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Abstract

We review the work discusse@nddevelopedunderthe topic “Resummation
at Working Group 2 “Multijet final statesand enegy flow” , of the HERA-
LHC Workshop. We emphasis¢he role playedby HERA obsenablesin the
developmentof resummationoolsvia, for instancethediscovery andresum-
mationof non-globallogarithms. We describethe event-shapesubsequently
developedfor hadroncollidersandpresentesummedgredictionsfor thesame
using the automatedesummatiorprogram CAESAR. We also point to on-
going studiesat HERA which can be of benefitfor future measurementat
hadroncolliderssuchasthe LHC, specificallydijet £/; andangularspectraand
thetransyersemomentunof the Breit currenthemisphere.

1 Introduction

Resummedalculationsareaninvaluabletool, both for the understandingf perturbatve QCD dynam-
ics at all ordersaswell asfor extracting,asaccuratelyaspossible QCD parametersuchasthe strong
coupling, quarkmassesand partondistribution functions. Theseparameterswhich cannotbe directly
computedrom QCD perturbatiortheoryitself, will bevital inputsin new physicssearchesatthe LHC.

Moreover, resummedxpressionsare also an importantsteppingstoneto probing obsenable distribu-
tionsin regionswherenon-perturbatie power correctionanakea significantcontribution. In this region
onemay expecta smearingof the resummedoerturbatie resultwith a non-perturbatie function (for

which one canadopt,for example, a renormalon-inspiresnodel), and the resulting spectrumcan be
confrontedwith datato testour understandingf non-perturbatie dynamics.In all theseaspectsHERA
dataandobsenableshave playedanimportantrole (sometimesignificantlyunderratedn theliterature)
in furtheringour knowledge,without which accuratestudiesof several obsenablesat the LHC would
simply not be possible.

A concretexampleof HERA simportantrolein thisregardis the caseof eventshapedistributions
[1], theoreticaktudiesof which led to thefinding of non-globalsingle-logarithmid?2] effects(discussed
in moredetailbelow). Priorto thesestudiest waswidely believedthattheHERA distributions,measured
in the currenthemispheréreit frame,weretrivially relatedto their et e~ counterpartsHad suchideas,
basedn independensoft gluonemissionby the hardpartons peenapplieddirectly to similar variables
attheLHC, suchasenegy flows away from jets,theaccurayg of theoreticapredictionsvouldhave been
severelycompromisedeadingalmostcertainlyto erroneouslaimsandconclusions.

AnotherareawhereHERA hasplayedavital role is in the testingof renormalorinspiredmodels
for power correctionsmostsignificantly the dispersve approach3] to 1/ power corrections tested
againstHERA event-shapdlistributionsandmean-alues[4]. ThefactthatHERA dataseemto confirm
suchmodels, whereonecanthink of the power correctionsasarisingfrom the emissionof agluonwith
transversemomentum?(Aqcp ), is significantfor theLHC. This is becauseheagreemenof therenor
malonmodelwith datademonstratethatthe presencef initial stateprotonsdoesnot affectsignificantly
theform of 1/(Q) correctionslt thussetslimits on the additionalnon-perturbatie contribution thatmay
potentiallybe generatedy the flight of struckpartonsthroughthe protoncloud, which thereforedoes



not appeartto be significant. Onceagainit is accurateesummedredictions[5] which have allowedus
accesdo the non-perturbatie domainhencestrengtheningur understandingf power corrections.

Oneimportantaspectof resummedstudies, till date,is that stringentcomparisonsf next-to—
leadinglogarithmicresummedredictionswith datahave only beencarriedout in casesnvolving ob-
senablesthatvanishin thelimit of two hardpartons.Prominentexamplesreflectingthe succes®f this
programareprovidedby et e~ — 2 jet eventshapesandDIS (1+1) jet eventshapesswell asDrell-Yan
vectorbosontrans\yersemomenturnrspectraathadroncolliders. At the LHC (andhadroncollidersin gen-
eral)onealreadyhastwo hardincomingpartonsandary obsenabledealingwith final statget production
would take us beyond the testedtwo hard partonsituation. Thusdijet event shapesat hadroncolliders
(discussedn detail later), which involve much more complicatedconsiderationsas far asthe resum-
mationgoes,represent situationwhereNLL resummationsind power correctionsareasyet untested.
Bearingin mind the hadronicactivity dueto the underlyingevent at hadroncolliders, it is important
to testthe picture of resummationgandpower correctiondor thesemultipartoneventshapesn cleaner
environments. Thus LEP three-jetevent shapesandsimilar 2 + 1 jet event shapesat HERA become
importantto studyin conjunctionwith looking atresummatiorof eventshapest hadroncolliders.

