecareful
treatmentof quantumnumbersthanis possiblefrom just countingconstituents.For example,the
p—~electromagnetictransitionmaybe suppresseddueto theisotopicspin structureof the wave
functions.This possibility is discussedin moredetail by Scott [214] andGunion [134—1361.
Althoughnot conclusive,the predictionsusingquark,countingaresufficiently consistentwith
experimentthat it becomesan importantquestionto understandthe theoreticalconditionsfor
their validity. This is donein somedetail for the form factorsin the following section,whereit is
found that up to finite powersof log t the result(4.2.9) is the canonicalexpectationfor general
classesof scale-invarianttheories,andcanbe provedrigorously in certainfield theories.Thevalidity
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Fig. 4.2.1.510da/dt (pp — pp) anddo/dt (pp — pp) plottedagainstcos0.
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that s~do/dC should be independentof energy for all thesereactions.
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ol~the rulesfor hard processesin field theoriesof compositehadronsis alsodiscussedthere.

4.2.2. Application to inclusiveprocesses
If we apply thedimensionalcountingrulesfor inclusivehadronicinteractions,then the quark

model predictsa sumof termsin eq. (4.2.3)with 11active = 4, 6, 8 ... asmoreand more constituents
participatein thelargep

1 subprocess.The fact thata scaleinvariant term,p~
4,is not observed

could be due to anynumberof possiblereason:
(a) The gluon couplingstrengthcould be very weak — at leastat short distances.Of course,at

order~2, electromagneticand/orweak contributionsto quark—quarkscatteringareexpected,but
suchcontributionsshouldnot be importantuntil p

1>
25 GeV (Berman,Bjorken andKogut [28]).

(b) Thep~4term could be suppressedvia the quasi-exclusivenatureof pp -÷ IX, but still be
presentin the measurementof “jet” productionpp -+ J + X, wherethejet is defined asa group of
hadronswith p~= ~ j4 the total transversemomentummeasuredon oneside(Ellis [1071).
Accordingly, calorimeter-typemeasurementswill bevery interesting.The idea that the cross
sectionis suppressedif alarge fraction of the momentumof a scatteredpartonneedsto be trans-
ferred to a singlehadronis in apparentconflict with the simpleDrell—Yan scalingpredictionsfor
semi-inclusivedeepinelasticscatteringprocessesep -~ ehX. However, in the caseof asymptotic
freedomtheoriesat very largemomentumtransfers,the predicteddeviationfrom scalingand
suppressionof the threestructurefunctionsGq/A~GqIBr Gciq (eachrequiredwith x � ~) could be
sufficient to diminish the importanceof the qq —~ qq term (Cahalanet al. [68]). Measurementsof
ep -~ IX and pp -* IX might helpto clarify the situation.The conventionalpartonpredictionhas
a scale-invariantcontributionfrom ~q-+ Qq (if the leptonbalancesthe pion momentum)anda
contributionp~6(log (s/in~)), from ‘yq -÷ irq (if a hadronbalancesthe pion momentum).If
Gq

1,~‘-~ (I -—x), then the p~
4coefficient shouldhavee5 behaviorfor smalle.

(c) The processq + q -÷ q + q may besuppressedwhen thequarksareeffectively neartheir mass
shellsdueto exponentiationof infrared factors:in the Fried andGaisser[1 25] modelpf4 behavior
is expectedonly for very smallXT (seesection2). As pointedout by Polkinghorne[1981, andby
Appelquistand Poggio [15], onecould still retainscale-invarianceof the qq —~qq interaction in
the “light cone” regionwhereall quark legsareoff-shell, andthuspreservethe dimensionalcount-
ing rulesfor exclusiveprocesses.

(d) In the massivequark modelof Preparata[199, 200], scale-invarianceonly occursin the case
of double-fireballproduction~q -~ FF.This is suppressedby the ~ distributionin the nucleon,

(l—x)7, as well as by a possiblelargemassscale.Similarly qq —~qq maybesuppressedrela-
tive to q~j -÷ qEj if oneusesduality as a guide. The latter givesa contributionof orderp~4e’3for
pp -~ IX, since11passive= 7. Such a term could well be hiddenby the CIM contributionsat NAL
and ISR energies.Furthermore,the Landshoff1170] contributionsto exclusivescatteringare
absent,exceptfor p~3scattering.

(e) Anotherpossibility, suggestedby Gunion [l34--l36], is that the coherentsumof al/gluon
exchangecontributionsgeneratesthe Pomeroncontributionto qq -~ qq. Single gluon exchange
would thushe suppressedat highp

1.
In theconstituentinterchangemodel, an explicit quark--quarkinteraction is neverintroduced.

This ideawas originally motivatedby the fact that the observedangulardependence
fA+B-.C +D(

0CM) for exclusiveprocessescanbe rathersimply explainedin termsof quark-exchange
diagrams.Quark-interchangeis analogousto rearrangementcollisions in atomicandmolecular
physics.This alsoseemsto be a naturalway for hadronsto scatterin the “bag” models. in any
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event,the quark—hadronamplitudemustexistjust by the existenceof the hadronicwavefunction.
A reviewof the applicationsof theCIM to effectivetrajectoriesand 0CM dependencein the inter-
changemodelmay befound in section5.

The leadingprocessesfor pp -+ IX in the CIM derivefrom quark—hadroninteractions.The
minimum(nactjve= 6) termscorrespondto q + M -* q + M andq + q -÷ B + ~or their crossing
variants.An excellentfit to the CCR—ISRdatafor pp -~ 7r°X (but not the NAL data)can be
obtainedfrom eq. (4.2.6)with Gq/~—. (l—x)5, Gq1p (l—x)3 giving Eda/d3p— (p2

1.+M
2)4e9

sincet1passive= 5. Similar fits havebeengiven by Ellis [107, 108] andby BarnettandSilverman
[26]. The relativeimportanceof the two nactive = 6 contributionscanbe settledby measurements
of quantum-numbercorrelations.

However, for the Chicago—Princeton—NALdata,which involvesx
1 > 0.4, a — pf’

1 scalinglaw
is observed.This data,which is closerto the exclusivelimit, indicatesthatothertermsinvolving
a largernumberof activeparticlesmustbe involved as� becomessmaller.This is perhapsnot
unnatural:in general,as oneapproachesthe exclusivelimit, e -+ 0, we canexpectthatmoreactive
quarksare requiredin order to producea hadronwith a sizableshareof the availablecenter-of-
massenergy.In the CIM, the termswhich contributeto pp —~ IX with nactive 8 and minimal
npassive(= 3) derive from the subprocessesq + (qq) -~ B + ir or p + q -+ B* + q (—* q + I) andgive

This suggestsfits to the dataof the form

Eda A A (4.2.12)

d3p (p~+m~)4 (p~+tn~
2)

6

The fits arequite goodandevenareconsistentwith dataat BNL energies.For the ISR data the
pf’2 term is negligible; thep~j~8andp~2areof comparableimportancein theNAL-range, with
thep~12term dominantat largep

1 dueto its slowerfalloff in e. Furtherdetailson thesepredic-
tionsandfits arediscussedin section5. It is interestingto notethatp~

2contributionderives
from subprocessesin which a baryonicsystembalancesthelarge transversemomentumof the
detectedpion. For anysubprocess,however,oneexpectsresonancecontributions(i.e., clusters)
anda singleparticlein the recoil systemis not likely. The effect of two contributionsin
Eda/d3pimplies that the effectivepowerpj~will vary from 8 to 1 2 as p

1 increasesacrossthe
NAL range,but remainscloseto 8 for the ISR data.However,at smallPT <2 GeVthe effective
valueof n will drop dueto the masstermsand alsothe nonasymptoticbehaviorof the effective
trajectoryc+(t). This last effect correspondsto the Reggeizationdueto the emissionand absorp-
tion of hadronicbremsstrahlungsoftensthe falloff of the subprocessin t.

Clearly therearea myriad numberof contributionsfrom subprocessesin which more andmore
constituentsparticipatein thelargePT subprocesses.In order to makea simpleclassification,we
can utilize thecorrespondenceprinciple of Bjorken and Kogut [36] which assuresa smoothcon-
nectionbetweenthe form of theinclusivecrosssectionfor c ~

2/s-+ 0 anda corresponding
exclusivecrosssection.This is a generalizationof Bloom—Gilman[48] duality which hasbeen
proposedfor deepinelasticleptonscattering.Thus if a contributionto the inclusivecrosssection
for A + B -÷ C + X at fixed 0CM is to join smoothlyfor � —÷0 to an exclusivecrosssectionfor
A + B -÷ C + B, we have

(4.2.13)
J’ d11~dtdc)?~2(A+ B—* C+ X)=J’ d91t2 ~~!i~ eFfi~1(ocM)=__LfA+Bc+D(ocM).
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We thushave [62,114]

N + f+ I = ~ + 2~passjve= /~excl= /!A+ 11B + ~C + —- 2 , (4.2.14)

and the identification
f iflCI(Q ) = fA+B-~C+I)(0CM)sin2(OcMYV. (4.2.15)

Thus,generallyspeaking,for largep
1 and smallc, onewould expectcontributionsfrom those

allowedsubprocesses(a + b -~ c + d) which correspondto the minimum numberof hadronsin the
relatedexclusivechannelto dominate.Note further that all of the contributionswhich yield the
samePexci’ i.e., aredual to the sameexclusivechannel,may be summedin the form

d 1 M
2 ~2 M2 F-fl

- ~F [1 + 0 (—) + ... + 0 (—~) ] j’IflCI(~) (4.2.16)
d3p/.E (p~.)N p?,~� p~.�

wherethe first term dominatesfor p~-�~‘ M2, andwherethesubsequenttermscorrespondto allow-
ing additionalpassivespectatorquarksto becomeactive participantsin thelargemomentumtrans-
fer reaction.The last termgives the exclusivechannelcontribution.Note that the correctionsto
theleading term areof the sameform asthat obtainedby expanding(p-~Y~’�1(�’)’~’where
�12 = �2 + 0(M4/,4). This is analogousto thecorrectionsto scaling introducedby the Bloom—
Gilman variablew = —(p q +M2)/q2 in the analysisof deepinelasticscattering.Note that the w’
correctiontermsfor ep -÷ eX automaticallyincludesthe nonscalingcontributionfrom the sub-
processe(qq) —~ e(qq).

Thus the leadingcontributionsin the CIM can be classifiedaccordingto their dualexclusive
channel(which determinesN + F) andthe distribution of activeandpassivequarks.To obtainthe
CIM candidateswe only needto excludethe basicsubprocessesqq -~ qq and q(qq) -~ q(qq). A list
of variouscontributionsubprocessesfor the inclusiveprocessesinvolving mesonandbaryons,
usingmesonand haryonor electromagneticbeamsis discussedby Blankenbeclerand Brodsky
[40] andGunion [134--l36].

Thescaling laws(4.2.3) naturally take into accountthe underlyingscaleinvarianceat thecon-
stituentlevel, and correlatedynamicalmeasurementswith thedegreesof freedomof the hadron
in the simplestpossibleway. The rulesalsoleadto simple asymptoticpredictionsfor Reggetrajec-
toriesandresiduefunctions.Theseare reviewedin section5. We alsoemphasizetheimportanceof
crossingbehaviorin modelsof largep

1 reactions.The CIM combinedwith the rules(4.2.3)give
the simplestpossiblerealizationof a theory with correctcrossingbehavior;theexclusive-inclusive
connection,anda naturalcontinuity with the Reggeregion for exclusiveandinclusivereactions.
Theseresultsaredevelopedand reviewedin section5.4.

4.3. Theoriesof the elasticformfactor

The asymptoticdependenceof theelastic form factorsof hadronsplays acritical role in
theoriesof large-anglescattering.Physically,the elasticform factor is the probability amplitude
for a hadronto remaina singlehadronafter the transferof momentum.Thus,in the modelof Wu
andYang[227] (larget gluon exchange)or the CIM (larget quark interchange),the falloff of the
exclusivescatteringamplitudeat largemomentumtransferis controlledby the samephysics that
controlsthe falloff of the form factors.Many models,in fact, satisfya relationconjecturedby
Theis [222] for the spin-averagedamplitude
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~AB—nCD(5, t)
5_l/2(PA+PB+Pc+PD)f((/5) , (4.3.1)

for s -+ o~,fixed t/s, whereFA(t) — t~’~k,etc. for the spin-averagedform factor.This resulthasbeen
recentlyprovenby CreutzandWang [911 in elementarypseudoscalarfield theory,andalsoholds
in theCIM with dimensionalcounting(neglectinglogarithmicmodifications), the automodality
model,andthe eikonalmodel of Fried et al. [127--l30].

It is well knownthat theprotonform factorsare quite adequatelydescribedby the dipole
form GM (t) = p(l — t/0.71 GeV

2)2andthe scalinglaw GM (t) = PGE(t). A graphof t2 G~’~(t)
(fig. 4.3.1)showsthat the asymptoticdependenceof t2 is consistentwith the data.The pion
form factor is lesswell knownexperimentally,but bothspacelike(from ep -~ eirp) andtimelike
data (from e~e-÷ irir) areconsistentwith a falloff F

17(t) — t or slightly faster.A plot of
F~(t)is shownin fig. 4.3.2.A very importantresult, obtainedby Bonneauet al. [50] usinga
rigorousanalysisof the data,showsthat if the asymptoticfalloff of F~(t)— t° on the average
for ti > 2 GeV

2, thenn < 1.2±0.3. Thus the pion form factorcannotfall fasterasymptotically
on theaveragethant312. On theotherhand if asymptotiabeginsat muchlarger It I, say
ItI >9GeV2,thenthe boundis muchlessrestrictive(PhamandWright [194]). -

The centraltheoreticalquestionis thusthe origin of the asymptoticbehaviorof the form factors.
It is clearthatonecannotgive an a priori answerto this questionwithout exactknowledgeof the
short distancestructureof the hadrons.In the following we shalloutline someof the main
theoreticalapproachesto thisquestion.An extensivePhysic’sReportreviewhasrecentlybeen
given by Gourdin [132]. (For otherreviews,seealsoAppelquistandPrimack[16] andBrodsky
andFarrar[62].)

Thereare threebasicviews of the short-distancestructureof the hadronswhich canbe distin-
guished.(1) The constituentmodels— basedtypically on internalquarkdegreesof freedom;
(2) modelsbasedon elementaryfield theories;and(3) infinitely compositesystems— the hadronic
bootstrap.In the following we will discussin somedetail the compositemodelsandthe connection
to large transversemomentumphenomena.
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Fig. 4.3.1. Plotof t2GM(t) versust where GM(t) is the experimental magnetic nuclear form factor.
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Fig. 4.3.2. The pion form factor in the timelike and spacelikeregions.

4.3.1. Constituentmodelsand dimensionalcounting
The quark-constituentapproachhasthe importantvirtue of connectingnaturallywith SU(3)

or SU(6) spectroscopy,current algebra,and the quark—partonphenomenologyof deepinelastic
lepton scatteringprocesses.We canmakethe following assumptions:

(a) The prominentmesonsandbaryonsare~= 0 Bethe—Salpeterboundstatesof two and three
quark fields respectively.Thus in the limit of zerobinding, the hadronswould becomefree quark
states:

IB)—viqqq>, IM)-~Iq~).

Thehigher particlenumbercomponentscanbe shownto producenonleadingtermsto the scaling
law at largemomentumtransfer.Also, as we discussbelow,we assumea simplephysicallimit on
the high energymomentumcomponentsin the wavefunctionwhich ensuresthe finitenessof the
wavefunction in coordinatespace.

(b) The interactionof the hadronconstituentsareasymptoticallyscaleinvariant, asimplied by
Bjorken scaling.

With theseassumptionswe canderivethe dimensionalcountingandautomodalityprediction
(modulopowersof log t)

I~H(t) ‘~- t’’~, t -+ ±00 , (4.3.2)

for the asymptoticdependenceof the spin-averagedform factor of ahadronH containingnH
elementaryfields. This constituent-countingrule thuspredictsF1~(t)‘~ t

2 andF~—~— t~ consist-
ing with the data,andnaturallyaccountsfor the fasterfalloff of the baryonwavefunctionrelative
to thatof the mesons.Physically,the rule allowsa factorof I for eachadditionalquark line
which changesdirection from alongp to alongp +q. The scaleinvariant assumption(b) requires
the quark form factor itself to be pointlike — consistentwith Bjorken scaling,andleadsto domi-
nanceof spin nonflip amplitudes,i.e.: the dominanceof the Dirac form factorF

2~/FI~-+0, and
GE(t) —. GM(t).

A simple illustrationof how the dimensionalcountingrule arisesin the Bethe--Salpetercompu-
tation of the mesonform factoris illustratedin fig. 4.3.3.If we assumea falloff of the Bethe—
Salpeterwavefunctionat largerelativemomentum,correspondingto a wavefunctionwhich is
finite at the origin in coordinatespace,then theleadingcontributionto the asymptoticform
factorcomesfrom iteratingthe Bethe—Salpeterkernelwhereverlargerelativemomentumis
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y(p+q) + y(p+q)

77 (I-x)p (l—y)(p+q) (I—x)p (I—y) (p+q)

p p+q

Fig. 4.3.3. Bethe—Salpetercomputationof themesonform factor.

required,as indicatedin the diagram.Thusoneobtainsfor largeq2

(2p+q)MF~(q2) j id~k id4/ +q(l)~~tP~(k), (4.3.3)

(21) (21)

where~)7~‘~is the connectedamplitude for thephotoncouplingto the quark andantiquarkwith
momentak’2 and(p--k)~to l~and(p +q—-l)’2. The integrationsarelimited to the dominant
regionof eachwavefunction:k = xp + K, I = j’(p +q) + ic’, with K = ~ (p + q) = 0, and
K’2 K2~~0(m2).Thus ~I?~‘~representsthe scatteringof photonon thequarkconstituents,each
of which hasa finite fraction of thehadronmomenta:p~— xp, ~ x

1 = 1. It is exactly thecon-
nectedamplitudewhich occurswhenhadronicbinding is turned off adiabatically,in which case

-~ m,/M,~.In the caseof spin, ~flI/2 is definedto includethe on-shellspinor factors.
A simplecomputationthengives FM(t) — t~ log t (where the logarithmarisesfrom the x — I

integration)sincewe haveassumeda scaleinvariant kernel.The inversefactorof t~
1comesfrom

the off-shell quarkpropagation.For an n-bodystate,n —- I quark linesareoff-shell, giving the
result(4.3.2).Notice that the minimumfield descriptiongives the leadingasymptoticbehavior.

We canalsoseehow theseresultsfollow from simpledimensionalanalysis.After iterationof
the interactionkernel,we aredealingwith the scatteringof a leptonon ~H near-mass-shellquarks
eachsharinga finite fraction of themomentumof the initial and final hadron.This amplitude
which hasn = 2~H+ 2 externallegsanddimensions[lengthl°4, thenmustscaleas [~/t]4° at
fixed angle(I/s fixed, ti -+00) if the internalinteractionsarescale-freeandthe couplingconstants
are dimensionless.This thengives the scaling(4.3.2) for form factor.

The finitenessof the Bethe—Salpeterwavefunctionis crucial for the abovederivation.The
coefficient of the asymptoticpowerdependenceandmassscaleof the mesonform factor is setby
thevalue of

= ~~(k), (4.3.4)

which we requireto be finite. This requires,at minimum, that i4~~(k)convergesin the ultraviolet
fasterthank4 log~~k2,with �> 0.

Therearea numberof argumentswhich imply that i~i~(x)is in fact regularat x/2 — 0. A quite
generalproof by EzawaandNishijima [115] showsthat the existenceof a compositefield opera-
tor for a mesonand theassumptionthat it lies on a ReggetrajectoryrequiresiIi~(O)<00 Similarly,
computationsof weakandelectromagneticdecaysin currentalgebraare basedon the finiteness
of the wavefunctionat the origin. Thesearguments,however,do not give an insight into how this
resultcanarisedynamically.

