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Abstract

We summarizethe presentstatusof the AGK cutting rules in perturbatie
QCD. Particularattentionis given to the applicationof the AGK analysisto
multiple scatteringn DIS at HERA andin pp collisionsatthe LHC

1 Intr oduction

Multiple partoninteractionsplay animportantrole bothin electronprotonscatteringat HERA andin
high enegy proton proton collisionsat the LHC. At HERA, the linear QCD evolution equationspro-
vides,for nottoo smallQ2, agooddescriptionof the F, data(andof thetotal p crosssection, ,").
This descriptioncorrespondso the emissionof partonsfrom a singlechain(Fig.1a). However, at low
Q? wherethe transitionto nonperturbatie stronginteractionphysicsstarts,this simple picture hasto
supplementewith corrections First, thereexistsa classof models [1] which successfullydescribethis
transitionregion; thesemodelsarebasedipontheideaof partonsaturationthey assumeheexistenceof
multiple partonchains(Fig.1b)which interactwith eachother andthey naturallyexplain the obsered
scalingbehaior, F2(Q?;x)  F2(Q?=Q2(x)) with Q2(x) = Q3(1=x) . Next, in the photoproduction
region,Q? 0, directevidencefor the presenc®f multiple interactionsalsocomesfrom theanalysisof
nal stateq2]. A furtherstronghint atthe presencef multi-chaincon gurationscomesrom theobser
vationof alargefractionof diffractive nal statesn deepinelasticscatterincat HERA. In the nal states
analysisof thelinear QCD evolution equationsit is expectedthatthe producedpartonsarenot likely to
comewith largerapidityintenalsbetweerthem.In themomentum-orderesinglechainpicture(Fig.1a),
thereforediffractive nal statesshouldbe partof theinitial conditions(insidethelowerblobin Fig.1a),
i.e. they shouldlie belov the scaleQ3 which seperatethe partondescriptionfrom the nonperturbatie
stronginteractions.This assignmenbf diffractive nal stateshowever, cannotbe complete.First, data
have shavn thatthe Pomerorwhich generatetherapidity gapin DIS diffractionis harderthanin hadron
- hadronscatteringfurthermore therearespeci c diffractive nal stateswith momentumscaledarger
than Q%, e.g. vectormesonsbuilt from heary quarksand diffractive dijets (illustratedin Fig.2): the
presencef such nal statesnaturallyrequirescorrectionsto the singlechainpicture(Fig.2b). Froma
t-channepoint of view, bothFig.1bandFig.2bbelongto the sameclassof correctionscharacterizety
four gluonstatesn thet-channel.
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Fig. 1: Contritutionsto the total crosssection ,,,": (a) the single chainrepresentinghe linear QCD evolution
equations(b) gluonproductionfrom two differentgluonchains.
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Fig. 2: Harddiffractive nal states.(allijet production;(b) the diffractive crosssectionass-channeldiscontinuity
of atwo-ladderdiagram.

Fig. 3: Jetproductionin pp collisionsfrom two differentpartonchains

In proton-protoncollisions correctionsdueto multiple interactionsshouldbe importantin those
kinematicregions where partondensitiesfor small momentumfractionsvaluesand for not too large
momentunmscalesarebeingprobed.e.g. jet productionneartheforward direction. Anotherplacecould
be the productionof multijet nal stateg(Fig.3): multiple jets may comefrom differentpartonchains,
andthesecontritutionsmayvery well affectthebackgroundo new physicsbeyondthe standardnodel.
Moreover, the modellingof multijet con gurationswill be necessaryor understandinghe underlying
eventstructurein pp collidions [3].

From the point of view of collinearfactorization,multiple interactionswith momentumordered
partonchainsarehighertwist effects,i.e they aresuppressetly powersof thehardmomenturnrscale. At
smallx, however, this suppressiotis compensatetly poversof the large logarithms,In 1=x: multiple
interactionstherefore,are mainly part of smallx physics. In this kinematicregion the Abramorsky-
Gribov-Kanchelli(AGK) [4] rulescanbeappliedto theanalysisof multi-gluonchainsandit is theaim
of this articleto present brief overvien aboutthe currentstatusof the AGK rulesin pQCD.

Aswewill discusdelaw, in theanalysisof multiple partonchainsthe couplingsof n gluonsto the
protonplay an essentiatole. Reggefactorizationsuggestshatthesecouplingshouldbe universal,i.e.
thecouplingsin  p collisionsat HERA arethe sameasthosein pp scatteringat the LHC. Therefore,
a thoroughanalysisof the role of multiple interactionsin deepinelasticelectron-protorscatteringat
HERA shouldbe usefulfor asolid understandingf the structureof eventsatthe LHC.