Predictiondfor several LEP andHERA three-jetevent shapeslreadyexist (seee.g[6] andfor a
full list of variablesstudiedRef. [7]) andatthis workshopa prominentdevelopmentpresentedvasthe
proposabf sereraldijet event-shapes hadron-hadrocollisionsandtheresummedredictiongor their
distributions][8].

Existing HERA datacanalsobe usefully employedto studysoft gluonradiationdynamicsfrom
multi-hard—partorensembledn thestudyof dijet £; andangularspectraThesejuantitiesaresomeavhat
differentfrom event shapessinceone definesobsenablesbasedon aggrgatejet-momentaand angles
ratherthandirectly constructinghemfrom final-statehadronmomenta Examplesarethetrans\erseen-
ey, I;, mismatchbetweertheleadingF; jetsin dijet productionandtheazimuthalcorrelationbetween
jets¢;;, onceagainreferingto the highestZ jetsin dijet production.For the formerquantitythereare
nodirectexperimentabataasyet, but it is simply relatedto thedijet total ratein theregion of symmetric
E; cutsfor which datadoesexist . For thelatterquantitysimilarly therearedirectexperimentaldatal9].
Theseobsenableshave smallerhadronisatiorcorrectionsscalingas1/Q? ratherthan1/Q asfor most
eventshapesThey thusoffer agoodopportunityto testthe NLL perturbatie predictionsalonewithout
necessarilprobingnon-perturbatie effectsatthe sametime 1.

At this workshopdevelopmentswere reportedon extending existing calculations[10] for cone
dijets, to differentjet algorithms,suchasthe &; algorithm,comparingto fixed orderestimatesandper
forming the leadingordermatching. Oncethe HERA datahasbeenwell describedsimilar studiescan
be carriedout for hadron—hadrodijets. In fact predictionsalreadyexist for hadron-hadrowlijet masses
nearthreshold[11] but arenotin a form conducve to directcomparisonsith datacontainingneither
the jet algorithmsin the form actuallyemployedin experiment,nor the matchingto fixed order How-
ever thesecalculationgprovideda usefulstartingpoint for the calculationgpresentedhere,which should
eventuallyleadto directcomparisonsvith data.

AnotherareawhereHERA may play animportantrole is to establishwhetherunaccountedor
smallz effectsmay be significantin comparingtheoreticaresummation$or e.g. vectorbosonp; spec-
tra with experimentaldata. It hasbeensuggestedhat a non-perturbatie intrinsic k;, growing steeply
with z, is requiredto accomodatélERA datafor semi-inclusve DIS processefl2]. Whenthis obser
vationis extrapolatedo the LHC kinematicalregion thereis apparentlysignificantsmallz broadening
in the vectorbosonp;, distribution. Similar effects may well arisein the caseof the Higgs bosontoo.
However DIS event shapestudiesin the Breit currenthemispherd5] apparentlydo not acquiresuch
correctionssincethey arewell describedby conventionalNLL resummationsupportedby dispersve

Although effectsto do with intrinsic &; will eventuallyhave to be accountedor similar to the caseof Drell-Yan vector
bosonp; spectra.



power correctiong4], which arez independent. However therearesomeimportantcaveats:

e Unlike vectorbosonp; spectragventshapeseceve 1/ hadronisatiorcorrectionsunrelatecto
intrinsic k;. Thesecouldmask1 /Q? termsoriginatingfrom intrinsic £; which mayyet containthe
x dependenci question.

e |t hasalreadybeenobsenedthatincluding H1 datafor Q < 30 GeV doesspoil somavhatthe
agreementvith the dispersve predictionof universalpower correctionso eventshapeg5]. The
origin of this effect could well be extra non-perturbatie k£; broadeningelatedto the effectsde-
scribedabove for vectorbosonp;.

To getto the heartof this mattera useful variablethat hasbeensuggestedseeplenarytalk by
G. Salamat the first meetingof this workshop)is the modulusof the vector trans\ersemomentum
Y icH., Em of the currenthemispherén the DIS Breit frame. This quantityis simply relatedto the Drell-
Yanp, spectraandcomparingtheoreticabpredictionspresentedhere with datafrom HERA shouldhelp
to finalise whetheradditionalsmall-« enhancecdon-perturbatie termsare neededo accomodatehe
data. We bggin by first describingthe resultsfor hadron-hadrorevent shapevariables,discussedy
G. Salamat this workshop. Thenwe describethe progressin studyingdijet £; and angularspectra
(presentedby M. Dasguptaand G. Corcellaat the working group meetings). Finally we mentionthe
resultsobtainedhusfar, for the@; distributionof thecurrenthemisphereandendwith alook at prospects
for continuingphenomenologat HERA, thatwould be of directrelevanceto the LHC.