Importantprogresshasbeenmadeon the dynamicalrequirementsof the wavefunctioncondi-
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tion by AppelquistandPoggio [15]. They show that for the caseof asymptoticfreedomtheories
without infraredcomplications,the asymptoticultraviolet behaviorof the full Bethe—Salpeter
kernel(including the self energyinsertionson the incoming legs) is exactlyonelogarithmmore
convergentat largerelativemomentumthanindicatedby ladderapproximation(scaleinvariance).
They canthenshow that the Bethe—Salpeterwavefunctionis finite at the origin up to a calculable
logarithm, [log(x)]”, whered dependson the couplingconstant:Assumingthatthe wavefunction
hasno anomalousbehaviorwhenonequark leg goeson the massshell (we discussthisfurther,
below), thenonecanshowthat FM -~t

1 (modulocalculablelogarithms).
We shouldemphasizeherethattheuseof ladderapproximationinsteadof thefull Bethe—Salpeter

kernelis misleadingfor thedeterminationof asymptoticbehaviorin renormalizabletheories,although
this hasbeenthe historicalapproach.In ladderapproximationthe wavefunctionhasa power-
law singularitywhich dependson the couplingconstant,which in turn mustbe restrictedad hoc
by hermiticity andnormalizationrequirements.However,suchbehavioris unstableupon theaddi-
tion of anyadditionalcontributionfrom thefull kernel, e.g.,a crossed-laddergraph,andcannot
be obtainedas thesmoothlimit of a regulatedtheory (e.g., dimensionalregulationor the useof a
Pauli—Villars spectrum).Furthermore,the ladderapproachis inconsistentbecausesomeoperators
like theelectromagneticcurrent andenergy-momentumtensordo not havethe correct(canonical)
dimensions.The ladderequationdifficulties areanalogousto the mathematically-singularbehavior
of the Dirac wavefunctionfor the Coulombpotentialfor r -÷ 0. The physicalwavefunctionis in
fact regularat the origin if the finite massor size of the sourceor radiativecorrectionsare taken
into account.

In the caseof quantumelectrodynamics,the full Bethe—Salpeterkernelincluding radiativecor-
rectionsundoubtedlyfalls faster thanthe simple ladderapproximation.,againarguingfor a finite
wavefunctionat the origin. The true asymptoticdependenceof the QED kernelto all ordersin
perturbationtheory is not rigorouslyknown,but neglectinghigherorderbindingcorrections,the
form factorof positroniumis knownto obeythe dimensionalcountingrule — modulo powersof
log (t).

4.3.2. (‘omposilesystemsand renormalizabletheories
An importantapproachto thestudyof the asymptoticpropertiesof compositesystemsis the

investigationof thoserenormalizablefield theories(suchas asymptoticfreedomtheories)which
insureconformalor scaleinvarianceatshort distances.A straightforwardcalculationaltechnique
is to assumethat the full Bethe—Salpeterkernelhasthe effectivescaling (q2)~.The scale-
invariant limit � -÷ 0~,correspondingto a renormalizabletheory,is takenat the endof the calcu-
lations.The resultsgivenby Ezawa[114], BrodskyandFarrar[62] (usingthe iterationmethod),
andAlabiso and Schierholz[4] (which include ananalysisof the threeparticlewavefunction)are
consistent(modulofinite powersof log t) with dimensionalcounting.

A very interestingansatzfor thequark—quarkinteractionhasbeenrecentlyproposedby Ezawa
andPolkinghorne[116]. They assumethat theeffectiveBethe—Salpeterkernelfork

1 + k2 -+k3 +

is of the form where

r k
2 ~

K± 11 I I , n>0. (4.3.5)
q2 i1 Lk,2+q2J

This form is “asymptoticallyscalefree”, i.e.: is only scale-invariantwhenq2 andall the external
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massesk~arelarge together.This form hasthe following advantages:
(a) The Bethe—Salpeterwavefunctionandform factorsrigorouslysatisfythe dimensional

countingconditionswithout cumulativelogarithmiceffectsfor anyn > 0.

(b) The Landshoff“pinch” contribution(seebelow) is suppressedbelowthe interchangeand
singlegluon exchangecontributionsif n> 1 /16. The fixed angledimensionalcountingscalinglaw
then(4.2.9)holdsrigorously.

(c) Thep~4scale-invariantcontributionsto inclusivelargePT hadronreactionsbecomesup-
pressedbelowp~8for n > ~. -

(d) Bjorken scalingis obtainedfor electroproductionwith largemultiplicities in thephoton
fragmentationregion.

(e) The form (4.3.5),which suppressesthe role of on-shellquarksmaybe relevantto theques-
tion of quarkconfinement.The ultimateorigin of thiseffective interactionremainsunknown.

Recentlytherehasbeenconsiderableprogressemployingthe moreformal toolsof theoperator
productexpansion,the renormalizationgroup,anddimensionalregularizationto analyzethe
asymptoticpropertiesof compositesystems.It hasbeenshownby Shei [215], Borenstein[51],
andTiktopolos [223] that forvariousrenormalizabletheories,excludingvectorgluon andgauge
theories,theasymptoticbehaviorof the on-mass-shellform factorsis rigorously relatedto the
short-distancebehaviorof thetheories.In particular,if the Gell-Mann—Loweigenvalueconditions
aresatisfied(ultraviolet-stablefixed points)thenthe asymptoticbehaviorof theform factor has
powerbehavior(—q2)~where~ canberelatedto theanomalousdimensionsof the particle’s
field. A phenomenologyof form factorscanthusbebasedon theseanomalousdimensions.

The intriguingquestionis thenwhetherthe anomalousdimensionof an interpolatingfield for
a hadroncanbe relatedto its degreeof compositeness.Let us restrictourselvesto the conformal
invariantor asymptoticallyfree theorieswheretheproductof elementaryfieldsat short distances
hasthe canonicalscalingof free fields. In particular,this guaranteesBjorken scalingin deepin-
elastic scattering.The asymptoticfreedomtheoriesautomaticallyyield Bjorken scalingmodulo
logarithmiccorrectionssincetheinteractionsbecomeweakeratshort distances.Thus theshort
distancebehaviorof the Bethe—Salpeterwavefunction

‘I’~(x)= (01 T(i~li(~x)~‘(—~x))IP), (4.3.6)

is controlledatx2 -÷ 0 by the canonicaldimensionsof the quark fields. This in turn determines
the scalingof the momentumspacewavefunction‘I’~(k~,k~)in the “light-cone” limit k~-+ oo,

k~-÷ oo, wherethe massof both logs becomeasymptotic.
However,the dominantcontributionto the asymptoticbehaviorof the form factor involves

contributionswhereoneconstituentleg is closeto the massshell.Thuswe insteadrequirethe
formfactor limit of ‘I’~(k~,k~)which is k~-~00, with k~fixed. In the caseof renormalizable
scalar-constituentfield theories,suchasi~ in six dimensions,and~ in four dimensions,Menotti
[187] has,in fact, shownthat the only asymptoticscalingbehaviorof the completewavefunction
which givesconsistentresultsfor both fig. 4.3.4aandthe convolutionof the wavefunctionshown
in fig. 4.3.4b is thatof uniform scalingbehaviorin both the light-coneandform-factorlimits. Thus,
in thesescalarfield theoriesthe asymptoticmomentumspaceBethe—Salpeterwavefunctionin
bothlimits and theform factorof the compositesystemare controlledby the short-distance
scalingbehaviorof theproductof free field. In the absenceof anomalousdimensionsof thecon-
stituentfields onethus obtainsthedimensionalcountingprediction(4.3.2),modulo the usual
finite powerof a logarithm;this is consistentwith the Appelquist—Poggioresult.
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(a) (b)

Fig. 4.3.4.Graphfrom Menotti showingdiagramswhich contribute in light coneandform factor limits.

The formal analysisof the compositeparticleform factorin spinorfield theoriesis considerably
moreinvolved, andthus far theorieswith vector interactionsarenot completelyunderstood
becauseof possibleinfraredcomplications.Recentanalyseshavebeen given by Ciafaloni and
Ferrara[85] andby Callan andGross [69]. It should be emphasizedthat in the caseof the
spinor theories,the light-cone limit and form-factorlimits of the Bethe--Salpeterwavefunc-
tion do not give thesamescalingresults,seeMenotti [186—l881. The light-conelimit 4’~(k~,k~),
k~-÷ oo, with k~/k~finite will reflect the dimensionof the constituentspinorfield (andthuswill
fall onepower fasterin k~relative to the spinlesscasebecausethe dimensionof a spin ~ field is
[length]—312while thedimensionof a spin 0 field is [length] _1)~However,as shownexplicitly by
Ciafaloniand Ferrara,in a spinortheorywith scalarinteractions,the form factor limit is con-
trolled by the largex p behaviorof the coordinatewavefunction.This is the sameasymptotic
behavioras in a renormalizabletheory with spinlessconstituentsand againthe dimensionalcount-
ing result(4.3.2) is recoveredfor the mesonform factor, independentof theconstituentspin.The
resultsare,thus,as expected.The analysisof Ciafaloni andFerrara[85] is basedon explicit solu-
tionsto the Dyson-typebootstrapequationfor the propagatorof the fundamentalquark fields,
which is however,obtainedby replacingthe full Bethe—Salpeterkernel with an effectivelocal
potentialwith an equivalentscalingbehavior.Their solutionrequiresthe couplingconstantand
anomalousdimensionsto vanishas a dimensionalregulatorgoesto zero. The compositeparticlesin
this theoryareeffectively weakly-bound,with scale-invariantconstituentinteractionsand thus
conform to the dimensionalcountinganalysis.

In the recentwork of Callanand Gross[691, which appliesrenormalizationgrouptechniques
to the analysisof the Bethe—Salpeterwavefunction,the differencebetweenthe light-coneand
form-factorlimits of ‘P(k~,k~)canbe tracedto the presenceof a zero-masssingularitywhich
ariseswhenone fermionleg goeson-shell. Theseauthorsalsoshowthat the leadingcontribution
to the form factor for amesonwith spin ~constituentsderivesfrom the disconnectedcontribu-
tion to the vertexfunctionratherthan the connectedcontributionshownin fig. 4.3.5 which
arisesfrom insertionsinto the crossgraph kernel,etc. *

The derivationof dimensionalcountingwhich utilizes the iterationof thekernelin eq.(4.3.3)
and the wavefunctioncondition(4.3.4)makesit clearthat thespin of the constituentsis irrelevant

* Noteaddedin proof: However as shownby Menotti [188], the fermion anomalyutilized in [69] and [85] actuallycancels,and

theaboveargumentsarenot reliable.Thesituationhasnow beenclarified by Polyakov [198a]. He arguesthat the asymptotic
behaviorof theform factor is controlledby theshort-distancebehaviorof anoptimum interpolatingfield, rather than~ itself.
Polyakov’sresults(for zeroanomalousdimension)agreewith the dimensionalcountingscalinglawsandareindependentof the
spin of theconstituents.
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= ~

Fig. 4.3.5. Leadingcontributionsto theform factorof a mesonwith spin-i constituents.

if the kernelis scale-invariant,sincethe connectedamplitude~ alwayshasthe samedimensional
scaling.The condition(4.3.4) in the spin caseactuallyrefersto the coefficientof on-shefi spinors,

as definedin the Salpeterformalism.The wavefunction1~/~(x)hassimilar short distance
propertiesandscalingas the scalarBethe—Salpeterwavefunction(seeBrodskyandFarrar [65]).

Thus we see thatdespitethe diversityof the abovemethods,the physicsis identical: the scaling
of theamplitudesin thesetheoriesis equivalentto thatobtainedin the weak bindingapproxima-
tion. The scatteringeffectively occurson nearly free constituentparticleswhichsharea finite
fraction of the hadronicmomenta.

4.3.3. Infraredeffects
As we haveseena naturalrealizationof the dimensionalcountingrulesfor the form factorsof

compositesystemsmaybe the asymptoticfreedomtheories.However,becauseof the yet un-
knownandperhapscritical effectsof infraredbehavior,a rigorousapplicationof the asymptotic
freedomgaugetheorieswith vectorgluon or gaugeinteractionshasyet to begiven. The simplest
applicationof the renormalizationgroup methodto on-shell amplitudesfails dueto the potential
mass-zerosingularitiesof such theories.The mostfamiliar exampleof suchphenomenais the
fermionform factor in massiveQED; summingleadinglogarithmsfrom the infraredregion in
eachorder of perturbationtheory,oneobtains(AppelquistandPrimack [16], Sudakov[219],
Jackiw [152,153])

F(q2)~exp [__~log2(_q2/p2)] , (4.3.7)

wherep2 dependson thephotonmassandexternalleg masses.One canusethis form to success-
fully parametrizethe hadronform factors.However,in such amodel thereis thenno connection
with short distancebehavioror evidentreasonfor Bjorken scaling.Note that it is incorrectto use
(4.3.7)which is derivedfrom on-shellquarksas the constituentquark form factor, which is to be
interpolatedwith a compositehadron“body” form factor, sincethe quark legscanbe effectively
far-off shell insidethe hadron.Thus, thereis considerableuncertaintyon the effectsof the infra-
red regionon the form factors.However, thereis an optimistic point of view. As discussedby
BrodskyandFarrar[631 and by AppelquistandPoggio [15] (seealsoTiktopolos [223]), the
fact that a hadronmaybe takento be neutralwith respectto the chargesof thegaugegroupleads
to an explicit cancellationof theinfrareddivergencesin perturbationtheory.Furtheras we have
noted,the quark legsareoff-the-massshellandthus regulatethe theory in the infraredsothat
wavelengthslargerthanthe size of the systemarenot effective. Additionally, if we takethe
gluons as color octetsandhadronsas colorsinglets,thengluon emissionchangesquantumnum-
bersand is not soft; thereis thusno reasonwhy an eikonal-likeexponentiationor seriousmodifi-
cationof the hadronicscalinglaws should occurin such models.
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4.3.4. Quarkconfinement,large transversemomentumandJbrmfactors
An implicit assumptionin the useof the quark—partonmodelis that the interactionsat short

distancesare unaffectedby quarkconfinement.The usualview is that the confinementof quarks
is basically a largedistancephenomenonwhich operatesover distancescalesof order I fm. This
assumptioncanbe partially justified by the successof the quark—partonmodel in electroproduc-
tion, but sinceit playssucha centralrole in most treatmentsof large-transversemomentum
processes,it is importantto achievemore theoreticalunderstanding.

Therehavebeenmany theoreticalapproaches.Forexample,Bjorken [33] andCoon [88] have
shownin the contextof simple potentialmodelsthatcloselyspacedboundstatelevels canmimic
a continuumof free statesin deepinelasticscattering.The currentlypopular“bag” models
(Chodoset al. [79,80], Bardeenet al. [24]) representdynamicalattemptsto build in the intuitive
notion thatquarkscanessentiallybe treatedas free particlesin their short-distancebehaviorwhile
beingconfinedwithin hadronicmatter.Jaffe [1561 hasarguedthat Bjorken scalingcan be ob-
tainedin a simplified version of the MIT bagmodel.

In a theory with quark confinement,the momentumspacequarkpropagatorhasno physical
particlepoleas is evidentfrom the fact that in configurationspacethe propagatorhasonly finite
support.Simplequark—partondiagramsare thereforestrictly definedonly in termsof the propaga-
tion within the space-timeenvelopeof the hadronand the usual Feynmanrulesonly apply for
quark lineswhich arefar off massshell. The massivequark model(MQM) proposedanddeveloped
by Preparata[199, 2001 heroically attemptsto take into accountthe complicatedconsequences
of this fact. For deepinelasticleptonscattering,the usual“handbag” diagram is replacedin this
modelby allowing for aJ= 1 final-state-confininginteractionof the quarks.The effective quark
propagatorhasno polebut is peakedat small massesand falls off exponentiallyalongthe p2 real
axis. Despitemany complexities,the model canbeshownto give parton-likebehavior.

For large-anglehadronhadronscatteringin theMQM the actualsystemsthatareinterchanged
alwayshavehadronicquantumnumbers.In spiteof the fact that the diagramscontainan extra
internalloop the amplitudescalculatedin this model havethe samepowerlaw scalingbehavioras
in the CIM discussedpreviously,and the crosssectionsagreewith dimensionalcounting.

For inclusive reactions,the predictionsof the MQM areagainnot too dissimilar from thoseof
the CIM. A fit to the reactionpp -+ ir + anything in the kinematicregimesof the CCR andCP
collaboration(Preparata[199, 200])arguesfor the presenceof at leasttwo terms. In the MQM,
oneof thesefalls asp~8andthe otherasp~’°.At smallXT and very highenergieswhere~jq-~ two
fireballs canbe important(s > 1o~GeV2)the modelalsopredictsa scale-invariantp~4contribution.
More detailsof the phenomenologyof the MQM should be soughtin the reviewof Preparata
[199, 200].

The consequencesof quark confinementare not fully understood,to saynothingof the
mechanism.The intuitive feeling that largetransversemomentumphenomenashouldbe insensi-
tive to quark confinementhasnot beenfully confirmed,especiallyin gaugetheorieswith infrared
singularities.The fact that theMQM hasmany featuresin commonwith simplequarkparton
modelsandthe CIM in spiteof vastly differentmathematicalformalism remainslargemysterious.

Throughoutthe discussionwe haveassumedthat the quarkconfinementmechanismdoesnot
affect the shortdistancepropertiesof the Bethe—Salpeterwavefunctionnor the asymptoticform
factor.

In the MIT “Bag” model(Chodoset al. [791) onecanexpectthat the form factor is controlled
asymptoticallyby amechanismsimilar to thatof the momentumpartition model. After onequark
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receivesthe momentumtransferq, a singlevectorgluon exchange(possiblywith a ratherweak
couplingconstant)is requiredto restorethe motion of bothquarksalongthe final directionp+q.
Thus the dimensionalcountingresultwould be obtained.Intuitively, it is expectedthat the bag
boundaryitself would not be effectiveto causethe momentumtransferbetweenquarks.On the
otherhand,Shiff [209] hasconsidereda modelfor a mesonin which the quarkand antiquarkin
the restsystemsatisfythe free Dirac equationinside a spatialboundary.Initial and final states
are thenobtainedby appropriateLorentzboosts,andit is found,surprisingly,that the form
factor fallsas (q2)’ for largemomentumtransfer.

In the massivequarkmodel of Preparata,which explicitly dealswith the quarkconfinement
problem,the mesonform factoris assumedto fall asymptoticallyas (—q2)312,which is, as we
haveseenis consistentwith the data.However, this result is derivedby usingthe Drell—Yan—West
relation,and assuming(from a crossingrequirementanddata)thatF

27r(x) — (1 —x)
2 for x — 1.

However,as emphasizedby Ezawa[114], the DYW relationshould be modified in the caseof
spin~constituentBethe—Salpetermodels,and thusthereis no compelling theoreticalreasonfor
a (q2Y3t2 law.

In the model of BohmandKrammer [49], quarksarealwaystakento havevery largefree mass;
thus I q2 I ‘~4M2. The quark—quarkinteractionis takento be a four-dimensionalhadronicoscilla-
tor with a ... ‘y~Diracstructure.The assumptionthatthe form factorcanbe built up by reso-
nancesleadsto an excellentphenomenologicalfit to the pion form factorand the asymptotic
faIloffF

2,~(q
2)— —0.33 GeV2/q2.