2 Basicsof the AGK cutting rules

Theoriginal AGK paper [4], whichwaswritten beforethe adwentQCD, addressethe questionhow, in
the opticaltheorem, x Z
1 : :
o = gImTa 2 = d ¢jTi j° 1)
f

the presenceof multi-PomeronexchangeqFig.4) in the total hadron-hadromrrosssectionleadsto ob-
senable effectsin the nal states(rhs of eq.(1)). Basedupona few model-independerdssumptions
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Fig. 4: s-cutthrougha multi-Pomerorexchangethezig-zaglines standfor nonperturbatie Pomerons.

on the couplingsof multi-Pomeronexchangego the proton,the authorsderived simple “cuttingrules":
differentcontritutionsto theimaginarypartbelongto differentcutsacrosgshe multi-Pomerordiagrams,
andeachcut hasits own, quitedistinct, nal statecharacteristicsAs aresult,theauthorsfoundcounting
rulesfor nal stateswith differentparticlemultiplicities, andthey proved cancellation@mongrescatter
ing correctiongo single-particleanddouble-particlénclusive crosssections.

In the QCD descriptionof hard(or semihard)nal statesa closeanalogyappeardetween(color
singlet) gluon laddersandthe nonperturbatie Pomeron:multiple partonchains(for example,the two
chainsin Fig.1b)canbe viewed ascutsthroughtwo perturbatrte BFKL Pomeronsln the sameway as
in the original AGK papey the questionariseshow differentcutsthrougha QCD multi-ladderdiagram
canberelatedto eachother In thefollowing we brie y describehow AGK cuttingrulescanbe derved
in pQCD [5,6]. In thesubsequerdgectionwe will presentafew new resultswhich comeoutfrom pQCD
calculationsgoingbeyondtheoriginal AGK rules.

One of the few assumptionsnadein the original AGK paperstatesthat the coupling of the
Pomerongo the external particle are (i) symmetricunderthe exchangeof the PomerongBosesym-
metry), and (ii) thatthey remainunchangedf someof the Pomeronsare beeingcut. Theseproperties
alsohold in pQCD, but they have to be reformulated:(i') the couplingof (reggeized)gluonsto exter
nal particlesis symmetricunderthe exchangeof reggeizedgluons,and(ii') it remainsunchangedf we
introducecutting lines betweenthe gluons. In QCD, however, the color degreeof freedomalsoallows
for anothermpossibility: insidethe n-gluonstate(with total color zero),a subsystenof two gluonscan
form an antisymmetriccolor octetstate:in this casethe two gluonsform a boundstateof a reggeized
gluon (bootstrapproperty). For the caseof scatteringexplicit calculations [7] have shavn that
the couplingof n gluonsto virtual photonscanbe written asa sum of several pieces:the fully sym-
metric (‘irreducible’) onewhich satis es (i) and(ii"), andotherpieceswhich, by usingthe bootstrap
property canbe reducedo symmetriccouplingsof a smallernumberof gluons(‘cut reggeons’). This
decompositions illustratedin Fig.5.

W : W + Wﬁw +Wﬁw
symmetric (irreducible)

Fig.5 Decompositiorof the couplingof four gluonsto a virtual photon.In thelasttwo termsontherhsit is understoodhatwe
have to sumover differentpairingsof gluonsatthe lower end.

Sincethe bootstrappropertyis relatedto the regeizationof the gluon and, therefore,is expectedto be
valid to all ordersperturbationtheory alsothesepropertiesof the couplingsof multi-gluon statesto
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externalparticlesshouldbe of generalvalidity. In this shortreview we will mainly concentraten the
symmetriccouplings.

As anillustratve example,we considerthe coupling of four gluonsto a proton. The simplest
modelof a symmetriccouplingis a sumof threepieces.eachof which containsonly the simplestcolor

structure:
( ii_ % )+ : : : ) + ( : : : )
1 2 3 4 I 3 2 4 1 3 4 2

Fig.6 Thesymmetriccouplingof four gluonsto anexternalparticle. Thelinesinsidethe blob denotethe color connection,
e.g.the rst termhasthecolor structure a,a, asa,-

Thebest-knavn cuttingrule for thefour gluonexchangewvhichfollows [5,6] from this symmetry
requirements theratio betweerthethreedifferentpairingsof lines:
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Fig 7: differentcuttinglinesin thefour-gluonexchange.