2 Event shapesfor hadron colliders

Event shapedistributions at hadroncolliders, as hasbeenthe caseat LEP and HERA, areimportant
collinearand infrared safequantities,that can be usedastools for the extractionof QCD parameters,
for instancex,, by comparingtheory and data. In contrasthowever to more inclusive sourcesof the
sameinformation(e.gtheratio of 3 jet to 2 jet rates) eventshapelistributionsprovide a wealthof other
information,someof which oughtto be crucialin disentanglingandfurtherunderstandinghe different
physicseffects,relevantat hadroncolliders. Theserangefrom fixed-ordempredictionsto resummations,
hadronisatiorcorrectionsand,in conjunctionwith more detailedstudiesassesinghe structureof, and
role playedby, the underlyingevent(beamfragmentation).

Until recentlytherehave only beenlimited experimentalstudiesof jet-shapest hadroncolliders
[14] andno resummedheoreticalpredictionsfor dijet shapevariablesat hadroncolliders. Rapidrecent
developmentgseeRef. [8] andreferencedherein)in the field of perturbatve resummationfiave now
madetheoreticakstimatepossiblefor anumberof suchdistributions,introducedn [8] whichwereport
on below.

Thethreemaintheoreticadevelopmentghathave led to the studiesof Ref.[8] are:

e Resummatiofor hadron-hadrodijet obsenablesdepend®ndescribingmultiple softgluonemis-
sionfrom a systemof four hardpartons.The colour structureof the resultingsoft anomalousli-
mensiongs highly non-trivial andwasexplicitly computedoy the Story Brook groupin a series
of paperqseee.g[11] andreferencesherin).

e Thediscoveryof non-globalbbsenableq2]. Therealisatiorthatstandardesummatiotechniques
basedon angularordering/independent-emiss of soft gluonsby the hard-partorensembleare
not valid for obsenablesthat aresensitve to emissiongn alimited angularrange,hasled to the
introductionof obsenablesthataremadeglobal by construction.This meanghat one canapply
thetechnologydevelopedby the Story-Brook groupto obtainaccurateNLL predictionsfor these
obsenableswithout having to resortto large V. approximations.

e The adwent of automatedesummatior{15]. The developmentof generalisedesummatiorfor-
mulaeand powerful numericalmethodsto determinethe parametersnd computethe functions

2An exceptionis thejet broadening13] but thez dependenethereis of anentirely differentorigin andnature.
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Fig. 1: Cutaroundthe beamdirectionbeyondrapidity nmax correspondingo the maximumrapidity reachof the detectors.

thereof hasmadeit possibleto studyseveralvariablesat onceratherthanhaving to performcopi-
ous,andin somecasegpreviously unfeasiblecalculationgor eachseparat@bsenable.

We now discussthe differenttypesof variablesdefinedand resummedn [8]. The first issue
onehasto dealwith is the fact that experimentaldetectorshave a limited rapidity range,which canbe
modeledby a cut aroundthe beamdirection.

This cutwould thencorrespondo a positionin rapidity of the edgeof the mostforward detector
with momentunor enepgy resolutionandtherelevantvaluesof the maximumrapidity for measurements
is 3.5 unitsatthe Tevatronand5 unitsatthe LHC. Onemaythenworry aboutgluon emissionseyond
this rapidity (i.e. insidethe beamcut, seeFig. l) thatemit softergluonsinto the allowed rapidity range,
outsidethe conesdepictedin Fig.ll Sucha configurationwould of courserenderthe obsenablenon-
global.

To getaroundthis potentialproblem,onecanemployanideasuggestedor 3-jetobsenablessuch
asout-of—-planemomentumflows in hadron-hadrortollisions[16], which helpsside-stepthe issueof
non-globalnessWe notethatall the obsenablesstudiedherehave the following functionaldependence
on a soft emission,k, collinearto a givenhardleg * (commonto all eventshapesstudiedhereandin

otherprocesses)
k a
vk =d(F) <) ®

wherek; , n and¢ aremeasuredvrt a given hardleg andp representhe setof hard partonmomenta
including recoil againstk while (@ is the hard-scaleof the process. We are particularlyinterestedn
emissionssoft andcollinearto the beam(incoming) partons. Thenan emissionbeyond the maximum
detectorrapidity 7 > 7max COrrespondso at mosta contribution to the obsenableV ~ ¢~ (4+bmin)imax
With bmin = min(by, b2) andb; andb, arethevaluesof b associatedvith collinearemissiomearbeam-
partonsl and2.

If onethenchosedo studytheobsenableover a rangeof valuessuchthat
L < (a+ bmin)Tmax, L =1In1/V, (2)

thenemissionsnoreforwardthann,,,., donotaffecttheobsenablein themeasuredangeof values.One
canthusincludethe nggligible contribution from this region anddo the calculationasif the observable
were global, ignoringthe cutaroundthe beam.Includingtheregion beyond n,,.x doesnotalterthe NLL
resummedesultin the suitablyselectedangeEq.lL

Thepriceonehasto payis to limit therangeof thestudyof theobsenableV, suchthatemissions
beyondn,.x makeanggligible contribution. As wewill mentionlaterthisis amoresignificantrestriction
for somevariablescomparedo others(dependingon the parameters andb) but a rangeof studycan
alwaysbefoundover which theobsenablecanbetreatedasglobal.