4.3.5.Dimensionalcountingandlarge-transversemomentumexclusiveprocesses
Most of the discussiongiven in this sectionfor form factorsof compositesystemsin renormal-

izable theoriesalsoholdsfor exclusiveprocessesin the fixed °CM limit. In general,the amplitude
for the scatteringof compositeparticleshasthe form

~AB-CD = f ~hJ1~~~n~s~s1d4k, (4.3.8)

where~)I~,~is the connectedamplitudefor the scatteringof the n elementaryactiveconstituents.
If the Bethe—Salpeterwavefunctionsarefinite, the scalingof 91t,, at largemomentumtransfer
controlsthescalingbehaviorof ~)1~AB-~CD~With the usualstatenormalization(p’lp) = 2E~3(p—p’)
theamplitude C)

1~,,hasdimension[length]~
4. If thereis no externalscaleandno infraredproblem,

thenwe canwrite at fixed angle
5~I1tn (\/~Y’~4. (4.3.9)

The dimensionalcounting/automodalityresults(4.2.9)—(4.2.11) thusfollow. Somecomparisons
with experimentarepresentedin section4.2.

The crucialquestionfor the validity of thecountingrules is the possibleorigin of infrared
effectsor anexternalscalein ~‘1~n•The possiblecorrectionsto (4.3.9) from anomalousdimensions
of the quark fieldsor theaccumulationof logarithmicfactorsarenot known,exceptthat they
shouldbe small in somesenseif the contributionsto Bjorken scalingin deepinelasticlepton
scatteringare small.

The generalvalidity of the countingrulesfor hadronicscatteringis, however,complicatedby
thepossiblecontributionof multiple-scatteringGlauber-likediagrams.The importanceof these
diagrams,which in fact containlinearinfrareddivergences,was discussedby Landshoff[170].
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Forexamplein pp -+ pp, eachquarkof oneprotoncanscatterelasticallyand nearthe massshell
on a quark of the otherhadronthroughthe sameangle°CM with a finite fraction of’ the proton’s
momentum.

If the underlyingquark—quarkinteractionfor nearon shell quarksis scale-invariant,then the
amplitudeis only suppressedby a phase-spacefactor,

ALANI) -~(is3t2)’~, (4.3.10)

whereL is the numberof q—q scatterings.For pp scatteringL3 andthecontributionof this
diagramto thedifferential crosssection

(4.3.11)

LAND 5

which would beexpectedto dominatethedimensionalcounting,~ contribution. Enipirically,
this falloff is too slow. Explicit calculationof the Landshoffdiagramshasbeengiven by
Cvitanovic [95] using Feynmanparametersandby BrodskyandFarrar[63] usinginfinite momen-
tum techniques.Appelquist,Colemanand Quinn [14] haveshownthat, in a renormalizablefield
theory, the Landshoffdiagramsarethe only oneswith linear infrared divergences.

Therehavebeennumerousspeculationsaboutthe possiblesuppressionof the Landshoff
diagrams.Clearly, any mechanismwhich eliminatesscale-invariantquark—quarkscatteringbetween
quarksof differenthadronas empirically requiredby the absenceof a scale-invariantterm in the
largePT inclusivedata,will alsoeliminatethesemultiple-scatteringcontributions.Polkinghorne
[198] and AppelquistandPoggio [15] haveproposedan on-shellinfraredsuppressionfactorand
EzawaandPolkinghorne[1161 havedemonstrateda simplemodel in which thedimensional
countingrulesarerigorously correct.This is discussedin detail in section4.3. As a final empirical
note,FarrarandWu [1181 haveshownthat the Landshoffdiagram cannotaccountfor theangular
distributionin presentpp elasticscatteringdata.

4.4. Softgluon theories

Thesetheoriesdiffer from the “hard” gluon theories,exemplifiedby theWu—Yangmodel as
extendedby Abarbanel,Drell and Gilman [1], in that theexchangeof soft gluonsstronglymodi-
fies asingle large t exchange(Fried,GaisserandKirby [1 26,127]). This dampingeffect grows
with momentumtransferandactually controls the largeanglebehavior.Thereareseveralversions
of the model which usethis samebasicphysicalpictureof the large t scatteringprocess,and they
seemto be very similar but differ in calculationaldetails.The elasticscatteringamplitude for
pp -+ pp is of the form

~ (~-~)[exp4~y(f(t)+f(u)-f(4m2—s))], (4.4.1)
Born

wherethe nucleonform factorat largeI is givenby

G(t) exp [yf(t)] . (4.4.2)

The Born term dueto the hardscatteringinteractionis usually takento arisefrom a low spin
(1 or 0) mesonexchange.In the original modelof Fried andGaisser[125], ‘y was takento be
constantand the functionf(t) wasshownto behaveas In I. In themodelof Contagouriset al.[87],
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~ygrowsas lns. Thisdoublelog behaviorwas shownto arisein perturbationtheory by Halliday,
HuskinsandSachrajda[140, 1411,who haveclarified the basicpropertiesrequiredsothat the
aboveform holds.This doublelog was previously found to occurin the form factor in a calcula-
tion by Sudakov[219] seeeq. (4.3.7)and canbe relatedto the soft photonformsof Yennieet al.
[228].

Sincethe effectsof soft gluon dampingbecomemore importantatlarge t, thesetheoriescan
explainthe largedifferencebetweentheangulardistributionsof pp (K~p)and~p (Kp), for
example.This is in sharpcontrastto hardgluon exchangetheoriesthat requiresinglegluon ex-
changeto dominateatlarge t and hencewould havethe crosssectionsequal.

The predictionsof thesetheoriesfor inclusive reactionsis basedon the samephysicalpicture,
in which neutralvectormesonsare radiatedandthendecayto mesons.The inclusive crosssections
achievethe form

E -~-~- = H(xT)
5nT), (4.4.3)

dp

wherein theapproximatecalculationof Fried andGaissner,n 2 +
4’yx~. This behavioris in

agreementwith thetrendsof thedata,but it doesnot scaleaccordingto Feynmanfor xT -* 0.
(SeeFried [124].)

Thesetheoriesgive rise to a breakingof Bjorkenscalingin deepinelasticleptonscatteringbut
thiscanbe madeundetectablysmallat presentenergies.The associatedmultiplicities havealso
beendiscussedby Fried et al. [129,130] and their resultscanbe put in the generalform discussed
by Savit [208]. The recentwork of Contagouriset al. [87] is an ambitiousattemptto fit a large
amountof datawith the few parametersin this typeof model.Oneof the main questionsis
whethera naturalandsimple explanationof the particleratiosin inclusivescatteringcanbe
achieved.

Perhapsthe mostfundamentalapproachis thatpersuedby Halliday, HuskinsandSachrajda
[140,141] who useperturbationtheory on a vectorgluon field theory to extractthe asymptotic
behaviorextendingthe deepinelasticscatteringwork of Gribov andLipatov [133]. The behavior
of the form factorandexclusivescatteringat fixed anglewas found to be very similar to the above
formulabut the inclusivecrosssectionwas found to behavesomewhatdifferently. At fixed XT, it

was found that many particlescould be found with largePT values,andadditional logarithmic
behavioraroseat smallXT. The associatedproductionwas found to be widely spreadin p

1, with
largePT particlesproducedwhich werenot correlatedstrongly with or againstthe largePT trigger.
Again Bjorken scalingis not satisfiedin thesetheories.In contrastto scalar~ theoriesthatpredict
a finite multiplicity, vectortheoriesyield a multiplicity that growslike a fractionalpowerof Ins
andin generaldependon thePT of the trigger.

It mustbe emphasized,however,thatsummingonly the leading(double)logarithmsin pertur-
bation theory maynot be an accurateguideto the true asymptoticbehavior.A skepticcould well
claim that the exponentialsum of doublelogarithmssumsto a negligiblecontributioncompared
to the remainingterms.This shouldbe contrastedwith theinfraredproblemin quantumelectro- -
dynamics,whereYennie,FrautschiandSuura [228] demonstratedtheexponentiationof all
log X dependenceas a factorof thematrix element.A relatedproblemoccurson the Reggebe-
havior of the models.Halliday andHuskins [139] haveshownthat for p~5-~ 7r~7r,thesumof
leadinglogarithmsgives an exponentialof doublelogarithmstimesan elementaryBorn term
(fixed poleatj= ~).Thus theproceduredoesnot producea movingpole,which would be expected
in the completeamplitude.
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5. Phenomenologyand the constituent interchange model

In sections1 and4 we havedescribedthehardscatteringmodelsandtheir propertiesfrom a
fairly generalviewpoint. In order to discussspecific calculations,wenow turn to theconstituent
interchangemodelwhich providesa definitedynamicalrealizationof aquarkparton modelfor
hadronicreactions,andin which all of the generalizedpropertiesoutlined in section 1 .4 are
explicitly fulfilled. Theseincludethe exclusive-inclusiveconnection,generalizedReggebehavior,
andthe dimensionalcountingrules.From onepointof view theCIM providesacovariant,but
simpleprocedurefor calculatingthe dynamicsof duality diagramsatlargemomentumtransfer,
and thusit naturally incorporatesthequarkdegreesof freedomof hadrons.On theotherhandit
is compatiblewith the conventionalReggeandcompletelyhadronicdescriptionsof low-momentum-
transferprocesses.Detaileddiscussionsof the CIM maybe found in the variedpapersof Blanken-
becler,Brodsky,Gunion,andSavit [38—46] andLandshoffand Polkinghorne[174—177]. Further
calculationaldetailsarediscussedby FishbaneandMuzinich [12 11,andM. Schmidt [211]. An
introductionto calculationalmethodsis given in AppendixB. An earlycomparisonof calculation
methodsandapplicationsof the covariantpartonmodelandthe CIM canbe found in the lectures
of Polkinghorne[197] andBlankenbecler[38].

5.]. Thestructureof the CIM

The physicalstructureof the CIM for bothexclusiveandinclusiveprocessesat largemomentum
transferis shownschematicallyin fig. 5.1 . 1. The modelbeginswith a basicirreduciblelarge-angle

STRUCTUREOF THE C.LM.

(o)~ ~ + (T5:t~C)

B Quasi—Inclusive
Dominates in Triple

Regge Region

Inclusive ,~2/s<<I * s—u

(b) ~ -_.~-..i~:;~::!:::---—} ~2 0

M(AB’—.-C..w
2) M(1Q1B ~ ® M(Ab—Cd)

Quasi-Inclusive Q2 f 51

f’= t

(C) ~ M~~:~e

M(AB—CD) FBD(t) ® M(Ab—Cd)
Exclusive s’~ ~s , t’~

Fig. 5.1.1.Structure of CIM at large t and u.
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subprocessa÷b ‘-~ c + d, involving quarksplus stateswith hadronicquantumnumbers,which is
thenweightedby the covariantamplitudesfor the fragmentationor formationof the scattering
hadrons.Thus,inclusiveprocessesatlarget andu arecontrolledby quark—hadronscattering,
andexclusiveprocessesalwaysinvolvesquark interchangeor quark exchange.We havealready
discussedin section4.3 why scale-invariantquark—quarkscatteringinvolving quarksof different
hadronsseemsto benegligible or absent.The hypothesisthat quark exchangeprocessesshould be
dominatewas originally made(Blankenbecleret a!. [41,42]) to accountfor thedifferencein nor-
malizationof largeanglepp -+ pp andp~5-÷ p~3 processes,andthe fact that it accountswell for the
angularstructureof the exclusiveprocesses,especiallyK~p-~ K~p,andpp -+ pp. However,unless
it is suppressedby kinematics,onemustallow for hadronicradiationor bremsstrahlungfrom the
initial beamparticlesA andB. Thusbremsstrahlungis analogousto the realandvirtual radiative
correctionsto electromagneticreactionsandit “dresses”andreggeizesthe hadronicprocesses.In
thecaseof real hadronicbremsstrahlung,theeffectsmay be incorporatedinto thex—~0 behavior
of thestructurefunctionGa,A(x)andGb,B(x),which is relatedto the Reggebehaviorof thecross
sections~ andcJ~~(seesection4). In the caseof virtual bremsstrahlung,the coherentemission
andabsorptionof hadronsbetweenparticlesA andC movesthe ReggepolesaAC(t) awayfrom
their asymptoticvaluesat larget. This is discussedin detail by Blankenbecler,Brodsky,Gunion
andSavit [45]. The virtual radiationcanbe neglectedat larget andu, thusexposingthe minimal
“impulseapproximation”termswhich yield powerlaw scalinglaws at fixed angle.Thereis also
the possibilityof absorptioncorrectionsfrom Pomeronexchangesof the initial particles,which is
controlledasymptoticallyby the S-matrixat zeroimpactparameter(seeBlankenbecleret al.
[41,42], Kane [158]). Absorptivecorrectionsare assumedto not changethe asymptoticscaling
laws,but therecanbe residualeffectsreflecting the geometricalsizesof hadronsat moderatet
values.The smalloscillating structurein pp -+ pp scattering(seefig. 2. 1.7) observedas a function
of I by Hendry [146] anddiscussedby ShremppandShrempp[2121 is thusnot necessarilyin
conflict with the asymptoticvalidity of partonmodelideas.

In orderto examinethe structureof the CIM, let us first considerthe inclusivereactions
A + B -+ C + X in a regionof phasespacewherebremsstrahlungfrom particlesA andCshouldbe
suppressed,for example,the “triple-Regge”regionwhereC)~2 ~ s, ands ~ —t, but ItI is stiilarge.
The leadingCIM contributionis thenquark—hadronscatteringq + A -~ q+ C, on the quarksof the
targetparticleB. An elementarycalculation,which parallelsthe standardpartonmodel calcula-
tions for deepinelasticleptonscatteringterm gives (seefig. 5. 1 .1 a)

E -~ ~E~-~--~- x Gq/B(X) ~ (Aq -+ Cq)~
5,. , (5.1.1)

wherex = —t/(s+u) = —t/(cfl~2_ t), is the familiar Bjorken scalingvariable.The assumptionshere
include theconvergenceof the transversemomentumintegrations(i.e., theexistenceof the
Gq,B(x)),and incoherenceof the variousquarkcontributions,andthe usualneglectof the quark
confinementproblem.

Thereexistsa correspondingcontributionto theexclusiveamplitudeA I- B -~C + D calculated
accordingto fig. 5.1 . 1 c. In this casean integralover thefractionalmomentum(or light-cone
variable)x = (k0+k3)/(p0+p3)variableis required.Using themeanvaluetheoremwecanwrite
thecontributionfrom scatteringon onequark
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(A + B -* C + D) F~D(t)~ (Aq -~C + ~ (5.1.2)

althoughin fact herethe quarkcontributionsshouldadd coherently.The centralassumptionin
eq. (5.1.2) is that the vertexfunctionof particlesB andD convergemostrapidly; in generalthe
integralgives additionalcontributionswherehadronsA, C, or D aretreatedas the target.The
valueof ~ is obtainedfrom the meanvaluetheorem.In practicalcases~-~1 gives the dominant
region of integration.The form factorFB[)(t) falls at the samerateas the elasticform factor.

The expressions(5.1.1)and(5.1.2)havesimpleanalogueswhenwe treatthe coherentandin-
coherentscatteringthe nucleonsof anucleartarget;the functionG(x) is given by the Fermi dis-
tribution, andFBD(t) is the “body” form factorof a nucleonin the nucleus.In the caseof lepton
scattering(5.1.1)and (5.1.2)arethe standardparton modelresults.In the caseof photon-
scattering,(5.1.2)predictsthe dominanceofJO fixed polebehaviorof theComptonamplitude
-yp -+ -yp at large t, and fixed polebehavioratJ below 1 for mesonphoto-production.

As in section 1 .4, we see that the inclusiveand exclusivescatteringcrosssectionsareconnected
andjoin smoothlysincetheyhavethesamebehavioron thekinematicvariablesin this limit. A
calculationof the relativenormalizationis difficult. Onedifficulty is thatof simply computing
theinclusive crosssectionat a smallmissingmass,andanotherarisesfrom the fact that thesimple
incoherentsum over final statesusedaboveis not justified sincemany of the final statesbecome
coherentat smallmissingmass.Therefore,oneshould not expectthe theoreticalformulas to lead
to a smootherconnectionthanexpectedfrom theabovediscussion.We alsoseethat thisconnec-
tion will hold bothat fixed I and at fixed scatteringangle.

5.2. Inclusivescatteringin I/ic CIM

5.2.]. TripleReggeregion
Let usnow examinethe triple Reggeregionby including the Reggeeffectsjust discussed.We

now havefor the basicscatteringof a quark anda hadron

(Aq Cq) = I y(t’) ( u’)°~~~+ ~(I’) ~0~(t) 12/s2 , (5.2.1)

~y(_oo) = constant,andctAc(— oo) is given by thecountingrules.Both termsareneededto get the
angulardistributioncorrect.The inclusivecrosssectionarisingfrom this basicprocessbecomes

x2 2 1—2n(1)
= xG /B(x) [~ ~ I~(t)+ ~(t) (_x

1)_~(t)I
2 +.... (5.2.2)

d3p (p~.+~
12)2_20(t) q L S

Now onecan identify theexpectedtriple Reggebehaviorand correctionsto it whenx1 ~ 1 and
x ~ 0.

5.2.2. Centralregion
In order to get particlesinto the centralregion,it is advantageousto let both incident particles

A andB bremsstrahlung,losemomentumandcollide ata low relativeeffectiveenergy.This type
of inclusiveprocessis convenientlydecomposedinto peripheralinteractions,hadronicbrems-
strahlungand the basicirreducibleprocessas illustrated in fig. 5. 1. 1. A very large classof theories
including many of the statisticalmodelscanalso bedecomposedin this fashion.The resulting
crosssection is of the form (given in eq. (1.3.10))
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Ed3a(A + B C + X) = ~ fdx dy Ga/A(X)Gb/B(Y) Ed3a’ (a + b C + d*) ~ , (5.2.3)

d3p a,b d p

and

~ xys+xt+yu.

The possibilityof bremsstrahlungfrom the final stateC will be discussedshortly.
The irreducibleprocessa+ b -÷ C + d* (no extrahadronsareallowedto beemitted)canbe con-

venientlyseparatedinto contributinggraphsas depictedin fig. 5.2.1.The first term on theright
givesthe pure fixed power-behavedamplitudepreviouslydiscussedwhile the secondterm gives rise
to Reggebehaviorfor the processa + q —~C + q. The third term correspondsto the productionof
a statec in the basicinteractionthat subsequentlydecaysto the observedparticleC.

:X:*z,÷~+a~÷...

(a) (b) (c)

Fig. 5.2.1. Structure of the irreducible amplitude ab _~Cd*.

Using the relationbetweentheirreducibleandtotal probability functions

x

Gq/B(x) f ~ z...i Gq/b ~ Gb/B(z), (5.....4)

the inclusivecrosssectioncanbe written in the convenientbut unsymmetricalform

Ed3a(A÷B~C+X)f dz ~Ga/A(Z) Ed3a(~B~C+X), (5.2.5)

d3p a d3p

wherez
0= —u/(s+t)andthe inclusivecrosssectionunderthe integralis evaluatedats’ = zs, u’ u,

andt’=zt. Recall that in this formula,small intermediatetransversemomentahavebeenneglected,
andthe requiredsymmetrizationbetweentheparticleshasnot beenexplicitly denoted.This is
easilyhandledin anyspecific reactionof interest.