Eachterm, on the partoniclevel, correspondgo a certainmultiplicity structureof the nal state: a
rapidity gap('zero multiplicity"), doublemultiplicity, andsinglemultiplicity. Simplecombinatoricghen
leadsto theratio

1:2: 4 2)
In orderto be ableto generalizeandto sumover anarbitrarynumberof gluonchains,it is corvenientto
useaneikonalansatz:

Non(kesag; i kaniazn;!) |
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(NC 1) Pair ing s

Insertingthis ansatzinto the hadron- hadronscatteringamplitude,usingthe largeN . approximation,
and switchingto the impact parameterepresentationpne obtains,for the contritution of k cut gluon
laddersthewell-known formula:

z

ImA, = 45 d?bedPp(s:b) (4)



where )
[( s;b)] e ( s;b).

P(s;b) = Kl

()

and standdor the(cut) two-gluonladder

Anotherresult [6] which follows from the symmetrypropertiesof the n gluon-particlecoupling
is the cancellatiorof rescatteringeffectsin singleanddoubleinclusive crosssections.In analogywith
the AGK resultson the rescatteringpf soft Pomeronsjt canbe shavn that the sum over multi-chain
contributionsandrescatteringorrectionsancelqFig.8),

Fig 8: AGK cancellationsn the one-jetinclusive crosssection.

leaving only the single-chaircontritution (in agreementvith the factorizationobtainedin the collinear
analysis). This statementhowever, holdsonly for rescatteringpetweenthe two projectile: it doesnot
affect the multiple exchangedetweerthetaggedet andthe projectile(Fig.9) which requirea seperate
discussior(seebelaw).
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Fig 9: (a) Norvanishingrescatteringorrectionsn the one-jetinclusive crosssection;(b) anew vertex: g + 2g! jet.

All theseresultscanbegeneralizedo includealsothe soft Pomeronall oneneed€o assumes thatthe
couplingsof soft Pomeronsandreggeizedgluonsare symmetricunderinterchangesandthey are not
alteredif cuttinglinesareintroduced.

3 Newresults

Explicit calculationsin QCD leadto futher resultson multiple interactions. First, in the four gluon
exchangethereare othercon gurationsthanthoseshavn in Fig.7; oneexampleis depictedin Fig.10.
Herethe pairing of gluon chainsswitchesfrom (14)(23) in the upperpart (= left rapidity intenal) to
(12)(34) in thelower part(= right rapidity intenal).
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Fig 10: Decompositiorinto two rapidity intervals: the upper(left) interval hasdoublemultiplicity, thelower (right) one
correspondso arapidity gap.



Onecanshaw thattheratiol : 2: 4 holdsfor eachrapidity intenal. In [6] this hasbeengeneralized
to anarbitrarynumberof exchangedjluonlines.

Anotherremarkappliesto the applicability of the cutting rulesto rescatteringorrectionsin the
singlejet inclusive crosssection(Fig.9). Below thejet vertex we, again,have anexchangeof four gluon
lines,similarto thediagramin themiddleof Fig.7. As to thecuttingrules,however, thereis animportant
differencebetweenrthe two situations.In Fig.7, the blob above the four gluonsis totally inclusive, i.e.
it containsan unrestrictedsumover s-channelintermediatestateswhereasn Fig.9 the partabove the
four gluon stateis semi-inclusie , i.e. it containsthetaggedjet. This'semi-inclusie' naturedestrys
the symmetryabove thefour gluonstatesandthe cuttingruleshave to bemodi ed [8,9]. In particular
egs.(3)- (4) arenot applicableto the rescatteringorrectionsbetweerthe jet andprojectile. A further
investigationof thesequestionss in progress[10].

Finally a few commentson reggeizationand cut reggeons. Clearly thereare more complicated
con gurationsthanthosewhich we have discussedo far; an exampleappearsn  p scattering(deep
inelasticelectronprotonscattering).ln contrastto pp scatteringthe couplingof multi-gluon chainsto
the virtual photoncanbe computedin pQCD, andthe LO results,for the caseof n = 4 gluons,are
illustratedin Fig.11.

FH gl

Fig.11: Fourgluoncontritutionsto  p protonscatteringtwo equivalentwaysof summingover all contritutions.
(a) thedecompositiorof Fig.5with thepQCDtriple Pomerorvertex. (b) analternatve way of summatiorwhich explicitly
shavs the couplingof two Pomerongo the photonvertex andwhich leadsto anew vertex Z.