3In generalthe valuesof parametersl, a, b andthe functiong dependon the obsenableconsidered For more detailsand
constraint®n the variousparametershatensureglobalnesandinfraredandcollinearsafetyetc.,seeRef. [15].
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Fig. 2: Theglobaltrans\ersethrustdistribution with the contritution from differentpartonicchannelsxplicitly displayed.

2.1 Global event shapes

With the above caveatin placeseveral variablescan be safely studied(treatedas global) over a wide
rangeof values.An explicit exampleis theglobal transverséhrustdefinedas:
T, EmaxM, Tig=1-Ti,, 3)
A ZZ q1;
wherethethrustaxis 7ir is definedin the planetrans\erseto the beamaxis. The probability P(v), that
the eventshapéds smallerthansomevaluev behaesas:

P(v) = exp —Gm;—st—l—--- , L=1In1/v, 4)
T

with G5 = 2Cpg + Cj, whereCp and C';y representhe total colour chagesof the beamand jet
(outgoing)partons.The above representust the double-logarithmiccontribution. The full resultwith
controlof up to next-to—leadingsingle-logarithmsn the exponentis considerablymorecomplicated.It
containsbhoththe Story-Brook colourevolution matricesaswell asmultiple emissioneffects(generated
by phase-spacfactorisation).The automatedesummatiorprogramCAESAR [15] is usedto generate
the NLL resummedesultshovn in Fig.ll In this particularcasethe effect of the cut aroundthe beam
directioncanbeignoredfor valuesr; , > 0.15¢~7=x, We notethatit is advisableto leave a safety
maigin betweerthis valueandthevaluesincludedin measurement.

Otherglobalvariablesstudiedncludetheglobalthrustminor andthethregjet-resolutiorthreshold
parametery,s. For detaileddefinitionsandstudiesof thesevariablesthereadelis referedto [8].

We shall now proceedto look at two differentways of definingevent shapesn a given central
region, which onits own would leadto non-globalnessandthenaddingtermsthatrenderthemglobal.

2.2 Forward suppressed observables

Here we shall examineevent shapesiefinedin a chosencentralregion C well awvay from the forward
detectoredges.



Fig. 3: Figuredepictingthe centralregion markedC , containingthe two hardjets.

Firstwe definecentral L momentumandrapidity:

1
Qie=)Y_qui, nc= 0.c > o miqui (5)
ieC L€ iec
andanexponentiallysuppessedorward term,
1
fo ;e lmi=mel 6
C Q1c %%_ (6)

Thenwe candefineaneventshapen the centralregion C* which onits own would be non-global
sincewe measureemissiongust in C. The additionof &£ to the event-shapaendersthe obserable
globalasthis termincludessuitablythe effect of emissionsgn the remainingregion C. The exponential
suppressionftheaddedermreducesensitvity to emissionsn theforwardregionwhichin turnreduces
the effect of the beamcut 7., considerablypushingits impactto valuesof the obsenablewherethe
shapecross-sectiofis highly suppressedndthustoo smallto be of interest.

Theeventshapesreconstructedisdescribedstepwisebelow:
e SplitC into two pieces:Up, Down
e Definejet massegor each

1 2
pxe=—— (Y @), X=UD. @)
1.C jecx
Definesumandheary-jet masses
psc = puc+poe prc = max{puc, ppc} - (8)

Defineglobal extensionwith extra forward-suppresserm

ps.e = psc+ &, pHE = pHC + EC - 9)

e Similarly: total andwidejet-broadenings
Bre = Bre+ &, Bwe = Bwe + & - (10)
At thedouble-loglevel theresultsassumenidenticalform to Eq.lwith G, representing.com-

binationof total incoming(beam)andoutgoing(jet) partoncolourchages[8]. Thefull NLL resummed
resultshave a substantiallymorecomplex form andresultsfrom CAESAR[15] areplottedin Fig.lL

“Thereis considerabldreedomon the choiceof the centralregion. For instancethis could be a region explicitly delimited
in rapidity or thetwo hardjetsthemseles.
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Fig. 4: NLL resummedpredictionsfrom CAESAR for the heary jet-massandthe wide jet-broadeningvith the minimum jet
trans\erseenegy 1 min Valuesof 50 and200GeV asshown.

2.3 Indirectly global recoil observables

Here we study obsenablesthat are definedexclusively in termsof particlesin the centralregion but
are global. Suchobsenablesare alreadyfamiliar from HERA studies. As an example, althoughthe
current-jetbroadeningwrt the photonaxis of the DIS Breit frameinvolvesonly particlesthat enterthe
currenthemispherethe currentquark acquirestrans\ersemomentumby recoil againstremnanthemi-
spheregparticles.This recoil meanghatthe obsenableis indirectly sensitve to emissionsn theremnant
hemispheravhich makeshe obsenablesglobal.