The generalbehaviorof the inclusivecrosssectioncanbe understoodfrom quite simplekine-
matic argumentsthat areof courseimplicitly containedin the aboveformula. The basic(internal)
processis a + q -~ C + q andit hasan (energy)

2of

seff=xys~~4pT , (5.2.6)

if the missingmassMd* is keptfinite. Thereforethis processis operatingat a fixed angleandat an
Seff 4p~.,andoneexpectsthe crosssectionto fall as (p~,)N, whereN is relatedto the total
numberof constituentsinvolvedin this subreaction.ThusthePT dependenceof theinclusive cross
sectionis relatedto and determinedby the numberof constituentsinvolved in the basicprocess.
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Let us furtherexaminethe centralregionwherep~.= lu/s constant,and� = c~2/
5 1. The

integral overz is easilyestimatedin the aboveformulaand onefinds
~=~Ga(XL,�)(p~)_Na, (5.2.7)
dp ~

whereNa
2(~’~aC(~ t)), and(z) is the averagevalue of z involvedin the integral.For large tI,

~aC ~aC(°°) which is a numberdeterminedby counting.For example,aac = — 1 yieldsp~8
terms, = —2 yieldsp~’2terms,etc.The p

1. dependencereflects the fixed anglebehaviorof
the basicprocessa+ b -~ C + d’ of course.

A secondinterestingregion is the thresholdregiondefinedby � -~ 0. This limit should suppress
thebremsstrahlungcontributionsandone finds that this is indeedthe case.Note that thesuppres-
sion works from both endsof theintegralsincez0= 1 — �/(l +t/s) —* 1,andalso, thex variablein
theinclusiveprocessunderthe integral is

~‘ (z—z~)(s+t)____ = , (5.2.8)(zs+u)

Thus in the integrand,z -~ z0 is suppressedandof coursez -~ 1 is suppressedby the explicit G(z)
probability function. One finds

~ ~F)~(p~, u/s), (5.2.9)

d
3p a,b

where

F(a,b) g(a/A) +g(b/B) + 1, Ga/A(X) ‘~ (1~_~)~(5/~,etc. (5.2.10)

Let usnow examinethe integralin moredetail for a generalcontribution.We will assumethat
argumentof o(t’) canbe replacedby a constantunderthe integral,that is t’-~(t’) —2p~.(1+(z>)~,
andassumethe probability functionshavethe simpleform G(x) ~ (l_x)~/x.Finally, the basic
crosssectionwill bewritten in the generalform

(?+2)~ (1)~ (1+~)~a (5.2.11)

whereN, a andb maydependparametricallyonp~.throughtheir dependenceon a(t’), since
N= 2— 2a((t’))+ b.

Theintegral for the inclusivecrosssectionis

(1—2x~) dz (I — ~)~A ( — 2x
2)~B(l_z2)~’ (.lz)b (-!_t~)~, (5.2.12)

d
3p ~1-2xi) (1 —z2) ~ I +~ l—z 4p~ 2 2

wherex = —-- u/s,x
2 = — I/s. Changingvariables,this canbe written as

Fr
Ed

3a �JO______ = l(x
1,x2) ,d

3p 2(p~-l-M2Y”

whereM2 m2(l—(z>)/4,� = 1 — x
1 — x2, and

I(x1, x2) f ~ ~ . (5.2.13)
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This integralrepresentationhasseveraladvantages.It explicitly showsthebasicsymmetryof
the result in x1 ~ x2 if g~~ gA anda ~ b. It is also in the form of the integralrepresentation
for a hypergeometricfunctionof two variables(Bateman,HTF, Vol. 1, p. 231).The associated
reductionandtransformationformulaearevery convenientin extractingthelimiting behaviorof
I(x1, x2) in a variety of regions(Pearson[193]). Forexample,in the singularlimit of gA or

-* — 1, the integrationis dominatedby anendpointbehaviorandonerecoverstheexpected
triple Reggeformula. If theprobability functionsvanishatx 0, extrapowersofx1 and/orx2
occuroutsidethe integralI(x1, x2).

Note that if � -÷ 0 for finite x1 andx2, the crosssectionvanishesas~ However,in the triple
Reggeregion,where 1 x1 ~ � ~-‘ x2, I is easily shownto behaveas ~N1_~B_l~ This resultcanbe
interpretedas a triple Reggeformulawith an effective trajectorygiven by

aeff(t) = aAC((t’>) — ~(1 + g(a/A)) , (5.2.14)

which canbe identified as anonleadingdisconnectedcut contribution.
We havenow identified a secondimportantcorrectionto the triple Reggeformulawhich should

becomeimportantat largemissingmassandprovidesthe correctextrapolationinto the central
region.An analysisof reactionsof the form pp -÷ CX, whereC = p, ir~,K~,~, hasbeencarriedout
by Chen,WangandWong [76]. As discussedin moredetail by Blankenbeclerand Brodsky [40],

their resultsfor the effectivetrajectoryprovideevidencefor the typeof correctionwe arediscus-
sing andfor the quantumnumberdependencepredictedby the aboveformulafor aeff.

In the precedingdiscussion,the possibility that the particleC observedat largePT arosefrom
the decayof a state,sayc, which was producedat largep~,was not included.We havealready
arguedthat a basiclargeanglescatteringprocessproducesresonanceswith roughly thesamecross
sectionas particles,and thereforeit is importantto take this into account.Generalizingthe for-
mula to this case,it is clearonehas(seeAppendixA)

~ fdXdYdZGa/A(X)Gb/B(Y)GC/c ~
d p a,b,c Z t ~

(5.2.15)
Sinceparticlec musthavemoremomentumthanthedetectedone,C, the argumentof is 1/z,
wherel/z is between0 and 1. Using similar argumentsas before,the thresholdbehaviorof the
crosssectionis given by F = 2(n(~A)+ n(bB)+ n(~C))— 1 andthep~powerN dependson the
basicprocessjustas before.

Roth [204] hasemphasizedthat since(sEdcr/d
3p)arisesfrom the discontinuityof a3 —* 3 am-

plitude, the sameamplitudeshoulddescribethe two processesA + B -÷ C + X andC + B —~A + X,
andtheyareconnectedby s ~—÷ u crossing.Not all modelswill possessthis property. In particular,
thosemodelsthat try to combinean exponential(statistical)final decaydistributionwith a power
law initial statescatteringamplitudecannotsatisfyit.

This crossingrelationmustbe satisfiedandit leadsto restrictionson the probability functions
G(z). In particular,from the structureof the aboveequationtheremustexista relationbetween
G(z)andG(l/z), andthis relationfor scalarparticlesturnsout to be

Ga/A(Z) = ~ ~ (~—). (5.2.16)

If thisrelation is usedfor bothGa/A andGe/C, andonewrites
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du * 1 * 2
_(ab-*cd )_—IM(ab--*cd )I (5.2.17)

I

one can easily cross this relation (s ~—+ u) andarriveat the formula

~a~c fdzdydxGr/e(z)Gb/B(y)~A/a (±)~(~b d*Y~2~~-5(zys+zxt+xyu) , (5.2.18)

which is of the sameform as the original equation.
Thiscontinuationformulafor G is consistentwith the integralequationsatisfiedby the G’s.

Thatis, if the hadronirreduciblefunction G’ satisfiesthis relation,thenso doesthefull G.
Writing eq. (5.2.4) in the form

—z GB/A (~)—z ~ I G~ia(~~)Ga/A(X), (5.2.19)
l/z

and using the continuation formula twice on the right hand side and the change of variable xz -~ x,
one finds

— Z GB/A (~)= ~f ~G~
1~(~)G~/~(X)GA/B(z), (5.2.20)

as required,since~ satisfiesthe conjugateequationto (5.2.4).
It is amusingto notethat ageneralsolutionof this functionalequation,if onerequiresthat

GB/A = GA/B = GA/~,

G(x) = ~ (-L+x). (5.2.21)

If a = 2 and g = constant,this reducesto a commonlyusedapproximateform for the nucleon’s
structurefunction. If spin one-halfparticlesare involved, thereis an extrafactorof(_l)f(A~B),
wheref(A~B) is the total numberof fermionsin the state(AB). This factor arisesfrom theasso-
ciated spin traces;its effectsneedto be fully exploredin the generalcase.

5.3. Exclusivescatteringin the CIM

The objectiveof this sectionis to discussseveralexclusivescatteringprocessesand to extract
their expectedangularas well as energydependencesin the CIM. This will leadnaturally into a
discussionof the connectionbetweenthe fixed angleand fixed t (Regge)behavior.As we shall
see,this type of compositemodelpredictsa particularly simpleconnectionwhich hasmany
experimentalramifications.A discussionof calculationsof the scatteringof compositesystems
is given in Appendix C.

The crucial resultwhich characterizesa scatteringmatrix elementin the CIM is

MAB...,CD(u,t) -~-F~D(t)MqA_qc(U,t) + ... (5.3.1)

whereF~0(t) falls in t as the B —~D transitionform factorandq is a constituentof particleB as
illustrated in fig. 5.3.la.The crosseddiagramof 5.3.lb is alsopresent.Direct quark—quark
scatteringsuchas in fig. 5.3. lc is neglected.
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2 p p+ q

b)

(st) (su)
p+q+r~ p+r

p4p+q A
(C) (b)

Fig. 5.3.1. (a) (Ut) quark interchange contribution to hadron— Fig. 5.3.2. Hadron form factor andscatteringamplitudesin
hadronscattering. The wavy line representsthe remaining the constituent interchange amplitudes. The wavy line repre-
“core” of the hadron after one quark is removed. (b) (st) sentsthe remaining“core” of thehadronof the one quark is
quark exchangecontribution to hadron—hadron scattering, removed.
(c) Gluon exchangecontribution to hadron—hadron scattering.

Let us now apply this formulato meson—baryonscattering,first ignoring spin effects.In general,
the scattering amplitude is a linear combination of (Ut) and (SI) contributions which we will write
in the form

M(s, t,u) = ctM(u, t) + 13M(s,t) , (5.3.2)

whereasymptotically

M(u, I) — (— t)
2 (—u)1 , (5.3.3)

for theconstituentinterchangediagramof fig. 5.3.2b.The factor (t)2 is interpretable as a “form
factor” of thenucleonas illustrated in fig. 5.3.2a,while (—u)1 is the quark—pion scattering
amplitude.

The value of ~ and f3 for a particularreactiondependsupon the quantumnumbersassignedto
the constituents.Pearson[193] hasevaluatedthese coefficients in the SU(3) quarkmodel.He
furtherseparatesthe termsinto contributionsarisingfrom a hadroniccore havingquantumnumbers
of a {6} anda {3} by writing t = ~(6) + t(3) andsimilarly for ~3.Thevalues for a selectedsetof
reactions is given in table 5.1. Once the behavior of the M’s are given, the values of a and f3 deter-
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Table 5.1

Reaction n(6) o(3) ~(6) 13(3)

1 1 2 0

1rp-1rp 2 0 1 1

1T~_~On —1/\/~ 1/..J~ 1/..J~

K~p—K~p 1 1 0 0

K’p—’Kp 0 0 1 1

KLP-~KSp —l 0 1 0

~ K~’ 0 0 —2 0

Kp—’n�° —i/~.J~ 0 1/\~ 0

mine the angular distribution at large angles. In the simple quark countingmodel,the coreis
{6} + 3~3}. However, the inclusion of the effects of spin (see below) modifies the expected angular
distributions without changingtheenergydependenceat fixed angle.Absorptivecorrectionsare
assumedto affect the magnitudeof M but not its largeanglebehaviorif the absorptionis smooth
at short distances(assuggestedby Kane [158]).

A specific model for meson—baryonscatteringwhich includedthe effectsof spin andassumed
that the baryon was primarily a bound state of a quark and a spin one core was discussed by
Blankenbecler, Brodsky and Gunion [43]. In this model, helicity is conserved asymptotically and
the cross section has the form

(—u/s)1B12, (5.3.3)

with

B(s,t,U) = aB(u,t) + ~3B(s,t), (5.3.4)

where

B(u,t) —. (—U)2(—t)2 , (5.3.5)

for I u I and ti large. Predictions for some typical differentialcrosssectionsin the limit of exact

SU(3) are given in table 5.2, see also fig. 5.3.3.

Table 5.2
daaO (1+z) R2(z)
dt ~8 (1—z)4

Reaction R(z)

n~p~ 4a(1+z12+13

irp -‘iTp 413(1+zY~+o

K~p—’K~p 4a(1+z12

lCp-~K’p
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~ GeV/c
102 - + -o K 0GeV/c
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Fig. 5.3.3. Comparison with interchange modelpredictions for k~p— k”p and ,

1f~ ir~pelasticscattering. From Lundby [182].

The aboveinvariantmatrix elementcanalsobe usedto describethe annihilationof~5pinto
mesonsby continuing to thischannelby s ~—~‘ t crossing.Two resultswhich follow from the
above are

~l— 2~du — + — Ua~ Z / —2 —2 2
it ) [a(l-—z) +j3(l+z) ] , (5.3.6)

I S
8

and

a (l—z~

)

a [a(l—z)2]2 , (5.3.7)

which yieldsthe ratio

-~ K_p)/~(~p-~ K~K)= 2(1—z)-’. (5.3.8)

The aboveresultshavebeenconfirmed by the recentcalculationof Matveev et al. [184] who
assume a = 2, 13 = 1, andy~invariance(at high energies).

In the caseof nucleon—nucleonscattering,the generaltreatmentof theangulardistribution
takinginto accountthe spinsof the four externalbaryonsandthe six internal quarksis extremely
complicated.The protonwavefunctionwas treatedin leadingorder asa quarkboundto a spin-one
core,andspin effectswerethentreatedexactlyin the work of Blankenbecler,BrodskyandGunion
[43]. It was found that the dominantinvariant amplitudeswerethe vectorandaxial-vectorones
and hence that s-channel helicity was conserved in this limit. In the paper by Matveev et al. [183]
dimensionalcountingbehaviorofs’° ands-channelhelicity conservationwereassumed.They
thenobtainedan angulardistributionthat was somewhatdifferent from Blankenbecler,Brodsky
andGunionnear90°andquite differentfor smallerangles.An importantpoint hereis that the
lack of antiquarks in the nucleonwavefunctionmeansthat the (SI) graphdoesnot occurin lead-
ing orderandthe(Ut) graph(with final particlesymmetrization)dominatestheinterchangeamplitude.
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All of thesetypesof modelspredictthat the dependenceon energyandanglefactor into the
form

(pp pp) s~R(z)+ O(s°1). (5.3.9)

A checkof this separationis shownin fig. 4.2.1 andfig. 2.1.8.The bestfit value of n depends
somewhaton thekinematic rangeinvolved. The angulardependencefollowing from thesemodels
is alsoquite restrictedandcanbe characterizedby

R(z) = (l—z2)6J(z) , (5.3.10)

whereJ(z) is slowly varying. This is againin reasonableagreementwith the data. A precisecalcu-
lation of J(z) is very modeldependentandvery difficult.

A severetestof any modelis to take the matrix elementsandto usethem in both the direct
andcrossedchannels.It is very instructiveto first considermodelswherea singlevectormeson
exchangedominatesthe amplitude.The magnitudesof the angulardistributionof pp and~5p
elasticscatteringin this casearecomparablearound90°,exceptfor identicalparticleeffects.If
thereareonly neutralvectormesonsthennp should alsobesimilar to ~ipin the backwardhemi-
sphereandhaveno backwardpeak.The dataseemsto rule out thisscatteringmechanismon both
counts.Experimentally,the angulardistributionof~5pis stronglysuppressedrelativeto pp and
np —* np has a backward peak.

In contrastthe differentialcrosssectionthatonegetsin theCIM by crossingfrom eq. (5.3.10)
can be characterizedby the form

~(~pp)=s~(l_zy6J(z), (5.3.11)

whereJ(z) is slowly varying.The valueof J(0)/J(0) is also predicted, and we shall return to this
point in thenext section.Also, theCIM amplitudefor np -÷ np is found to peakin the backward
hemisphere.

Oneof the difficult questionsto answerin interchangemodelsconcernsthe predictionof the
absolutenormalizationof the scatteringamplitude.A detailedmodel of the hadronicwavefunc-
tion is required as well as a careful calculation of all the contributing diagrams. The most careful
treatmentfor proton—protonscatteringseemsto be the work of HayashiandYabuki [144]. They
assumedthe quark-coremodel of thenucleonand find for the scatteringamplitudein the spinless
case

it3(2mv)’6m4s~(l—z2)-6s-12ln2(s/s
0), (5.3.12)

where m is the effectivepartonmassand the nucleonform factorhasthe behavior

F(q
2)~(m~/q)4ln(q2/s

0), (5.3.13)

so thatm~ 0.71 (GeV/c)
2.The value of m requiredto fit thedatais very smalland lies in the

range30—50 MeV if s
0 = 1 (GeV)

2. An importantquestion’ is whetheror not the inclusionof spin
and the effects of the largenumbersof coherentexchangesthat contributeto the processmodi-
fies this resultsubstantially.

Finally, it should be remarked that the energy dependence at fixed angle for resonance produc-
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tion is the same as for elastic scatteringin this model. For example,thefixed anglecrosssection
for pp -~ N*p or N*N* should fall in energy at the same rate as pp elastic, and similarly for

-* ITN*, pN or pN*. The angular dependence for these latter processes should be different in
general, and a measurementof their characteristicshapewouldhelp determinethe propertiesof
relevant wavefunctions.

5.4. Fixed-angleand Reggebehaviorin the CIM

Wehave seen that the typical basic scattering process between hadronsfalls with energyat
fixed angle ratherrapidly in the CIM. This is true evenat fixed momentumtransferunlessthere
is a direct vector gluon force (which we have argued must be negligible). The basic scattering
processcanbe consideredas in fig. 5.4.1a. If it falls ass increasesat fixed t, then the systemwill
prefer to scatter through diagrams of the form shown in fig. 5.4.1 b. In this virtual bremsstrahlung
diagram,particleA convertsto H with a fractionx of the incident momentumandothercoherent
“stuff” with momentum(l—x). The basic process is therebyconvertedto H + B -+ H’ + D scatter-
ing at the reducedeffectiveenergys’ xs. If x canbe small, thenthis processis not suppressed
muchif H’ canpick up the momentumfraction(1 —x) andconvertto C. This latterprocessis
suppressedas t increases,so that in the largeI andeventualfixed anglelimit, the irreducible
process(fig. 5.4.la)will dominate.At small t, the short circuit diagramwill dominateand the
cross section will fall lessrapidly ins. This is the typical origin of Regge behavior in this model at
small I. It is dominatedby theemissionandabsorptionof the lessmassivehadronicstates.They
thereforecontrol the long distanceor small-t behaviorof the amplitudes.

As discussed earlier, the amplitude for the process A + B -÷ C÷D can be separated into the form

M 13BD(t) (_u)~t)÷13BD(t)(~s) C(t) + ,,, (5.4.1)

for fixed I as s -÷oo. The asymptoticbehaviorof the trajectoryaAC at large it I is controlled by the
basic process which in this case (see fig. 5.3.la) is quark—hadronscattering.It can be shown that
the dominant diagrams using quark countinglead to

aAC(°°)=2(4nAnCnI), (5.4.2)

13BD(t) /3BD(t) (_f)(nI-nB-nD)/2 (5.4.3)

where n
1 is the minimum number of exchanged quarks.

These predictions do not automatically lead to factorization of residues as is required oft-
channel singularities in Regge theory. For example, the aboveformulapredictsthata,~~(—°°)= —l

and a~~(—oo)= —2, but, of course, factorizable poles must contribute to both processes. In this
case, the coupledchannelT-matrix equationsautomaticallyforce a cancellationbetweenasymp-
totically degeneratetrajectoriesso that the aboverelationsaresatisfied(Blankenbecler,Brodsky,
SavitandGunion [45]). It wasshownthat the coupled(in the t-channel)systemof meson—meson
andbaryon—antibaryonscatteringhasan amplitudeof the form (neglectsignature)

M f3’(t) (—u)’~~~÷~3(t) (_u)0~t)+ 130(t)(_u)00(t) + ,.. (5.4.4)

where in the particular case studied,

a~(t)— —-1 + O(—t)
2, a(t) — —l + O(—t)~4, a

0(I) —2+ O(_t)_
2 (545)
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0
(b)

Fig. 5.4.1. (a) The irreducible contribution to hadron—hadron scattering. By definition H
0 (virtual) hadronicbremsstrahlungoccurs

before the interaction of A and B. (b) Virtual hadronic bremsstrahlung contribution leading to Reggebehavior of the scattering
amplitude.

and the13’s dependon the channelinvolved. For meson—mesonscattering,134. -~ (— t)’ and
—-(—-t)

4. Hencethe fixed anglebehavior is given by the first term. For meson—baryon
scattering, j3~ (—t)2 and i~ -~ (—t)2, and the fixed angle behaviorarisesfrom the first two
terms.Finally, in thebaiyon—baryoncase,~ = —13 — (—t)3, andthe first two terms tend to
cancel with a remainder of the order of (— u)1 (— tY5 ln (— u) ~ s~6lns at fixed angle. The third
term thendominatesat fixed anglesinceit is of order (—u)2(~tY2 ° s4 at fixed angle.