It turnsout thatwe have two alternatve possibilities:in the completelyinclusive case(total crosssec-
tion), it is convenientto choseFig.11a,.e. thesumof all contritutionscanbedecomposedhto two sets
of diagramsln the rst set,atthetop of the diagramtwo gluonscoupleto the quark-antiquarkair, and
the subsequertransitionto the four-gluon stategoesvia the pQCD triple Pomerorvertex. This verte,

asa function of the 4 gluonsbelow, hasthe symmetrypropertiesdescribedabore. As aresult,we can
applythecuttingrulesto thefour gluonstate asdiscussedefore.However, thereis alsotheseconderm
in Fig.11a,which consistsof a two gluon stateonly: this is the reggeizingcontritution we have men-
tionedbefore.As indicatedin the gure, thesplitting of thereggizedgluonsat the bottomamountdo a
changein the (nonperturbatie) coupling. We wantto stresghat, becausef the inclusive natureof this
setof diagramsthetriple Pomerorvertex V in Fig.11a,similar to the BFKL kernel,containsbothreal
andvirtual contritutions. For this reasonthe decompositiorin Fig.11ais applicableto inclusive cross
sectionsandit is not corvenientfor investigatingspeci ¢ nal statessuchas,for example,diffractive
nal stateswith a x ednumberof quarksandgluonsin the nal state.

Thereexistsanalternatve way of summingall contritutions(Fig.11b)whichis completelyequiv-
alentto Fig.11abut allows to keeptrack of diffractive qg, ggg,... nal states:this form is illustratedin
Fig.11b Onerecognizeghe 'elastic intermediatestate’ which wasnot visible in Fig.11a,andthe new
triple Pomeronvertex Z which containsonly realgluon production.This vertex Z, asdiscussedn [11]
is nolongersymmetricunderpermutation®f thegluonsatthelower end;consequentlywe cannotapply
the AGK cutting rulesto the four gluon statesbelown.. These ndings for multiple scatteringeffectsin
DIS imply, strictly speakingthatcrosssectiondor diffractive qg or qog statescannotdirectly beinserted
into the countingrules(2).

Also pp scatteringwill containcorrectionsdueto multiple interactionswhich aremorecomplex.
Thereare, for example,graphswhich containthe2 ! 4 gluonvertex V, leadingto a changeof the

6



numberof gluonlines( Fig.12).

Fig 12: A correctionin whichthenumberof lineschanges.
Theblackvertex denoteghe2! 4 gluonvertex.

Sincethis2! 4 gluonverte, asafunctionof thefour gluonsbelov the vertex, satis esthe symmetry
requirementdisted above, we can apply our previous analysisto the cutting lines below the vertex.
In addition, however, one canask how the lines continueabore the2 ! 4 gluon vertex: we shaw
two examples,one of themcontaininga cut (reggeized)gluon. Concentratingon this two-gluon state
(i.e. we imaginethatwe have alreadysummedover all possiblecutting lines belov the vertex V), the
countingrulesarequitedifferent:in contrasto theeven-signaturé&omeronthegluonis aodd-signature
reggeon. Consequentlythe cut gluon is suppressedv.r.t. the uncutgluon by onepowerin ¢, and
this suppressioreadsto the following hierarchyof cutting lines: the cut betweenthe gluonsbelongs
to leadingorder the cut throughoneof the two reggeizedgluonsis supressetty onepowerin g, the
cutthroughbothreggeizedgluonsis doublesuppresse(rder 2). A closeranalysisof this questionis
underinvestigation[10].

4 Conclusions

Correctionsdueto multiple interactionsseemto be importantin DIS at smallx andlow Q?; they are
expectedo playasigni cant role alsoin multijet productionin pp scattering.Thestudyof the AGK rules
to pQCD provideshelpin understandinghe systematic®f multiple gluonchains.Resultsdescribedn
thisreview representhe beginningof asystemati@nalysis We have listedafew questionsvhichrequire
furtherwork.

As an immediateapplication,we believe that a quantitatve analysisof multiple scatteringat
HERA will provide a usefulinputto themodellingof nal statesatthe LHC.

A questionof practicalimportancewhich we have not addressedt all is the hadronizationof
partonic nal states.All statementen ratiosof 'particle densitiesn the nal states’'madein this paper
referto the parton(gluon)level. However, the hadronizatiorof eventswhich, for example,belongto a
double-cutaddercon gurationmaybequitedifferentfrom theoneobtainedoy applyingjustthenormal
single-chairhadronizatiorio eachchainseperatelyThe answetto this question* goesbeyondthe AGK
analysisdiscussedh this paper
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