To construcsimilar obsenablesin thehadron-hadrogasewe obsere thatby momentunconser
vation,thefollowing relationholds:
S qui=—Y_qui (11)
ieC igC
which relateshe sumof transversemomentan C to thatin thecomplementaryegion. Thenthecentral
particlescanbe usedto definearecoil term:

1
QLc

which containsanindirectdependencen non-centrabemissions.

RJ_,CE

> i

1eC

: (12)

Now we candefineevent shapesxplicitly in termsof centralparticlemomentan C. Examples
aretherecoil jet-masseandbroadenings

pxrR=pxc+Ric, Bxr=Bxc+Ric,--. (13)

It is clearthatsincetheseobsenablesaredefinedn termsof centralparticlesalone thecutaround
thebeamdirectionis not anissuehere.Thereis however anotherpotentialproblem.Dueto the addition
of therecoil termwe losedirect exponentiationof the resultin variablespace.Exponentiatiorto NLL
accurag only holdsin impact-parametesr b space

The physicaleffectin questionhereis similarto Drell-Yan ()t spectravheretherearetwo com-
petingmechanismshatleadto a givensmall )7, Sudake suppressiomf soft emissionsaandvectorial
cancellatiorbetweerharderemissions Wherethe latter effect takesover (typically in the region where
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Fig. 5: The recoil thrustminor as predictedby CAESAR, with a cutoff beforethe divergence. Only a small fraction of the
cross-sectiotis beyondthe cutof.

single-logsarelarge a; L ~ 1) we getabreakdevn of the Sudake resultgeneratedy CAESAR. This
resultis of thegeneraform:
P(V) — eLgl(asL)+g2(asL)+~-‘ (14)

Theresultfor recoil obsenablesproducedoy CAESARWill containa divergencen thesingle-logfunc-
tion g, andis cutbeforethedivergence Againfor somevariableghis cutis ata positionthatsignificantly
reducegherangeof possiblephenomenologicadtudies.For othervariablesthe divergenceis at values
of the obsenablethat are sufficiently small so that only a few percentof the cross-sectioris beyond
the cutoff. An exampleof the formeris the recoil trans\ersethrustwhere15% of the cross-sectiofies
beyond the cut-off. For the recoil thrustminor, in contrastthe cutoff hasonly a moderateeffect and
muchlessof the cross-sectioiis cutoff, dueto thedivergencen gs.

Below we presenta tableof the differentevent shapesnentionechereandthe impactof thetwo
mainlimitationswe discussedthebeam-cuty,., andthebreakdaevn of resummatiordueto divergences
of ¢g,. Additionally we mentionthe expectedimpactof hadronisatiorcorrections(not yet computedn
full) onthedifferentobsenablesaswell asthe form of the estimatectontribution from the underlying
event.

Event-shape| Impactof n,ax Rgfeuanlz;ngi::on Ungsermng Jethadronisation
Tig tolerable none ~ Nmax/ @ ~1/Q
Tm.g tolerable none ~ Nmax/ @ ~ 1/(y/25Q)
Yo tolerable none ~ /Y23/Q" ~VY23/Q"

TLE, PX,E nagligible none ~1/Q ~1/Q
Bx ¢ nagligible none ~1/Q ~ 1/(y/o5Q)
iy nagligible serious ~1/Q ~ 1/(y/25Q)
Yo3 £ negligible none ~1/Q ~ Vy23/Q*

TL R PXR none serious ~1/Q ~1/Q

Tmr, Bx® none tolerable ~1/Q ~ 1/(/a5Q)
Y23, R none intermediaté ~/y23/Q" ~/y23/Q"

In theabove theentriesmarked* aresubjectto uncertaintyat present.
Furtherwork is neededbeforethe resummedexpressiongresentedhere can be comparedwith



dataincluding the matchingto fixed order and computationof the power correctionsfor the various
obsenables.Thisis currentlyin progress.

Having discussedhe hadron-hadromventshapesve now move onto describeresummedstudies
concerningdijet productionat HERA which canalso be straightforwardlyextendedto hadron-hadron
collisons.

3 Dijet p; and angular spectra

It hasbeenknown for sometime that dijet total ratescannotbe predictedwithin fixed-orderQCD if
symmetriccutsare appliedto the two highestp; dijets[17]. While it wasunderstoodhatthe problems
areto dowith constrainton soft gluonemission the exact natureof this constraintwasonly madeclear
in Ref.[10]. Thereit waspointedoutthattherearelargedoublelogarithms(asidefrom singlelogarithms
andlesssingularpieces)n theslopes’(A) of thetotal rate,asafunctionof A thedifferencen minimum
p: valuesof thetwo highestp; jets. Thesdogarithmswereresummedndit wasshown thatthe slopeof
thetotalrates’ — 0 asA — 0. Thisleadsto a physicalbehaiour of the total rateasreflectedby the
data[9].