It shouldbe notedthat the cancellationbetweenthe two leadingtrajectoriesin baryon—baryon
scattering should occur when a~ —1, sincea is expected to be quite flat. Nowa~is the trajec-
tory thatdominatespion—nucleonscatteringandthe effectivetrajectoryextractedfrom the data
seemsto reach(—1) for It] � 2—3 GeV2. Thus one shouldexpectthe fixed anglepowerbehavior
~1O for l’s larger than this value; the behavior for smaller ti values dependsin detail on the
behaviorof 13÷(r).

In somemodels,the leadingtrajectoriesfor pp andirp scattering both approach the same value,
but therearestill degeneratetrajectoriesat thatvalue in order to producethe correctresidues.In
other models,the trajectoriescontinueto fall logarithmically,seeBakerandCoon [21].

A detailedfit to ~5p-~ irit~ and KK1. at low energies has been carried out by Donnachie and
Thomas [100] who add the CIM term to a conventionalReggeexpansionwith granddaughter
trajectories. The CIM is importantat low energiesandlow momentumtransferin their fit, perhaps
becauseof theweaknessof baryonexchange.Their form of the amplitudecanbe interpretedin
terms of eq. (5.4.5), since the first term contains the ordinary Regge meson resonances on a~(t)
and its recurrancies. The second term is essentially a fixed pole since a_(t) —1 for all reasonable
It] andi3 (—t)2 —- which is exactly in the CIM form.

The countingrulesdeterminethe asymptoticbehaviorof exoticas well as nonexotictrajecto-
ries.For example,a~~(—oo)= —-2 whereas the exotic double baryon exchange trajectory a~~(—o°)
= —4 andthe corresponding residue is constant. Since the forces in exotic channelsshouldbe
much weaker than in nonexotic ones, one might expect that a_~~(u)remainsneara~~(—o°)for all
u whereasthe residue need not remain constant for small u. If this is the case, then da/dt (j5p) will
vary as ~2O~2 ç~10throughout the backward hemisphere; this is consistent with the present data
even in the backward (exotic) peak.

It shouldbe notedthat the predictedmatrix elements for a given signature are of the form
13(t)[(_u)a±(—s)°].This form is to be used to extract the effective trajectory from the data even
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at larget, whereI u I is not s asis requiredin the usualReggeformula.The effectivetrajectories
extractedfrom pp andirp elasticdataareshownin fig. 3.1 .4. It is thetrajectoryextractedin
this mannerwhich is to be comparedwith the CIM predictions.Thiswas discussedin somedetail
in section 3.1.

5.5. Decaydistributions1401

The functionsGH/A(x) havebeenintroducedto describethe fractional longitudinalmomentum
distributionin a Lorentz framein whichPA -* °o (seeAppendixB). It is possiblein fact to deter-
mine importantfeaturesof G(x) by makingmeasurementsusingotherexperimentalobservables
which allowsoneto correlatedecaypropertiesof heavysystems,suchas the timelike photonin
e~edecaywith photoproduction,for example.Otherexampleswhich maybe interestingto
study are NN annihilationandthe decayof heavydiffractively producedstates.

The functionGH/A(x) describesthe breakupof A into the off-shell stateH anda remainder.
The decayof an unstablestateA will reflect the thresholdbehaviorof G in a new experimental
context.In termsof the usualcenter-of-massvariablew = 2EH/MA, the inclusive decay A -~ H ÷X
is describedby

(5.5.1)

In termsof avariablewhich is morelike an infinite momentumframevariable,namely
x (EH+p~)/MA, wherez is an arbitrarily chosendirection,the decaydistributionis

DH/A(x) = f dw(w2—4M~/M~~112dH/A(w)O[w--x—M~/xM~]. (5.5.2)

The distributionvanishesif x is too near0 and I andis naturallypeakedatx MH/MA.
Using the modeldescribedin AppendixA, the momentumdistributionis given by

GH/A(x) =
2(1X) fd2kT db

2 p(b2)Ø2(xS)[xS]—2, (5.5.3)

where0<x< land

M~+k~. b2+k~.
S(kT,x) M~— ______ — , (5.5.4)

x l—x

whereb2 is the (mass)2of the “core” andp(b2) is its distribution. The decay distribution is easily
computedby evaluatingthe imaginarypart of the self-energydiagram.Thedecaywidth is easily
seento be

F Im j’~_d2kT db2 p(b2)Ø2(yS)[yS]2. (5.5.5)

If ~2 is chosento fall as a powerof its argument,thenit is easyto seethat for x andw near1,

GH/A(x)~~(l_x)r~~/A),dH,A(w)~~(l_w)r(H/A)~ (5.5.6)

and hence
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DH/A(x) -~ (1_~)~(H/A) (5.5.7)

The measurementof thedecay functionsdH/A(w)andDH/A(x) will provideindependentevidence
as to whetherthedimensionalcountingrulesarecorrectin general.An exciting possibility is to
measurethe thresholdbehaviorin nuclear—nuclearcollisions.The nucleonsarethe relevantcon-
stituentsat low energies,andas the energyincreases,thequarkdegreesof freedomshould thaw
and eventually become manifest. This transition would be very interesting to study — it could
yield importantinformationon the correct treatmentof compositestates.

5. 6. Characterization of inclusivereactions

In this sectiona roughcharacterizationof someselectedinclusivecrosssectionsin the central
regionwill be given to illustratethe strongquantumnumberdependenceof the predictedlimiting
behavioras � —+0. The integralI(x1,x2)definedin eq.(5.2.13)will be omittedin this discussion
but shouldbe includedin any detailednumericalfit to the dataoverlarge� range. In the previous
sectionswe saw that thecontributionof a particularbasicprocesswas describedby the two num-
bersF andN. The value of F, the forbiddeness,measuresthe numberof fields thatmustbe radia-
ted by the incidentsystemsto arriveat thegiven basicprocessplus thenumberthatmustbe
radiatedby c to producethe observedparticleC. The value of N dependson thenumberof fields
that areinvolved in thebasicinteractionprocessthatproducesthe largeanglescattering.It should
be stressedat this point that the preciserulesfor which basicprocessesareallowed dependupon
detailsof the quarkconfinementmechanism.Many choicesareallowedwithin the CIM framework.

A comparisonwith the local effectivepowersFeff andNeff for datafrom ISR andFNAL as
discussedby Blankenbecler,Brodsky andGunion [44] is alsogiven in this section.Finally, the
existenceof quasi-elasticpeaksin the datafor particle—antiparticledifferenceswill be discussed
sinceit can providean importantconfirmationof the overall hardscatteringpicture.

In order to clarify the formulaeto follow, considersometypicalbasicCIM processesandthe
typesof statesthat theycontributeto (M = any mesonstate,B = anybaryonstate):

N = 4 (6 quarksinvolved) N = 6 (8 quarksinvolved) N = 8 (10 quarksinvolved)

M+q-~M+q M+M-~M+M B+M-~B+M

q+(qq)-~M+B B+(qq)-+B+(qq)

B+q-B+q (qq)+(qq)--+B+q

q+~j—~B+B

The caseofN°2, quark—quarkscattering,will not be consideredfurther.
The inclusivecrosssectionswill be written in thestandardform

~~(AB~C + X)(p~+m
4Q

4(C,e)+(p~+m~Y
6Q

6(C,e)+..., (5.6.1)

dp

wherethedependenceof the Q functionon the anglehasbeensuppressedas hasthe dependence
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on the target, incident beam, and detected particle. Only the terms with the minimum values ofF
will be explicitly written. However,oneshould keepin mind that as the energyincreasesfor fixed

PT’ � -+ 1, and larger F values can be expected since extra bremsstrahlung becomes more and more
favored.Ourdiscussionis not meantto be exhaustivebut only to indicatethe generalfeatures
expected.

The mostimportanttermsin reactionsof the typepp —~CX whereC = ir~’°,K~,~ ~ etc.
areexpectedto involve N=4 and6 from the abovetable. Higher valuesof N maybe presentof
course,but theyshouldbe dampedby the largePT and finite � valuesinvolved in presentexperi-
ments.It is straightforwardto countthe minimum amountof bremsstrahlungnecessaryandone
finds

Q4(ir,e) = h1e
9+ h

2�’
1 + h’

1e’
3 + ... , (5.6.2)

wherethe h’
1 term canarisefrom the sameprocessesthatproducetheh1 term with the emission

of an additionalmesonic(q~)pair.Also

Q6(ir,e) = h3e
5+ ... . (5.6.3)

The “constants”h
1dependon the choiceof C anddependonx1,x2 throughthe integralI(x1,x2).

In the reactionpp -+ KX, which might be termed“forbidden”, theinitial statehasno quarks
in commonwith thosein K andmore bremsstrahlungis requiredto connectthem.One finds

Q4(K,e)=h2e’
1 +h

1e’
3 , (5.6.4)

and

Q
6(K,e) =h3e

9 + ... . (5.6.5)

Note thatif thec” process(q + --+ M + M) dominatedboth the K andK~reactions,thenthe
ratio (K/K1) would be constant.In general,however,onemight expectthat this ratio will fall as
�2 or as � decreases.

The reactionpp --+ pX is an interestingonebecauseit involvesa morecomplextrigger particle
which is alsopresentin theinitial state.It hasseveralnew typesof subprocessesthat contribute
to it. Thebasicprocessq + q -+ B + ~ will ultimately produce a pj~8behaviorif it is present,but
onemight expectthat thosemechanismsthat dominatethe exclusivescatteringamplitudeshould
be very important(that is, q + B -~ q + B and(qq) ÷B -÷ (qq) + B). Theseinvolve a largeN value
but shouldbe dominantat smalle. Thereis alsothe (possible)basicprocess(qq) + (qq) -* B ÷q
that is the only onethat requiresdoublefragmentationandalsocontributesto leadingorder in
the inclusivelimit (s10). Thecrosssectionshouldbe characterizedby the forms

Q
4(p,e) H1e

7 +

Q
6(r’~~)=H2e

3 +J-1
3(M)e

5+H
4(B)�” + ... (5.6.6)

Q8(p,e)= H5�÷H6�~+ H7(B)�” +

Q~(p,�) = H8e
3 + ...

The termH
3(M) is written soas to emphasizethatan associatedmesonsystemis producedwith

the proton and these terms should be comparablein the two crosssections.Similarly for H47(B),
so that in theantiprotoncrosssectionshouldlook like
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Q4 small

Q6 =H~(B)�~+ ... (5.6.7)

whereconsistencydemandsthat114(B) andH7(B) areof thesamemagnitudeasH4(B) andH7(B)
extractedfrom a fit to theprotondata.

It is of particularimportancein understandingthe basicdynamicsof largePT reactionsto com-
pareexperimentswith differentbeamparticles.This degreeof freedomallowsoneto changethe
predictedF value for a given N value and to checkthe normalizationof the basicsubprocesses.
Oneimportantprocessis clearly irp -+ irX which is expectedto be of the form

Q4(ir,e) = k1e
7+ k

2e
5+ k

3e
3+

(5.6.8)

Q
6(it,e) = k4e

3+ k
5e÷k6(B)e

5 +

The k
3 and k5 termsdo not Feynmanscalebut theydo contributeto theexclusivelimit behavior

of s
8. They involve thebasicprocessesit + q -+ it ÷q and~ ÷p - it + (qq) respectively.Thek

6(B)
termproducesa recoil baryonsystemandit should alsoshowup in the reactionit + p -~ pX. Other
final statescanbe discussedin a similar manner.

The final processto be describedhereis the reactionjip -÷ itX that allows the possibilitiesof
new types of basic processes. The cross section can be written in terms of

Q4(it,e) = K1e
9 ÷K

2e
7 + ... (5.6.9)

Q
6(it, e) = K3�

3+ K
4e

5 + K
5�+

where the K3 term arisesfrom the process(qq)÷(~j)-+ it + M*, andK4 from ~ + (qq) -~ it + q.The
K5 term is theonly one that contributesto leadingexclusivebehaviorof s

8 andinvolves
~ + (qq) -+ it + ~jandp + (~) --+ it ÷q. Without extrabremsstrahlungit doesnot Feynmanscale.
Detailedfits to dataarenecessaryto determinewhich diagramsare important.Suchfits can be
foundin the paperof Raitio andRingland [201].

The characterizationsgiven aboveemphasizethat therearetwo distinct limits involved here
which aresometimesconfusedin the literature.They are (l)largep~with � (orxT) fixed in which
theminimumvalueof N eventuallydominates,and(2) e -~ 0 with PT fixed in which the minimum
valueof F dominates.Thisshouldbe kept in mind sinceit is oftenstatedthat the parton model
(not furtherdefined)predictsa factorizationfor XL — 0:

- (p~+ m2)_NfN(~)’ (5.6.10)
dp

We seethat this is correctif onesumsover possiblevaluesof N in the aboveformula.This sumis
absolutelynecessarysince,in general,different termswith differentN valueswill dominatein the
two limits definedabove.

However,this form suggeststwo importantandcomplementarywaysof extractinginformation
from data.SincefN(e)is predictedto behaveas~F for sufficiently small e, this providesthemoti-
vation to defineeffectivepowersNeff(E) andFeff(PT) by theequations

Neff (~)= —p~._.~_ In (~_c!.~i), (5.6.11)
aPT dp
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wherethe derivativeis takenat fixed � and0CM’ and

Feff(PT) = � In (~1~._G), (5.6.12)

which is calculatedat fixed PT and 0CM~Thesetwo functionscanbe extracteddirectly from the
data.Theyprovidenot only an immediatefirst testof anytheory,but alsoa guidein determining
the typesof termsinvolving differentvaluesof N andF that arerequiredin a detailedfit andin
estimatesof themassesrequired.The N andF values then provide clues as to what type of basic
processesare importantwhich thenleadsto the typeof final statecorrelationsthatare to beex-
pected.The functionaldependenceof Neff andFeff canbecomputedin modelsas per eq. (5.2.12).
Becauseof the variationof the integralI(x

1, x2), Feff canvary from F as G increasesevenif one
term dominates.

The extractionsfor the BS datafrom the tSRandthe CP data from FNAL areshownin figs.
5.6.1 and5.6.2.Sincemasscorrectionswill affect the shapeOf Neff at smallPT’ decreasingits
valuethere,andsinceNeff mustvanishatPT = 0 if the processis to Feynmanscale,theexperimen-
tal resultsclearlyshowthepresenceofN=4, 6, and8 termsasexpectedandshowlittle difference
betweenparticle-antiparticle.The Feff curves,however,canbe quitedifferent for variousparticle
types.Theirvaluesclearly tend to increaseas theenergyincreasesalthoughthe errorson Feff are
quite largefrom the tSR. The Feff curvesfor K and j5 arehigherthanfor theotherparticles,
reflectingmorebremsstrahlung,andarequite flat, reflectingan origin in the pionizationregion.
TheFeff valuefor protonsis quite small,especiallyin the FNAL range,characteristicof fragmen-
tation and the protonspresencein the initial beam.For the furtherdetailson the analysisof these
curves,we referthe readerto the original paper(Blankenbecler,BrodskyandGunion [44]).

An interestingapplicationof how theNeff~Feff analysiscanbe usedto predictcorrelationsis
provided by the reactionpp --+ itX. Herewe expecttwo leadingcontributions,(a) N 2, F 5 cor-
respondingto the usualpartonsubprocessp + q --+ p + q wherethe largePT of the it is balancedby
the muon,and (b)N= 3, F= 4 correspondingto -yq -~ it + q in which the recoil momentumis taken

0 I I I I 2O—~-—---~ I.

g - ISR-CCR -/v(GeV) - 8 - . -

2 23.5-30.6
8 - 90° A 30.6-44.8 - 6 - -

7 - • 44.8-52.7 - 14 . -

UA U
- 12- -

Neff 5 - • 0 - Feff 0 - -• A° 0
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0
2- - 4- U -

I - - 2- -
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pT(GeV/c)

Fig. 5.6.1.Plots of Neff and Feff from the ISR—CCR data for the reaction pp —°ir°X for three energypairs. Thestatisticalerrors
are of the samesizeas the discrepanciesfrom different energy pairs.
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Fig. 5.6.2.Plots of Neff and Feff from the ISR—BS and FNAL—CP data for charged particles. The FNAI. energy pairs are
(19.4-23.8GeV) markedby X’s and(23.8--27.4GeV) markedby dots.

up by a jet of hadrons. Another important application of this analysis is the process pp -+ pX,
sinceit separatesthe Drell—Yan N 2 processfrom hadron-producedmuons.

These ‘~effcurvesalsodisplay an importantfeatureof hardscatteringmod~lswhich provides
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an important check of the presence of a small number of constituents.This featureis the presence
of quasi-elasticpeaksin the XT distribution corresponding to the most likely momentumdistribu-
tion among the constituents involved in the basic subprocess. For this configuration the cross see-
tion will peak asa function of xT andhenceFeff must vanish there. This is only seen in the differ-
ence between particle and antiparticle cross sections since then the Pomeron component (which
peaksat XT = 0) cancels,allowing the valencepart of the wavefunction to be observed.

The inclusive crosssectioncan be written as an integraloverz, the cosineof theC.M. scattering
anglein the subprocess(neglectingfinal statebremsstrahlungc —~C):

(l_.z2) Fa/A (~~) Fb/B (2x2) cIa (, = 1z2 ,~) (5.6.13)

whereF(y) = yG(y). Now the valencepart of the probability functionshouldbe peakedat the
values of y correspondingto the zerobinding limit. That is, the first oneshouldbe peakedat
Xa = nSInA,where,~,A na + n(~A),andna is the numberof constituentsin the statea. Similarly
for Gb/B. If these peaks in the integrand control the values of z, that is, if the angulardependence
of da/dt is sufficiently mild, then there is a peak in the integral at the value

- r~A U ‘
1B Ol~~

XT XT 2L— ctn +— tan , (5.6.14)

where0 is the C.M. scattering angle of C. Thus the scattering arising from the valence part of wave-
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Fig. 5.6.3.Feff for particle—antiparticle differencesillustrating the peak in e as~eff vanishes.
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function should have an Feff =0 at this value of XT (for example,at 90°, and for nA/n5 = 3,
i?B/flb 5~-~ ~). If there is final state bremsstrahlung, the value of ~T should be multiplied by
nc/(nc +

The analysis for the differences (K~—K) and (p—~3)are shown in fig. 5.6.3.The difference
between ir~ and ir is of the samesizeas the errors, and this analysis cannot be made in this case.
We seethat ‘~effdoesseemto vanishin both the ISR (at ~ 0.1) and FNAL (at ~T -~0.2) energy
ranges. The relative values are consistent with the fact that larger ‘eff values are found at the higher
energies. The absolute values are reasonable if important small x1 Regge terms are still present in
the differenceof crosssection.