To performthe comparisorto dataaccuratelyhowever, requirestwo improvementgo be madeto
the calculationsof Ref.[10]. Firstly the exactsamejet algorithmhasto be employedin the theoretical
calculationsaandexperimentaimeasurementd hecurrentalgorithmusedby H1 andZEUS experiments
is the inclusive &, algorithm. At hadroncollidersvariantsof the conealgorithmare usedandit is in
fact a conealgorithmthat wasemployedin Ref. [10]. However the detailsof the calculationneedto
be ammendedo definethe conesin 7, ¢ spaceasis doneexperimentallyand calculationsconcerning
this werepresentedt theworking groupmeeting.The secondmportantstepis matchingto fixed order
estimatesWe reportbelow on the leadingordermatchingto DISENT [18] while a full NLO matching
is still awaited.

We also introduceand study two variablesof relatedinterest,the first is the differencein p;,
betweerthe highestp, jetsAp, ;; = ps1 — pr2 (NOtethatherewe talk aboutthe p; differenceratherthan
the differencein the minimum £, thatwe mentionedearlier The resummatiorof this distribution
v A’ﬁ — is essentiallyidenticalto thatcarriedoutin Ref.[10], exceptthatherewe computethe next-to—
leadinglogarithmsin differentversionsof thejet algorithm,which shouldhelpwith directexperimental

comparsionsWe alsoperformtheleading-ordematchingto DISENT.

Having developedthe calculationakechniquedor do /dAp; ;; it is thenstraightforwardo gener
atetheresultsfor thedistributionin azimuthalanglebetweerjetsdo /d¢;; which requiresresummation
in theregion ¢;; = =. Thesedistributions have beenmeasurecit HERA andthe Tevatron (mostre-
cently by the DO collaboration). Comparingthe resummatiorwith datawould representininteresting
challengefor the theoryinsofarasthe statusof resummatiortoolsis concernedandis potentiallyvery
instructive.

3.1 TheAp; ;; and ¢;; distributions

We shallconsidemijet productionin the DIS Breit frame. For thejet definitionwe canconsideritheran
71, ¢ conealgorithm(suchastheinfraredandcollinearsafemidpointconealgorithm)or theinclusive &,
algorithm.We shallpointoutto whatlevel thetwo algorithmswould give the sameresultandwherethey
canbeexpectedo differ. We shalluseafour-vectorrecombinatiorschemeavherethejet four-momentum
is the sumof individual constituenthadronfour-momenta.We alsoimposecutson the highestp; jets
SUChthat|’I7172| <1 andpﬂﬂ > Fhin-

We thenconsiderthe quantity Ap; ;; = ps1 — pr2 Which vanishesat Born orderand hencethe

distribution atthis orderis just T X 3(p+,55)-

Beyondleadingorderthe kinematicalsituationin the planenormalto the Breit axisis represented



asbefore[10]:

pn = pu(l,0) (15)
Pz = pe2(cos(m =+ €),sin(m £ ¢€)) (16)
ki = ki (cos¢,sing) (17)

Thuswe are consideringa small deviation from the Born configurationof jets back-to—backn
azimuth, inducedby the presenceof a soft gluon with transversemomentumék; < py 42 (Which is
not recombinedby the algorithmwith eitherhard parton)andwith azimuthalangle¢. In the above ¢
representsherecoilangledueto softemission.We thenhave

Apyji = P — pral = |k¢cos ¢, (18)

which accountgor therecoil e to first orderandhences correctto NLL accurag. Thusfor theemission
of severalsoft gluonswe have the p; mismatchgivenby

Apej; =1 kail, (19)
i¢j
wherek,. denoteghe single componenbf gluontransersemomentumalongthe directionof the hard
jets,which arenearlyback-to—bachn thetranswerseplane. The sumincludesonly partonsnot meiged
by thealgorithminto the highestl, jets.

Similarly for the dijet azimuthalangledistribution®, we have :

1
T— i~ —| Y kyil- (20)

Pt idj
whereg;; istheazimuthalinglebetweerthetwo highestp, jets. Notethatin theabove we have setp,; =
pr2 = pr Sincewe areconsideringa smalldeviation from the Born configurationandthis approximation
is correctto NLL accurag. We alsointroducedk,, the componenbf soft gluon momentunmnormalto
thejet axisin thetrans\erseplane.

In eitherof the above two casesj.e the Ap;, ;; or ¢;; distributions,an identicalresummatioris
involved, dueto the similar role of soft partonsnot recombinednto jets. Henceforthwe shall proceed
with justthe Ap; ;; resummatiomesults,it beingunderstoodhatsimilar considerationsipplyto ¢;; in
theregion ¢;; ~ .