A final simple consistency check is to examine the exclusive limit of the processes analyzed
above.The exclusivelimit crosssectionshouldfall as a powerof s given by Nex = l+N+E. From
the CPdata, (~ex)eff is estimated to be 12.5 for it~andK~,-~ 14 for K—, -~13 for p and-~17 for
1. The values are higher by 1 or 2 tor the BS data. These results are to be compared with the
minimumpossiblevalues,which are 12, 14, 10, and 16 respectively,but a given suhprocess will
in general have a larger Nex. The particular values are in reasonable agreement with expectations,
and the relative ordering is as expected. See also the excellent paper by Jariskog [157 a].

5.6.]. Photonprocesses
Large transversenDmentumprocessesonvolving photonsare particularly important tests of the

hard-scatteringmodelsand the countingrules(4.2. 1 —4.2.10) sincetheydirectly probethe point-
like natureof the constituents.If the photon is countedas an elementaryfield, anexplicit break-
down of vectordominancein the largemomentumregime is predicted.The measurementof
-yp -÷ itp at fixed angle by R. Anderson et al. [1 la] at SLACgives da/dt ~—7.3±0.4 and is consistent
with the dimensionalcountingpredictionof s

7, althoughhigherenergytestsarerequired.Pre-
dictionsfor the angulardistributionaregiven by Scott [214]. A gaugeinvariantparton modelfor
photoproductionis given by Mueller-KirstenandHite [189]. We emphasizethatComptonscatter-
ing at larget will provide adecisivetestof the electromagneticstructureof hadrons.Partonmodel
(see Brodsky, Closeand Gunion [61], and LandshoffandPolkinghorne[172—1741) andlight-cone
analyses(seeFrishman[130a]) demand the existence of a J 0 fixed pole contribution to the
Compton amplitude. Thus, for sufficiently large III (where normal trajectories recede to negative
values)

s>> tI, (5.6.15)

with F(t) ~ t2, consistent with ~_6 dimensionalcountingfixed angle prediction. Measurements of
interference effects in e~p--+ e~p’y can test the prediction that the fixed pole contribution is inde-
pendent of photon mass at fixed t. These and other related tests are discussed by Brodsky, Close
and Gunion [61].

Deep inelastic Compton scattering ‘yp -~ -yX and pion photoproduction -yp -~ itX at large PT are
very interesting and basic inclusive tests for any parton model. The asymptotic cross section
E da/d3p (-yp --+ -yX) is predicted to be scale-invariant and proportional to the sum of quark charges
to the fourth power (Bjorken and Paschos [37]). However present experiments are kinematically
restricted in the small-I domain and thus can be expected to be sensitive to non-leading contribu-
tions in PT~The conventional and expected contributions to yp -~ ‘yX and ‘yp -~ it°X arisingfrom
(a) -y + q -~ it + q and’y + q -* + q subprocesses are illustrated in fig. 5.6.4,with additional,non-
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Fig. 5.6.4.The basicprocessesdiscussedin thetext for inclusive(a) photoproductionand (b) Comptonscattering.

leadingtermsarisingfrom thesubprocesses~ ÷B --+ it + (qq) and~ + B —~ -y + (qq). Justas in the
hadronic case, the latter type of diagrams — which havea minimumnumberof spectatorquarks—

are expected to be especially important at small �. It is perhapseasiestto think of theseas arising
from the baryon scattering off of the (~q) components of the target photon. Using the counting
rules as given before, the expected cross sections are

Edcr f1c
3

—_(yp-+itX) + +... (5.6.16)
d3p (p2

1.+m
2)3 (p~.+rn2)6

and

Eda J~�3 J~E°
+ +.... (5.6.17)

d3p (p~.+m2)2 (p~.+m2)5

The e~terms (which also include the usual electromagnetic logarithmic factor) would be �~if the
photon were pure vector meson dominated so that it would act like a q~j state rather than a fun-
damental field.

The photoproduction process has beenanalyzedby Eisneret al. [106] atpLAB = 21 GeV/c for
it° and they find Neff ~ 6—7and Feff 0.5 with m2 0.5—1 .2GeV2. Boyarski et al. [55] have
analyzed ir, K-, and p data at 18 GeV/c and for the charged PlOfl case ftnd a reasonable fit wtth
Neff 6 and Feff 1. In the case of deep inelastic Compton scattering, the SLAC measurements
of the SantaBarbaragroup(Eisneret al. [106]) give a fit with Neff 4.5, Feff 0.5, and

0.8 GeV2. Further the ratio of-yp -~ ‘yX to -yp -÷ it°X does seem to be consistent with the
predictedp~.+ in2 behavior;despitetheextrafactorof ct. The crosssectionsshould eventually
become of comparable magnitude. Note that if ‘yp -÷ ‘yX is measuredat largeI, away from the
edge of phase space, we still expect the scale-invariant parton modelpredictionto hold atlarge

PT~Finally, we also mention that the difference of cross sections for e~p—~ e~’yXat largephoton
mass and large PT measures the interference of Bethe—Heitler and virtual Compton amplitudes
and the sum of the cube of the parton charge (see Brodsky, Gunion, and Jaffe [64]). Because of
the interference nature of this measurement, background terms of the J~typecannotcontribute.
A light-cone analysis of this process is given by Kiskis [1631.
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5. 7. Theoreticalexpectationsfor correlationsinvolving large PT hadrons

Thus far, there has not yet been a great deal of theoretical work on inclusive correlations involv-
ing alargePT hadronin spiteof the fact that thisareashould providefertile groundfor new
theoreticalinsights.The simple theoretical work which hasbeendonesuggeststhat correlations
are crucial in disentangling the underlying dynamic mechanisms. The preliminary data on correla-
tions have provided hints of unexpected phenomena. The opportunities for further progress here
are many.

Oneaspectof the problemof correlationswhich hasapparentlycausedsomemisunderstanding
involvesPT conservation.It is importantto recall that the way in which transversemomentumis
conserveddependson the underlyingdynamicalmechanismsothat it is not possibleto isolate
momentumconservationas a separatekinematiceffect. The following simpleexamplewill illu-
stratethis point. Assumethatthe absolutesquareof the matrix elementfor an eventwith n + I

particlescanbe written in the form

IM(p1 .. p~~1)2 i(PT1) ... f(PT(0+l)). (5.7.1)

This is just the assumption of the “uncorrelated jet model” (Krzywicki [165]) or transverse cutoff
phasespacewhich is oftenusedas an exampleof a modelwithout dynamicalcorrelations.If we
thentrigger on an eventcontaininga largePr particle, we have the constraint

PT(n÷i) PT = PU• (5.7.2)

If we neglectenergyconservationthis is the only sourceof correlationsin transversemomentum
in the model. Wecansee,however,that the implicationsof the constraintdependon the form of
the f(pT1)~ If, for example,thef’s aregaussian

f(pTi)~ exp(—bp~~), (5.7.3)

the preferredway to satisfy (5.7.2) is for eachof then particlesto beclusteredaroundthepoint
PT/~~In contrast,~~f(PT) hasa simplepower falloff the preferredconfigurationis whereone
recoil particlehasalargePT and the others are near the origin. Wemay therefore find something
like the phasespaceconfigurationfound in hardcollision modelswithout assumingany under-
lying 22 hardprocess.

The fundamentaltestof an underlying2—2 mechanismis, of course,the coplanarityof events
containinglarge transversemomentumparticles. As discussedin 2.3, this follows from the assump-
tion that the constituents and the products of hadronic bremsstrahlung have limited transverse
momentumrelativeto the beamdirectionsothat the probability functions,Ga/A(X, PT)’ eq. (A.8),
in hard collision models are sharply peaked at small PT~Gunion [134—1 36] hassuggestedthat it is
consistentwith the spirit of hardcollision modelsthat the probability functions themselveshave
slow power-law-behaviorin their high PT tails so that the implied convolutions over PT cangive
significantly largerdeviationsfrom coplanaritythanmight otherwisebe expected. It has not yet
been demonstrated, however, that the broad azimuthal correlations observed by the CCRgroup
canbe obtainedin this manner.Also, it detractsfrom the conceptualsimplicity of hard scattering
modelswhenall the mechanismsleadingto largePT arenot explicitly isolated.Onepossibility is
that significantcontributionsfrom inclusivegeneralizationsof multiple-scatteringdiagramsare
necessaryto achieve the experimentally observed noncoplanarity of large PT events.The azimuthal
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correlationsgive an indication that while the hardscatteringmodelsmay be ableto explaindata
on largePT production,thereremainsa substantialgapin our understanding.Additional datais
needed.

An alternativeway to approachthejet hypothesiswhich temporarilyavoidsconfrontationwith
the fact that therebe significant noncoplanarityin the eventsis to look for evidenceof the under-
lying hardcollision in the quantumnumberstructureof an event.The basicideais that the quan-
tum numbersof the particleswith largePT should,in somestatisticalsense,be related to the
quantumnumbersof the constituentsparticipatingin the hardcollision. Forexample,if we give
up the ideaof a scale-invariantquark—quarkcrosssectionbut assumethat quark—quarkscattering
is thedominant internal mechanism,wewould predict that the largePT hadronsshouldreflect
thequantumnumbersof the valencequarksof the incident beams.For pp collisions, the observed
surplusof positiveovernegativeparticlesat largep.r. is in crude agreementwith this idea.

At the level of two particlecorrelations,the quark—quarkscatteringmechanismdoesnot lead
to significant correlationsbetweenthe quantumnumbersof one largePT jet and thoseof thejet
on theoppositeside. Thereareonly the overall constraintsdueto charge-conservation,etc. In
contrast,the constituentinterchangemodel containsmany possibleinternalhard-scattering
mechanisms.Yet, if the modelis correct,by triggeringon a largePT particlewith definite quan-
tumnumbers,experimentscanselect the particularmechanismsthatdominate.This mechanism
mustbe consistentwith the observedsingle particle spectrum.An examplediscussedby Newmeyer

and Sivers [190] consistsof triggering an apparatuson a largePT proton and looking in the
opposite hemisphere for p’s or p’s. If quark-scattering is the dominant mechanism, the opposite
hemispherejet shouldcontain the usualsurplusof baryonsover antibaryonsexpectedin the frag-
mentation regionof aquark. In theCIM, however,triggering on a largePT baryonmay selecta
substantialcontributionfrom the hardsuhprocessqq -÷ B~.Here an antiquarkis balancingthe
largePT of the baryonandwe expecta surplusof antibaryonsoverbaryonsin the oppositehemi-
spherejet. Simplemodelcalculationsfor

R = ~ (5.7.4)
(p> + (p>

where(p) is the averagenumberof protonsand(~)the averagenumberof antiprotonsin the
hemisphereoppositea largePT proton are shown in fig. 5.7.1 as a function of the XT of the trigger
particle.At FNAL energies,the subprocessq + qq -~ M + B may be important,predicting the
dominanceof mesonsoppositea triggeredbaryon.

Anotherexampleof the importanceof quantumnumberconstraintsinvolvestheproductionof
strangeparticlesin the CIM. The tendencyis for strangenessto be balancedbetweenopposite
large PT jets. In pp collisions of a largePT mesonwherethe leadingirreduciblemechanismis
qM -~ qM, the strangenesstransfercomponents

uit° -+ sK~, dir~-~ sK~, etc. (5.7.5)

leadto jets containingoppositestrangeness.The processuK1 -~ uK~,however, balances the
strangenessof ajet with a particlein the fragmentationregion.

Anotherimportantquestionis whethercorrelationsinvolving largePT hadronsarerelatedto
the clusteringpropertiesof low PT events.In modelssuchas the CIM the participatinghadronsin
the subprocesscanbe resonances.Sinceenergy-Inomentumconstraintswould imply a negative
correlationbetweentwo particleswith large transversemomentumin the samedirection if all
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Fig. 5.7.1.The asymmetry in baryons and antibaryons (5.7.4) in ajet oppositea high PT protonascalculatedin thepartonjet
model (PJM) and the constituentinterchange model (CIM).

hadronswereproducedsingly, the observationof positivesameside correlationsis alreadysuffi-
cient to guaranteethat thereis someclustering.It remainsopenwhetherit is intrinsically differ-
ent from the clusteringobservedamonglow PT particles.Fora reviewof cluster models,see Ranft
[203].

As emphasizedby Bjorken [35] thereareseveralrelationsbetweentheinvariant crosssections
for clustersand theinvariant crosssectionfor their decayproductsin the limit whereangleor
rapidity is approximatelyconservedby the “soft” decay process. Let us assume that the invariant
crosssectionfor the productionof a cluster,

Ed3oc (p,s) fC(p/p, 0CM)’ (5.7.6)

dp p~

approximatelyexhibitspowerlaw scalingandassumea scalinglaw (see5.5.2)

dN
= Dh/C(x), (5.7.7)dx

for the decay of the cluster into had rons, where

X IPhI/IPcI p~./p~, (5.7.8)

sincetheanglesareapproximatelythe same.We thenhave

Ed3ah (p,s) f dxx~2fc(~, 0CM) Dh/C(x), (5.7.9)

wherez z~p!~./p~ax.Becausethe effectivepowerof n in (5.7.6) is usuallyquite largeit is thebe-
havior of Dh/c(X) nearx = 1 which determinesthe form of the powerlaw scalingfor the decay
products
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fh(z OCM) f thx~-2r (~ 0CM) Dh/c(x). (5.7.10)

In interpretingthe correlationfunction

E

1E2du/d

3p

1d

3p

2

R = ~iflei — 1 , (5.7.11)
(E1 da/d

3p
1)(E2 da/d

3p
2)

for two largePT hadronsin approximatelythe samedirectionwe seethat a largeamount of the

PT dependenceis dueto the variationof the singleparticledistributions.If we assumethatboth
particlescomefrom a clusterwith momentump p1 +p2 and C)1~2= (p1+p2)

2 andthennormalize
that invariant crosssectionto the invariant crosssectionfor a singlehadronat momentump

Eda/d3pd~)1~2dxd~~R(E
1da/d

3p
1)(E2da/d

3p
2)

(Edu/d

3p)~ 2a~~~i(Edcr/d3p)
with x = E

1 /E. As pointed out by J. Bjorken, if the crosssectionfor producinga highPT system
reflectsstrongly the totalPT andis not a rapidly varying functionof the internalvariables,this
shouldbe a slowly varying functionof PT~An estimateof the functionbasedon CCR dataon
it°it° correlations is shown in fig. 5.7.2 as a function of PT~The fact that it is reasonably constant
supportsthe generalassumptions.

Theinterpretationof correlationsin specificmodelshasonly now begun.Uematsu[224] has
shownthat theenergydependenceof two particledistributionsin the modelof Bergerand
Branson[27] is quite large.Formulasfor two-particlecorrelationsin the quarkscatteringmodel
aregiven by Ellis andKislinger [110], andthesecanbe readily generalizedto otherhardscatter-
ing models.

The correlationin °CM’ or therapidity variable~i= log tan (OCM/2)betweenoppositesidepar-
ticles reflectsboth theangulardependenceof the activesubprocessand thedistribution of momen-
tum in Ga/A(X), Gb/B(X), G~ic(X),andGD/d(x).A subprocesswith an isotropicdistributionis
alreadyruled out by the data,sinceit producesmuchtoo narrowan angularcorrelation,compared
to the~ — 3.5 correlationwidth measuredby thePisa—StonyBrookgroup at~ = 52 GeV with
oneparticleat

0CM = 90°andPT > 3 GeV. Angular dependencessuchas dcr/dt — t4 or u4 which
mightbe expectedin modifiedgluonexchangemodels,or the formsda/dt — 1/su3,u/s5, 1/s2u2,
which arepossiblefor q ÷it -÷ q + it arenot inconsistentwith the Pisa--StonyBrook datameasured

Fig. 5.7.2.The ratio of invariant crosssectionsfor a pion pair anda singlepion as a function OfpT.
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atXT -~ 0. 1 sincethe datain this region aresensitiveto the small-x behaviorof the structurefunc-
tions. However,atlargerXT, the predicteddifferencesbetweenthe variousmodelsfor du/dt are
very distinct. Calculationsvalid at large VT havebeengiven by Ellis [108]. Multiparticle correla-
tions alsoshouldbe ableto discriminatebetweenthesemodels.

Recentexperimentshavealsodeterminedthe correlationin r~as a functionof the CM angleof
the detectedlargePT particle.If two differentdistributionsGa/A(X) andGh/B(x) occur, as in
it + q, thentheC.M. tendsto be “thrown” in the directionof the “heavier” of the particlesaand
b. In the caseof an isotropic da/dI,oneexpectseventsto havean “antiback-to-back”correlation,
i.e., the particleson the oppositesideof the detectedhigh PT particleshould havethesamesign

0f~~M However, if da/dI(a÷b -~ c + d) is forward or backwardpeaked,thenthe aboveeffect
can be negated,and a back-to-backcorrelationcan occur. Futuremeasurementsof thesecorrela-
tions, especiallyat highermomentumtransfersandwith completemomentumdeterminationwill
bevery usefuldiscriminantsof the models.Generally,the featuresof the correlationsareexpected
to sharpenasPT increases.More extensivecomputationsof the angulardistributionsand fits to
the inclusivespectraare beingcarriedout by Raitio and Ringland [2011.

5.8. Theproductionof newparticlesand large PT

A very intriguing questionarisesconcerningwhetheralarge fraction of the observedhigh-
transverse-momentumhadronscould be relatedto theproductionof new particles.Lederman
[179] hasadvancedthe speculationthatessentiallyall the hadronsproducedin excessof an
exp(—

6pT)extrapolationare the decayproductsof heavyparticlesrelatedto the t/.’(3l00) and
~Li(3700) observedat SPEAR(Augustinet al. [18]) andat BNL (Aubert et al. [17]).

In supportof this view onecannote that the SPEARdatasuggestthe existenceof a threshold
at\/~= 3—4 GeVresultingin the approximatedoublingof the ratio a(e~e-~ hadrons)/
a(e~e—~p~p). This could be translatedinto an effectivethresholdfor theproductionof
hadronsat largePT in pp collisions. Exceptperhapsfor the associatedmultiplicities of the Argo
Spectrometergroup (Ramanauskasetal. [202]) thereis as yet no evidencefor this type of thresh-
old structurebut it mayemergein carefulanalysisof new data.Furthersupportof the ideacan
be found in the fact that

~(yp~~p)~eat, a~2~—3, (5.8.1)

(Knappet al. [164]). This correspondsto the generalpictureof the growing importanceof heavy
particlesat larget andis consistentwith the ideathat the ~L”sare morepointlike thanordinary
hadrons.

As discussedin section3, themostimportantconstrainton this suggestionis the observedsmall
and constant value of the ratio

p/it~ I0~, (5.8.2)

in pp collisions. If theleptonic/nonleptonicdecayratiosof tIle majority of thesenew particlesis
the sameas observedfor the XLi’s

-+ p~p)/F(t~i-* hadrons) 0.1 , (5.8.3)

thenvery few of the largePT hadronscanbe their decayproducts.
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It may be thatthe hard subprocessin theconstituentpictureswehavebeendiscussingcanbe
effectively replacedby a sumover high-masslow-spin resonancesin the direct-andcrossed-channel.
This new typeof dualitycould havemany implicationsand couldperhapsleadto a correction
between events with a few high PT hadronsand thosewith alargemultiplicity of low PT hadrons.

It shouldbe notedthat theproductionof ~“s in pp collisions is suppressedin heavyquark
modelsby the operationof “Zweig’s rule” which forbids aproducedquark to endup in the same
hadronas its antiquark.Thus the associatedproductionof particleswhich carry the new quarks
boundto the usualquarksshouldbe favored.However, in thoseeventsin which thereis a iii,

argumentscanbe made(Sivers [217]) which indicatethat thereshouldalsousuallybe a pair of
heavyhadrons.Moreoverthereshouldbe local balancingin rapidity of the numberof new heavy
quarksso that the momentumof a high PT i/i should be balancedby a recoil systemcontaining
the newhadrons.