Assumingindependenemissionof soft gluonsby the hard three-partorsystem(the incoming
partonandthe two outgoingpartonsthat initiate the dijets) and factorisingthe phase-spaceq. ll as
below®:

1 [ db b

(Apt]] |Zkzz ) — ;/ 751n(bApt7]‘j)Hebk“7 (21)
i#j - i

theresummedesultfor the Ap; ;; distributioncanbeexpressedas

d3c 1 d¢
T I92 A In1n7A dz y Emln ,A 22
TodQ Ay i Aesi) = 2 [£] 2 FICRE = i@ Apesi). - (22)

In the above £ and z are phase-spaceariablesthat parametrisehe Born dijet configuration,F,—r 1,
denoteshey = (Q?/zs dependencassociatedo thetrans\erseor longitudinalstructurefunctionwhile
C* is the Born matrix-elemensquared Thefunctionw representgheresultof resummation.

SNotethatthe kinematicalrelationswe derive herewould be equallyvalid for dijets producedn hadron-hadrorollisions
atthe Tevatronor LHC andjustthe dynamicsof multisoft gluonemissionwould be morecomplex.

5We computeherethe cross-sectiorior the obsenableto be lessthan Ap; ;; from which we caneasily obtainthe corre-
spondingdistribution.



Theresummedxpressionw requiressomeexplanation.lts form is asfollows

ws(pe,ij) = / . %sinmpt,m exp[— s (b)S (b)gs (w/€,1/b%) . (23)

Note the fact thatthe exponentiationholdsonly in b spacewhereb is the impactparameter The func-
tion R(b) (we ignorethe subscripty which describesitherincomingquarksor gluons)is the Sudake
exponentwhich canbecomputedupto NLL accuray,

R(b) = Lgi(asL) + ga(asL), L ~In(bQ). (24)

while S(b) is the non-globalcontribution thatarisesfrom soft partonsinsidethe jet emitting outsideit.
¢s is theincomingquarkor gluondensityandits scaledepend®n the variableb. Thefunctionsg; and
g2 aretheleading-logarithmi@ndnext-to—leadingogarithmicresummedjuantities.

For theleadinglogarithmsg; andasubsebf next-to—leadingogarithmsg,, generategssentially
by exponentiatiorof the single-logresultin b spacetheconeandinclusive k; algorithmswould give the
sameresult,which we have computed. Startingfrom termsthatbegin with o2 In? b in ¢, (specifically
two soft wide-anglegluons),the following two effectsbecomemportant:

e For conealgorithmsthe implementationof the split/meige stageaffects the g, piece. Present
calculationg10] arevalid to NLL accurag if all the enegy sharedby overlappingjetsis given
to the jet thatwould have highestp;. Notethatthisis differentfrom meiging the overlappingjets

themseles. If othermemging proceduresare usedthe calculationbecomegnore comple but is
still tractable.

e Forthek; algorithmit is just beingrealisedthatrunningthe algorithmgeneratetermsthatstartat
o?1n? b in the exponent,which arenot correctlytreatedoy naive Sudake exponentiation.These
terms,which aregeneratedby the clusteringprocedurecanalsobe numericallyaccountedor in
our caseput thisis work in progress.

Theeffectsthatwe mentionabove causea similarimpacton thefinal resultasthe non-globatterm S (b)
whichwasshowvnto beataroundthe10%levelin Ref.[10]. Hencethecurrentresultsfor thek; algorithm
that do not accountfor the recentlyfound additionaltermsand only approximatelyfor the non-global
logs,canbe expectedtio changeby around10%whentheseeffectswill beincludedcorrectly

We presentin Fig. 6 preliminaryresultsfor the Ap; ;; distribution matchecto the leadingorder
DISENT prediction,usingthek; algorithm. Thematchingat presentombinegjuarkandgluonchannels
wherasideally onewould like to separateheincomingquarkandgluonchannelswith theright weights
(O(as) coeficientfunctions). Thiswould be possibleif, for instancetherewaspartonflavour informa-
tion explicit in thefixedordercodesalimitation of thefixed-ordercodesthatneeddo beaddressedlso
for hadron-hadromventshapedo be matchedo NLO predictions.