Evenif thereis no direct connectionbetweenthe existenceof thenew particleand theunex-
pectedyeild of high PT hadrons,it is possiblethat largePT physicscanilluminate someof the
propertiesof the ~‘s. For example,a possibletestof whetherthe i1ti is an elementaryspin-one
particleor a compositeq~jsysteminvolvesthe comparisonof fixed-anglescalinglaws for ‘yp -÷ ‘yp

and-yp -~ ~l’p or inclusivescalinglaws for yp -~-y+ anythingand yp -~ ‘y + anything.Note that the
observationof aJO fixed pole in i~tiphotoproduction,

(‘yp ~p) s
2j’(t), (5.8.4)

would be dramaticproofof the elementarityof thenew statesinceBrodsky,CloseandGunion
[61] have shown that fixed-pole behavior is impossiblein the photoproductionof composite
systems.Whetheror not thesekindsof testson the natureof the i~iarefeasible,in view of the
smallobservedcrosssections,is difficult to say — thesimpleexamplesdiscussedhereinvolve
extremelysmalleffects.

The productionof heavymassparticlescan, in principle,give us the sametypeof dynamical
informationsoughtin largePT processes.An importantmechanismfor theproductionof heavy
hadronsshould beq~-÷ HH sothat the dynamicsof the processmaynot be too different from
q~—~ KK~.This may be reflectedin the scalinglaws for theproductionprocesses.The produc-
tion of heavyparticlesat largetransversemomentumoffersan opportunityto studyhow the
parameterm2, in the formula

Ed3a f(e) (5.8.5)

d3p (p~.+m2)’~’
dependson the internalmasses(quarkmassesor hadronmasses)in theproblem.The production
of new quantum numbers implies the existence, on the average, of a greater number of spectators,
so the production of heavy hadrons should be dominated by the small x

1 kinematic region.
Photon,lepton and mesonbeamsoffer the bestopportunityfor isolatingthe presenceof the new
particlesbecauseof the improvedsignal-to-noiseratio dueto the presenceof antiquarkswith
large x.

It is possibleto dimensionallyanalyzetheproductionof heavy masssystemsin muchthe same
way as in largePT inclusivereactions.Countingrules in the CIM for leptonpairproductionhave
been derived by Sachrajda and Blankenbecler [206] which predict the behavior in mass (1~)7()and
threshold(1— ‘J1~

2/s)for anyincidentbeamandchoiceof basicprocess.Theseincludebothanni-



104 D. Siverseta!., Large transversernornenturn processes

hilation (Drell—Yan) andbremsstrahlungtypecontributions.The inclusive--exclusiveconnection
was also discussed.It will be very helpful to havedataof sufficientquality and quantityso that an
effective poweranalysiscanbeperformed.This would helpdistinguishbetweenthe possiblebasic
processesthatcan contribute.

The presenceof heavynarrow resonancesoffers the possibility of manyinterestingeffectsin
inclusivechannels.It is importantto notethe possibility that the anomalousenergybehaviorfor
large-angle~5pelasticscatteringbetweenPLAB of Sand6 GeV/c (Buranet al. [65]) may be dueto
the effect of the i/i(3700) at the upperenergy,/~ 3.68. The possibility that the “Ericson fluctu-
ations” observedby Schmidtet al. [210] may really be dueto a new heavy baryoncoupledweakly
to it~p is alsoworthconsidering.

The discoveryof the ~1iand ~,1i’are importantin that theydemonstratedboth the limitations
andthevirtuesof current theoreticalapproachesto hadronicphenomena.For example,we now
canonly expectR = a(e~e hadrons)/a(e~e ji~ji) to become asymptotic at some energy
regimeconsiderablyabovethe massesof the new particles.Efforts to explainwhy this ratiodid
not agreewith simplequarkmodelpredictionsin the lower energyregimedid not prove too illu-
minating.We mustkeepin mind that the simplequarkmodelrulesfor largePT processesdiscussed
heremayalsofail in sucha way as to unmaskthis newdynamics.If this “thawing” is dueto the
openingup of new degreesof freedom,they canbe includedin thecountingrules in an obvious
manner. If not, then we will be learning about a new type of hadronic matter.

6. Summaryandconclusions

The detailedstudyof the propertiesof large-transverse-momentumphenomenais nowjust
beginningand muchmoreexperimentalandtheoreticalwork will be requiredbeforedefinitive
conclusionsare possible.It doesseemappropriate,however,to makethe following preliminary
observations.

The kinematic regime in which large PT data is being collected is characterized by an invariant
singleparticleinclusivecrosssectionwhichdisplaysa falloff somewherebetweenexp(— 6PT) and

(PTY4. These two predictions may be considered extremes, the first possibly valid at low PT and
theotherpossiblyvalid atsomeultra-highPT~We do not completelyunderstandfrom the quark
partonpicturewhy thereis no evidencefor a (PTY4 componentin the presentkinematicregime
althoughtherearespeculations,basedon modelsfor quarkbinding,why sucha term may be
absentor suppressed,seesection4.

The availabledataon singleparticleinclusivesare observedto be smoothover a wide rangeof
PT and ~ Thereappearsto be no sharpboundarybetweenlow PT andhigh PT regimesor
betweenhighenergyandlow energydynamicalmechanisms.However,we cannotbe completely
satisfiedwith this observationdueto thepresenceof largegapsin the coverageof the highPT’

intermediateenergyrange.Datafrom SLAC,BNL, CERN—PSandSerpukhovareneededto test
for this smoothnesswith greaterprecision.Dataat theseenergiesandXT 1 can alsoexplore
directly the connectionbetweeninclusiveandexclusivecrOsssections.

Thejet hypothesis,i.e., the assumptionof an underlyinghard scatteringmechanism,canmost
easily be testedby looking at the completephase-spacestructureof individual eventscontaining
a largePT trigger. This typeof datacangive basicinformationon the internaldynamics.For
example,thereis speculationthatthe inclusive “jet crosssection”
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Ejet dU/d3(Pjet) ‘~‘ f(Xjet)/(P~t)4

maydisplayscaleinvariance,wherePjet = ~ is the sumof the momentaof all particlesin a
given eventwith PTI � <PT>~This crosssectioncanbe measureddirectly, e.g.,in hadroniccalorime-
ter experiments,andthe speculationshouldbe tested.The measurementsof associatedmultiplici-
ties andcorrelationsat the ISR supportthe idea of somesortof broadjet structure.The resultsof
the ARGOspectrometer measurements at BNL displaying a sharp rise in the associated multiplicity
as a functionof PT constitute,at this time, the soleexceptionto the rule thatphysicalobservables
extrapolate smoothly between small PT and large PT~

Hardscatteringmodelsareconsistentwith a largebody of data.However, the observedlack of
coplanarityin the two particleinclusivedataprovidesan importantchallengeto this pointof view.
More dataon azimuthalcorrelations,with differentparticlesandin different kinematicranges,is
obviously in order.It is particularly interestingto checkwhetherthe coplanaritydistribution
changesat highervaluesof x

1. Comparisonswith correlationsobservedfrom lepton and photon
inducedreactionswill alsobe significant.It is alsoan interestingtheoreticalproblemto see
whetherhard scatteringmodelscanbe generalizedin someway to avoidthe predictionof co-
planarity.Thiswould be, in somesense,a retreatfor thismodelbut it couldbe balancedagainst
othersuccesses.The inclusionof “hard” 2—-3 internalprocessesmight be an interestingexercise.

For completenesswe alsomentionotherimportantexperimentalconstraints.Measurements
of the angulardependenceof inclusivereactionsareof obviousimportancein separatingthede-
pendenceof crosssectionson the distributionfunctionsGa/A(X) andGb/B(x)andthe angular
dependenceof thebasicsubprocesses.Correlationmeasurementsbetweentwo or morelarge
transversemomentumparticlesandtheir angulardependencewill furtherconstrainthe form of
the internalscatteringcrosssections.The distributionof momentumin the recoil systemin prin-
ciple candistinguishbetweensubprocessesinvolving theproductionof jets, or systemsof fixed
mass.

Beamsof’y’s, it’s, K’s and~5’sareinterestingfrom thequark model frameworkbecausethey
providemoreantiquarkswith a large fraction of theincidentmomentum.In generalphotonand
mesonbeamshavea largerfraction of their momentumavailablefor high XT processescompared
to baryons.So far all largePT experimentshavebeendonewith incidentprotons,but changing
beamscanhavea dramaticeffect on thelargePT crosssectionsfor particlesinvolving antiquarks.
Photonexperimentsarevaluablebecausey’s couple with approximatelyequalstrengthto all
varietiesof constituentsandcanprovidea closeconnectionwith electroproductiondata.The
J = 0 fixed pole in Comptonscatteringfurnishesa real test for the pointlike couplingof thephoton
to someinternalconstituent.Unified planningof experimentswith thesenew beamsis necessary
to providerelatedmeasurementsover a wide kinematicregime.

The flow of quantumnumbersin an eventcontainingalargePT particleprovidesa gooddiscri-
minantfor differentmodelsof the internaldynamics.The quark modelsprovidea generalcon-
straintson the quantumnumbersof the irreduciblehardscatteringprocessandspecific models
have definite predictions. Measurements involving the differences between different beam par-
ticles, detectedparticles,andn or p targetsaresensitiveto thevalenceandReggecomponentsof
thedistribution functions.The mostcritical measurementsof quantumflow involve quantum
number correlations. For example, in the CIM model for production in pp collisions, thedetec-
tion of a K— at sufficiently largexT signalsthepresenceof a K~in the oppositehemisphere.
However,for different internalprocessesstrangenessof a largePT K~canbe balancedby a K—,
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by A’s or ~‘s in the fragmentationregion or by A’s and ~‘s in the oppositejet. The study of corre-
lationswith particleidentificationin experimentsinvolving avariety of beamsandtargetsis
obviously an importantexperimentalgoal.The useof quantumnumberflow to identify the
importantinternalsubprocessescanserveas an importantconsistencycheckon theidentification
of the subprocessesby “effective power” analysis.

The effectivepowersdiscussedin section5.6 canprovidean importantphenomenologicaltool.
They arequantitieswhich cansummarizeconciselythe systematictrendsof the dataandwhich
can be extractedsimply from models.In combinationwith the quarkmodelandconstituent
countingthey provideimportantclues to the importantinternal mechanisms.Analysisof data
from FNAL and ISR results in plateaus in Neff andFeff at values consistent with expectations in
the CIM. Particles and antiparticles are found to have similar Neff’S but, as expected,displayquite
differentFeff’S. The correlationof ~eff andFCff with thequantumnumbersof thedetectedpar-
ticles supportsthe generalfeaturesof the quarkmodel.The observationof peaksin � = ~ 2/s for
the differencebetweenparticleandantiparticlecrosssectionsprovidessupplementaryevidence
of a smallnumberof internalconstituents,eachwith a finite fraction of the hadron’smomentum.
Applicationof thistype of analysisto newdataover awide rangeof energies,different anglesand
smaller� valuescanhelpprobemore deeply into the basicdynamics.We alsoemphasizethatappli-
cationsof the effective poweranalysiscangreatlyclarify the physicsof the deepinelasticelectro-
magneticprocesses.

The useof nucleartargetsin highPT experimentshasuncoveredan interestingunexplained
featureincidentalto theoriginal objectivesof the experiments.The dependenceof thedatafor
mesonproductionon the nucleartarget typeis found to vary asA11 for PT> 3 GeV/c. This is
distinct from both the coherentA213 and the incoherentA’ dependenceexpected.The explanation
of this fact is uncertainalthoughthereare many theoreticalsuggestions.More experimentson
nucleartargetsat differentvaluesof PT and ~/~are obviously appropriate. The structure of the
recoil systemfor highPT productionon variousnucleartargetscanclarify the role of double
scatteringcontributions.

The expectationsfor fireball modelsas a generaldescriptionof largePT processeshasnot been
fully exploited.If partonmodelsrun into serioussnagsthe ideathat fireball approachescanbe,
in somesense,supplementaryto hardscatteringapproachesmight provide new insight into the
problems.

In view of the evidencefrom SPEARof scalingviolationsassociatedwith theproductionof
i~”sand/or heavycharmedparticles, the possibility of aconnectionbetweenlargePT production
andheavy particleproductionshouldbe explored fully. Theremaybe an enrichedsampleof new
heavy particlesin eventsin which thereis a largePT hadron.Certainof the largePT particles(e.g.
direct muons)maycomefrom thedecayof new typesof particles.Froma moregeneralview, the
dynamicsunderlyingtheproductionof massiveparticlesmaybe relatedin structureand form to
the dynamicsof largePT~Constituent models providea frameworkwherethis typeof possible
connectioncanbe easilyvisualized(seesection5.8).

In the areaof exclusiveexperiments,improvedhighPT datacanprobeseveralfeaturesof the
stronginteractions.An importanttest for the finite compositenessof hadronsis to checkwhether
Reggetrajectoriesasymptoteto negativeintegersor continueto fall at large III. The presentdata
is not sufficient to decidethispoint. It is alsoimportantto test for fixed anglescaling,da/dt —

5Nf(0) in 2 -± 2 processeswith moredata.Measurementsof the ratiosof the differentialcross
sectionsyB -~ -yB: yB -~ irB: itB -~ itB: BB ~ BB for a fixed range of

0C.M. would provide an impor-
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tantcheckon the relativecomplexityof photons,mesons,andbaryons.Presentdataagreewith
simpleconstitueiitcountinglaws but also display manyfeatures(zero structure,polarization,etc.)
which aremosteasilyunderstoodin geometricterms.Datado not,however,displaythe shrinkage
(a — a(i~p1.gb)) implied by the asymptoticvalidity of geometricconstraints.It is thereforean
importantquestionwhetherthe geometricalfeaturessurviveat higherenergies.The searchfor
Ericsonfluctuationsis alsocrucial in decidingthe importantquestionof the existenceof heavy
resonances.

It is alsoimportantto checkthescalinglaws for multiparticle exclusiveprocessesfor fixed
invariant ratiossuchas ep~ epit, e~e-÷ nit, p~5~ nit, etc., andpredictionsfor fixed anglecross
sectionsrelatedby crossing:p~5 ~ p~: pp ~ pp, pp -÷ itir : itp -~itp, etc. Anotherintriguing ques-
tion is whethernuclearform factorsanddistributionfunctionscanbe predictedfrom constituent
countingrules.

Most modelsthathavebeendiscussedin the text havebeenformulatedto attemptto under-
standisolatedfeaturesof largep1 events.It is usuallyvery difficult to makeother predictionsin
thesemodelswithout which their overall validity cannotbe tested.In contrast,the CIM models
providesa unified framework to discussexclusivereactionsand inclusiveprocessesover the entire
Peyrouplot. The modelis exceedinglysimple in all thesecases.It is consistentwith the ideas
testedin deepinelasticleptonscatteringandhenceprovidesa bridgebetweenphotonandhadronic
processes.

At smallmomentumtransfers,the model convertssmoothlyto the usualRegge— purely
hadronicdescriptionof exclusiveandinclusivereactions.In a sensethe CIM gives a simplepre-
scriptionfor mappingduality diagramsto dynamicsat short distances.

The predictionsof the CIM canbe discussedat two levels.The first level involves the general
form of the crosssectionsandtheir dependenceon specifickinematicvariables.Thus,the exclusive
differentialcrosssectionsarepredictedto factorizeatlarge anglesin the form g(s) f(O), and the
form of Reggetrajectoriesandresiduefunctionsare prescribed.At a moredetailedlevel, the
model predictsthe specific functionsinvolved for anyprocess,andin the exclusivescatteringcase,
g(s) — s~’,whereN is fixed by quarkcounting,andthe functionf(O) is specified.Similar state-
mentshold in the inclusivecase.

Within theCIM framework,onemuststill specify theparticularcompositenatureof the hadrons.
For example,the nucleoncanbe consideredto be a boundstateof threeequivalentquarksor of
a quarkanda core.Thesealternativesgive differentpredictionsin generalfor nucleon—nucleon
scattering(N= 10 or 12 respectively).All of theconstituentcountingrulesgiven in the text for
inclusivescatteringarebasedon the formermodel of thenucleonbut thelatter canbe easily dis-
cussed.Evperimentalinformation is neededto dec’idebetweenthesepossibilities.

Eventhoughalternativemodelscando as well in describingsomefeaturesof thedata, the fact
that thereappearto be no violations of CIM predictionsfor form factorsandexclusiveor inclusive
scatteringis significant.

In spiteof theempirical sucessof theCIM atlargePT and partonmodel ideasin deepelectro-
magneticscattering,thereareimportantconceptualobstaclesassociatedwith the fact thatquarks
areassumedto be permanentlybound.This mustaffect the treatmentof stronginteractionsat
somelevel, but justwhereand how thiswill occurdependson the unknownbindingmechanism.
It is probablynecessaryto understandthis bindingbeforethe final stateconfigurationsin inclu-
sive reactionscanbe computed.Theoreticalattemptsin this directionhaveonly scratchedthe
surface.
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AppendixA. Derivationof the hardscatteringmodel

All of the predictions of the various hard-scattering and parton models for large-transverse-
momentuminclusiveprocessesdependon the validity of an underlyingprobabilistic formula.In
thisappendixwe derivethe centralequationfor hadronicprocessesin a form sufficiently general
to allow for transversemomentumfluctuations.Hardscatteringmodelfor the reactionAB -÷ CX
are based on a decomposition of the form indicated in fig.l .5 wherethe final state,X, consists
of contributionsof particlesandclustersfrom p(A~),p(Bb), p(Cc) andp(d). We write

1 2
do(AB9CX)2E 2E V V IMAB~CXI dp, (Al)

A B A B

with the assumed decomposition

~ 2\ ,~,2(2-~ ~ 2\
LI 2 — ‘5’ WA’.Pa) ‘PB’~Pb) V-’C~PcJ Al 2AB-~CX i—” Jrlab~cd

ab,cd (p~— m~)2(p~-- m~)2(p
2_m~)2

and

dp = p~—m~) p~—m~) ~(+)(p~_ m~)

d4 — (A.3)
X ~ )(p~~— m~~) p~--m~)2it.

(2ir)

The absenceof coherencein the decompositioncanbe physicallymotivatedunderthe assumption
that a,b aredistinct “localized” constituentsof A, B respectively.The~‘s arethe covariantvertex
functionsfor oneleg off-mass-shell.In the caseof spin, the appropriatespinsumsand tracesare
assumed.Fromthe form of (A.2) and (A.3), we see that we areassumingthata,b,c,dhaveeither
well definedmasses(for internalhadrons)or effectivemasses(for quarks,etc.).Thesemassesare
laterassumedto besmall in somesensesothat, for example,we do not includein (A.2) an inter-
nal 2 -÷ 3 processwherethe effectivemassof the systemrepresentedby d canbe arbitrarilylarge.

It is convenientto choosethe following parametrization
p(~)~p0b+p~=xbp(~),PbT ~bT~ kTb•pB=O. (A.4)

The mass-shellcondition forPB — Pb then gives

(PB—Pb)2—mB-b (A.5)

and one easily finds

r k2 +m2- k2 +m22 2 2 T Bb Tb bPb -- mb = Xb LMB — ________ — , (A.6)
—Xb Xb
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and

ö~(p~-m~ J~ f ~ (A.7)

The limits on Xb ensurethatPB~is timelike and Pb is spacelike.We maythendefinethedistribu-
tion

— I Xb _________
Gb,R(kTB,xb)= 3 2’l—x ~ 2 2 2 (A.8)

(2it) ‘- b’ (pb—mb)

which is the probability for particleb to havefractional momentumXb = pt/pt alongthe direction
of particleB plus atransversemomentumklb orthogonaltO PB The spectralsumovermBb is
understoodin (A.8). The behaviorGb/B atXb — 0 is controlledby the behaviorof the spectral
integralat largem~-bwhich is, in turn, given by the high-sbehaviorof aBb(s). The existenceof
Gb/B implies that b can be “found” in the wavefunctionof particleB andits usein the hard
scatteringformulameansthat it makessensephysically to distinguishbetweenthe formationof
b in this way andthe subsequentinteractionsof this off-mass-shell“constituent”.

Similarly, we candefineGa/A (1~Ta,Xa)for the distributionof momentacarriedby Pa in A where,
again,Pa is spacelike.Finally, we alsodefine

(+).... (+) = +z- ‘A9PC YcPC ‘ PTc YCPTC Tc ,

wherethe massshellconditionforp~— Pc implies

r ~ k~.c+m~1

— m~ ~ [rn~ ÷ y~—l — ~ j, (A.lO)

and

p~~-m~~)J~/ 2(y~-1Y (A.ll)

If we definex~y~1,thenthe function

G~
1(x ,kTC) — , (A.12)C C (2ir)~2(x~1_I)(p~—m~)

2

gives the probability, normalizedto the multiplicity, for particleC to haveafractionx~of the
momentumalongthe directionof the timelike particlec and a componentk

1~normal to this
direction.The tilde indicatesthe parentparticlec is timelike.

Without furtherapproximationwe maythenwrite eq. (A. 1) in the form

da(AB CX) = ab,cd fd2~~Ta/ dXa fd2kTb /~b f d
21~/ (~) (A.13)

X Ga/A(kTa,Xa) Gb/B(kTb,xb) GC/C(kTC,xC) (XaXb21Ea2EB) (vA~vBI)lMab~cdl2

The nextstepis to assumethat the off-shell continuationsin the integrandof (A. 1 3) arenot
importantso that we canidentify
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1 1 IM 2 1 .s’ da(ab-÷cd)
XaXb

2Ea2Eb IVA—VBI ab-’cd’ (2it)2 dt S’t’u’’ (A.l4)

and

~(+)(Pd m~) ~(s’+ t’+ u’ — m~— m~--- m~—~ m~)

where
‘=( ÷ \2...... ~

S ~~p
5 Pb’ aXbSI~Ta ‘~Tb

x
I’ ~PaPc)

2 ~ t +k..~. kTc (A.15)

2 Xbu=(pb—pC) ~—u+kTb•kTC

whenthe massesm~,m~,m~,in~can be neglected.
The next assumptionis that thestructurefunctions

Ga/A(X) = fd2kT Ga/A(kT,X), (A.16)

exist.Note, from (A.8) and(A.12) that the integralsconvergeevenfor 0 = constant.
Wethen write, with 5’, t’ ~ k~.

da(AB~CX) a~ / dXa f dxb f ~ Ga/A(Xa) Gb/B(xb) Gc,~(x~)~(s’+t’+u’) ~ ~, (ab cd).

(A.17)
Comparing(A.8) and (A.12) assumingthatØ2(p~)can be definedfor bothspacelikeand timelike
arguments, we get

GC/c(x)= —xGci~(l/x), (A.l8)

which is the crossingrelationdiscussedin section4. This result,combinedwith

G-~ir(x)= G~
1~(x), (A.19)

givesthe correctcrossingbehaviorfor AB CX to continueto CA BX. In the casewherecand
C consistof a bosonand a fermion, thereis an extrasign reversalin (A. 18).

AppendixB. Relationbetweemcalculationaltechniques

An oftenperplexingfeatureof theoreticalpaperson largetransversemomentumis the number
of diverse,yet equivalentcalculationaltechniques.VariousauthorsuseBethe—Salpeter,Fock-
spacemethods,or integralrepresentationsof scatteringamplitudesto representboundstateam-
plitudes,andeitherSudakovvariables,light-conevariables,infinite momentumframeparametriza-
tions,or standardFeynmanvariablesto parametrizeintegrals.In this appendixwe will discuss
someof theinterrelationsamongthesetechniques.Furtherdetailsmay be found in a paperby
M. Schmidt [211] (seealsoBrodsky,CloseandGunion [61]).
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~ J

Fig. B.1. Decompositionof the form factor.

A convenientillustrationof the variousmethodsis the calculationof hadronicform factors,
particularly the normalizationintegralsinceit providesa simplemethodto define the structure
functionand to relateit to a quarkpartonscatteringamplitude.

The form factor (assumingonly spinlessparticlesare involved)correspondingto fig. B.la is
defined by

(2p+q)~F(q2) fd4ki (2k+q)~T(p,k+q-*p+q,k) . (B.l)

(2ir)4 (k2—M2+ie)(k+q)2—M2+ie

Therelationto the off-shell scatteringamplitudeis indicatedin fig. B.lb. Selfenergyinsertions
can also be included readily in this model. 1 -

Althoughthe standardFeynmanparametrizationis usefulfor specificformsfor T, in general
it is moreusefulto try to reducethe k-integration.Among the manypossibleparametrizationare

(a)Sudakov: kxp+yq+n, nqn•p=0. (B.2)

k2 +k2

(b) Light-cone: k~= k°+ k3 = x(p°+p3), k— = k°— k3 = T , (B.3)

wherep is taken in the z-direction and q~= 0.

(c) Infinite momentum: one chooses

M2 k2+k~.= (Ph-p., oT~P), k = (xP+ 2xP ~ (B.4)

where

P2~’M2,k2,k~.

Note that the light coneparametrizationis exactlyequivalentto the choiceof frame

M2 M2 k2+k~. /4 ‘~
~ k=(xP+

4~p ~kT,xP—~--~)~ (B.5)

whereP maynow be chosenarbitrarily. In fact Y= log (2P/M) is the rapidity of p relativeto the
restframe2P= M. Also,y = logx is the rapidity of k relativeto p. Note that y is often a useful
variable,especiallyin multiperipheralcalculationsmaking thephasespaceintegralI dx/x = .f dy

uniform in rapidity. If ~-+oo, we haveexactlythe infinite momentumframe,wherex~ k~/p~
becomesthe fractional longitudinal momentum.

In order to proceedfurther, it is convenientto assumethat T can be written as a sumover its
u-channelsingularities(seefig. B. 1 c). Thus
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2 00(k
2)0

0[(k+q)
2]T fp(a ) da2 . (B.6)

(p—k)2— a2

This can be done in various ways; for example by assuming a dispersion relation, or choosing a
suitableintegralrepresentation.We thenhavefor anyof thevariablechoices(b) ÷-÷(d),

fd4k= fd4(p—k)= fd2k
1 f2(l~x) fd(p_k)2, (B.7)

with

k
2 — m~= xS(k

1,x), (k +q)
2 — m~= xS= xS(kT+ (1 —x)q~,x), (B.8)

andwe havedefined

/4+m2 14+a2
S(kT,x)M2 — q — (B.9)

x l—x

If x> 0 or x < 1, then all of the singularities in (p — k)2 are in the upper half plane and there is
no contribution. For 0 < x < 1, we can close the contour in the lower half plane and pick up the
(p — k)2 — a2 pole,andobtain(usingthep

0 + p3 component)

F(q
2) fdkT f ~ x fda~0

0(x,S) 00(x,S) p(a
2). (B.10)

(2ir)3 2(1—x) xS xS

For a given singleparticlecontributionto p(a2), 0~canbe identified with the Bethe—Salpeter
wavefunction with one-leg on shell

lim [(p — k)2 — a2] ~,1’(k2,(1—k)2) 0
0(k

2) . (B. 11)
(p—k)2 _~2o

Alternately,we canuseFock spacewavefunctionsin theP °° frame, and identify

0 (xS)

(B.12)

Parallelresultsare alsoobtainedusingthe Sudakovvariablesby usingthe (p — k)2 poleto do the
y integrations(LandshoffandPolkinghorne[173]).

SinceF(0) = 1, we can define

d2kT cb2(xS)
F(x) = Gaip(X) = f fda2 x, (B.13)

2(l—x)(2ir)~ (xS)2

as the normalizedfractionalmomentumdistribution.Note thatx can be interpreted variously
accordingto the parametrization(a) (d) usedabove.It is easyto seethat the “handbag”
diagram,fig. B. 1 d, for forward virtual Comptonscatteringgives

vW
2(x)- ~X~Xfa(X)~x~.i , (B.l4)

where?~ais the constituent charge.
Finally, we canalsoidentify 0~(k

2)with the u-channeldiscontinuityof thevirtual forward
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scatteringamplitudeT(k,P -~ k,p). Thus we have

1 pd2kT ,. Im~T(x,S,a2)vW
2(x)x X~ J Jda

2 , (B.15)
a 2x(1—x) (2ir)3 S2

which is the importantrelationobtainedby LandshoffandPolkinghorne[172—174]. It is easy
to seethat if a~,— s~1,~ >0, then Im T ‘~- (G2)n andpW

2(x) x~” at x -+0.

AppendixC. Calculationsof wide-anglescatteringamplitudes

Oneof thesimplesttechniquesfor calculatingscatteringamplitudesfor compositesystemsis
the “partition” method;i.e., the effectivereplacementof eachhadronby constituentscarrying
finite fractionsof the hadronicmomentum.This is justified as follows: by definition the hadronic
amplitudeis givenby the convolutionof hadronicwavefunctionsandn-particleamplitudeinte-
gratedoverrelativemomentumk~(i)

MA÷B~C+D= f Cs~~nc1/~s1~sfld~k1. (C.l)

Assumingfinite hadronicbinding; i.e., finite Bethe—Salpeterwavefunctionsat relativex’~= 0, the
leadingcontributionat larget and u canbe obtainedexplicitly by iteratingthe kernel whereever
largerelativemomentumare required.Thus all thewavefunctionsareevaluatedin their natural
domainof nearon-shellconstituents,e.g.Pa = Xa

13A + kA, with 0 <Xa < 1, ka p = 0, and k~small,
andall of the hardmomentais exchangedwithin M~.

SomerepresentativecontributionstoM~for meson—mesonscatteringareshownin fig. C. 1.

(Note that all of thesecontributionsexcept(a) occurin positronium—positroniumscattering.)
It is easyto checkthat eachof thegraphs(a)—(d) scaleat fixed 0cm ass2in anyrenormal-

izable theory.In theseBorn graphs,only the off-shell quarkpropagatorsneedbe countedto ob-
tain the scalingbehavior,as in ~ theory;otherwisethegluon propagatorfall-off is compensated

5o~A

(I-x)PA~(kx)pc
(I—xb)pB (I_xd)pD

+ +... + jX~+ j c~+ +...

(a) (b) (c) (d) (e)
f-channel u-channel ut—interchange st-interchange double scattering
exchange exchange

Fig. Cl. Diagrams which contribute to M~.
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by the vertexcouplings-- from the convectioncurrentfor spinlessquarksor from the tracein the
spin ~ case.Additional,but finite, powersof log s factorsappearfrom thex -~ 1 integrations,cor-
respondingto degeneracyof routingsof the largemomentumtransfer.

Diagram(a) is theprototypeof theWu—Yanggluon exchangemodel,which hasbeengeneral-
izedby Abarbanel,Drell and Gilman [1], Fried,Gaisserand Kirby [126, 129, 130],andby Horn
andMoshe [148]. Following the latterauthors,we cangeneralizesuch contributionsto the form

= FAC(t) Mquark(5’ t) FBD(t) + crossingcontributions. (C.2)

If vectoror axial-vectorgluon exchangesareinvolved thenthisgives ReggebehaviorM — s0(i~3(t)
~‘ t) with a(t) — I for all t. The phenomenologicaldifficulties with this form arereviewedin

sectionS.Note that fig. C.lb gives a contribution r2 i.e.,cx(t) = 0, but is not usually taken
into accountin suchmodels.We alsoemphasizethat if gluon exchangeis allowedin a composite
model,then the Landshoff [170] contributionswhich wediscussbelowandin section4.3 domi-
nate the fixed angleamplitudeso the abovetheoriesarethe mostconsistentrepresentationof the
asymptoticamplitude.(Note,however,that in someelementaryvectorgluon field theory models,
the Landshoffcontributionscancel,seeHalliday, HuskinsandSachrajda[140, 141].) Fig. C. 1�
containsthe double-scattering(Landshoff)contribution.The matrixelementscalesas is312,and
is dominatedby the on massshell region with 1 — Xa ~ Xb -~ 1 — x,~-~Xd. In general,higherorder
loop contributions to M~introduceadditionalpowersof log s in each order in perturbation theory.
In accordance with Bjorken scaling, or from the various theoretical arguments advanced in section
4, it is assumedthat theselogarithmsdo not accumulateto changethe overall powerindicatedby
the lowestordercontributions.

Diagrams (c) and (d) are the prototypes of the constituent interchange model, giving contribu-
tions to meson—mesonscattering that survive even if gluon exchange between quarks of different
hadronsareexcluded.Independentof the gluon or constituentspin, oneobtainsthecontributions

M(c)~~J~i, ~ (C.3)

(modulologarithmsfrom thex — I integrations),andthusa Reggecontributionata = — 1. A

natural generalization of this result for M(C) to meson—baiyon and baryon--baryon scattering,
as adoptedin the original CIM paperis

M~rC+D = uFAu Fc(u)FD(t). (C.4)
This form can be justified if each composite system is effectively treated as a bound state of two
particles;in particular,the protonmustbe regardedas a quark+ core (or diquark) bound state.
Usingeq. (C.4) we havethe interchangemodel prediction

MMB~MB ~- a ~- -~- + -~--~--, i.e. a(t) ~ —l , (C.S)
Ut2 5t2

for the quark and antiquark contributions and

MBB,BB -~ -~- ; i.e., a(t) —3, (C.6)

for the quark interchangecontributionto baiyon—baryonscatteringin the coremodel. Inclusion
of spin changes this result slightly. The proton core model is attractive in that (1) it can naturally
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accountfor the anomalousbehaviorof vW~/vW~atx -~ I, ~. J (2) the spectroscopyof baryon
resonancesseemsto favor a diquark—quarkmodel.Thediquark stateis predictedto be quasi-
stablein color models(seee.g. Capps[70]). Furtherdiscussionof the useof the coremodel has
beengiven by Gunion [134,135]. Note that(C.6) predictsda/dt (pp -~ pp) - s’2(l—cos2O~)~
with n — 6 which gives a good representation of the large angle data. The prediction

~ (C.7)

from eq. (C.5)(including an extrafactorof (1 + cos0)’ from a helicity-conservation) due to u-quark
interchangegivesan excellentrepresentationof theK~pdata.The coremodelcanbesimulated
usinga super-renormalizablefield theory model for theprotoncouplings.

An evenmoreconvenientgeneralizationof (C.4) for the interchangemodelwhich canbe used
for the caseof a threequarkbaryonsystemfor a Ut graph is

M~~c÷D(u,t) = Mq+A_~q+A(U,t) FBD(t) , (C.8)

whereFBD(t) is assumed to be the most convergent form factor. The quark amplitude is evaluated
atthe appropriatekinematics.This form, which easily follows from the structureof fig. C.1, is
discussedin detail in section5.1 and is consistentwith thedimensionalcountingrulesfor a three
quark wave function. Logarithmsfrom thex — 1 integration are automatically included.

The fact thatdifferent resultsfor the CIM model canbe obtainedfor differentchoicesof the
hadronicwavefunctionwas emphasizedby FishbaneandMuzinich [121]. It is easyto checkthat
this ambiguity only occurs for baryon—baryon scattering and is resolved once the basic quark-core
or three quark structure is assumed.

AppendixD. Alternativetheoriesbasedon partoninterchange

During thepastyear,severalothermodelsof large anglescatteringprocessesbasedon duality
or “urbaryon” (i.e.: quark)rearrangementdiagramshavebeendeveloped.The essentialformsand
assumptionsusedin thesemodelsaresimilar to thoseof theCIM, althoughthereareimportant
differences.

An interestingthoughheuristicformulafor largeangletwo bodyexclusiveprocessesA + B -+ C + D
hasbeenproposedby Kinoshitaandhis coworkers[161, 162]: for large t and14 theypropose

M—-1— 1 1 4~±(I_z)22NT(l+z)2_n1U , (D.1)

5Ns ~T —1 —1 dt sN

where~T is the total number of “bonds” connecting the hadrons in the t-channel (i.e., the total
number of quark lines connecting A to C or B to D), etc. The overall power law agrees with di-

mensionalcountingrule N = NA + NB + N~+ ND — 2. Althoughthe angulardependenceis derived
heuristically,its form reflectsthe tendencyof the valencequarksto persistin theirdirection of
motion. En termsof Reggebehavior,for .s -- t, onehas

aeff(t) = 1 — (ns ~“~) y(t) , (D.2)

wherey(— t) ~ 1 for largenegativet. Unlike eq. (C.5) a(—oo) only depends on the number of ex-
changedquarks.Note, alsothat eq. (D.l) is not in general consistent with crossing symmetry. For
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pp scattering, single quark interchange gives (n5 = 0, ~T = 4, n~= 2)

s
10 (1 —zY6(l +z)2, a(t) -+ —1, (D.3)

and double quark interchange (as required by t—u crossing)

s’0 ~ (l—z)2(l+z)6, a(t) —3, (D.4)

compared with a(t) —2 for the CIM using eq. (5.4.2). A novel feature of eq. (D. 1) is that the
“diffractive” term with zero quark exchange (ns = 0, ~T = 6, n~= 0) gives automatically an
aeff(t) = 1 contribution.KinoshitaandMyozyo [1611 use the sum of the above three contributions
(interference and spin effects, and the u-channel diffractive term are ignored) to give a fairly good
parametrization of the pp data. The small t dependence of ‘y(t) can be chosen to give backward
peaks(which vanish in the fixed-angle scattering limit) in Kp and pp elastic reactions. A troub-
ling featureof the suggestedrule is that all ~ = 0 contributionsvanishstrongly in the backward
direction in the scalinglimit.

An alternative approach to the calculation of u baryonrearrangementdiagramsis given by
Igarashi,Nishitani, MatsuoaandSwada[1 501. Theseauthorsproposethe fixed anglescalinglaw

1 11 da C (l_zy2t2T(1+zy2~U , (D.5)
-‘ ~T uNU dt ~TOT

which differs from (D. 1) by a factor of p~4= (tu/sY2 in the crosssection.HereNTOT is the total
number of fields in A, B, C, D; thus the predictions fall two powers of s faster than those based on
dimensional counting, and due to mass corrections, present data must be assumed to be subasymp-
totic. The proposedeffectivetrajectoryaeff( t) —3 power-lawdependences’2 for pp scatter-
ing, andphenomenologicaltreatmentof the diffractive amplitudeareessentiallythe sameas the
CIM usingthe quarkplus coremodel.The predictionsdiffer for otherchannels,however.Again,
we note the absence of crossing symmetry in the proposed rule.

Because of the freedom of mass terms, and the freedom of choice of the trajectories at lower t,
a successful phenomenology of two body reactions can be based on the CIM predictions or either
(D. 1) or (D.5). The most decisive test will be an accurate experimental determination of the
asymptotic power dependence of pp pp. It shouldbe emphasizedthat data for a large but fixed
cm angular range can be used for this purpose.

Kinoshita et al. have also proposed a set of counting rules for inclusive large PT reactionsbased
upon u baryon rearrangement diagrams. As in the CIM, the results displaying a continuity of
physics throughout the Peyrou plot, giving connections between large PT phenomena and the
triple and central Regge region of exclusive processes. However, the proposed counting rules do
not recognizethe importanceof the subprocessesin determiningthep~ fall-off, andthe predicted
powers at fixed t/s, C)I~2/s seem unreasonable (e.g. p.~2for yB -+ MX, p~4for MB -+ MX, whereas
p~8for BB BX, BB MX).
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