We alsopresenta comparisorwith HERWIG [19] resultson the samequantity ThevariableX in
thefigure merelyrefersto the effect of usingthejet p; asthe hardscaleratherthanthe photonvirtuality
Q?, formally a NNLL effect. It is amusingto notethe very good agreemenbf the resummatiorwith
HERWIG but nottoo muchcanbereadinto it at this stage.Giventhe minor role of non-globaleffects
wewould expectHERWIG andour predictiongo indeedhave abroadresemblenceHoweverwe should
mentionthattheresummeadesultin Fig. 6 is atpresensubjecto changgendingproperinclusionof non-
globallogsandtheeffectof independensoftemissionatlargeangles.Thelatteris partly includedin the
resultsshavn, throughexponentiatiorof theone-gluorresultaswe pointedout before but theclustering
procedurehangeshisresultataboutthesameevel asthenon-globalogs(Q(a? In? b) in theexponent),
andthisfeatureneedgo beaccountedor still. Secondijthematchingto LO DISENT combineschannels
andthis spoilscontroloverthea? In? Q / Ap; ;; termin theexpansiorof theresummatiorio NLO. A full
NLO matchingwith properseparatiorof the channelds awaited. The HERWIG curve alsoincludesan
intrinsic k£, componenthatlowersthe heightof theresultat smallp; ;;, which canbeeasilyincludedin
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Fig. 6: Figure shaving the resummedesultmatchedto fixed-orderDISENT resultsfor the variable A = QAp, ;. Also
shawn, for comparisonareHERWIG resultswith matrix-elementorrectionsandthe DISENT resultalone.

thetheoreticaresummatiorbut at presenis excluded.Giventhesedifferenceshe very goodagreement
oneseeswith HERWIG is expectedto changeto someextent althoughbroadly speakinghe shapesf
thetwo curvesareexpectedo besimilar. Similar conclusionsapplyfor the ¢;; obsenable.

4 Thevector (); of the current hemisphere

Next we examine a quantity that, as mentionedin the introduction, makesa very good analogywith
Drell-Yantrans\ersemomentum();, distributions. Comparisorof the resummatiorof this obsenable
with datacould help to understandvhetherextra broadeningof corventionallyresummedy); spectra,
is generatedt smallz. If sothis will bea significantfactoratthe LHC. The obsenablein questionis
the (modulusof) the vectorially summedranswersemomentaof all particlesin the Breit framecurrent

hemisphere:
Qe=1Y" kuil. (25)
ZEHC
Using momentumconsenration this quantity is simply equalto the modulusof the trans\erse
momentaof emissionsn the remnanthemisphereTheseemissionsanall be ascribedo theincoming
quarkto NLL accurayg, apart from the soft wide-anglecomponentvherelarge-angleemissionsn the
currenthemisphereanemit softergluonsinto theremnanthemispherdthe by now familiar non-global
logarithms).
Theresummedesultfor this obsenablecanbe expresseds:

do
dQ3
where.J, is the zerothorderBesseffunction, R(b) is the Sudake exponent(the “radiator”) , S(b) the
non-globalcontribution andg denoteghe quarkdistribution summedover quarkflavourswith appropri-
ateweights(chages).

Theresultfor theradiatorto NLL accurag canbeexpressedasbefore,in termsof aleading-log
andnext-to—leadingog function:

~ o /0 " bdbIo(bQs) exp[—R(B)]S (B)g(z, 1/6?) (26)

R(b) = Lg1(asL) + ga(asL), L = In(bQ). 27)



We have

C
0= g (=) (28)
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wherewe have A = By In[Q?(b)?], b= be"® /2 andK = (67/18 — 72/6)Ca — 5/9n;.
It is straightforwardto expressthe resultdirectly in ), spaceandonehasfor the pureNLL re-
summederms:

do d y r(1—-R/2
T~ g [ e e (e 01 5(@/Q0 (30)
whereR' = dR/dIn(Q/Q:). Theresulthasadivergenceat ' = 2 whichis dueto retainingjust NLL

termsandis of the samenatureasthatdiscussedbeforefor certainhadron-hadromventshapesandthe
Drell-Yan (), distribution. However in the presentcasethe divergenceis at quite low valuesof ¢J;, e.g
for @ = 100 GeV, the divergenceis at around0.5 GeV (dependingon the exact choicefor Aqcp).

Thusit is possibleto safely study the distribution down to (); valuesof a few GeV usingthe simple
form Eq.lM We notethatis is alsopossibleto eliminatethe divergenceif onedefinesthe radiatorsuch
that R(b) — R(b)8(bQ — 1), whichis arestrictionthatfollows from leading-ordekinematic(thatone
assumeso hold at all orders). The resultantmodificationhasonly a negligible impactin the ); range
thatwe expectto studyphenomenologically

After thematchingto fixed-ordeiis performedwe canprobethe non-perturbatiesmearinge—gb2
that one canapply to the b spaceresummedesult. Comparisonswith datashould hopefully reveal
whetherthe NLL resummedesult+ ‘intrinsic &£," smearingmentionedabore, is sufficient at smaller
valuesof = or whetherextra broadenings generatedn the small 2 region, that hasa significanteffect
ontheresult. Datafrom H1 arealreadyavailablefor this distribution [20] andthis shouldenablerapid
developmentoncerningheabore issue.

5 Conclusions

In this article we have provideda summaryof the developmentsliscussedtthe HERA-LHC workshop
working group2, concerninghetopic of all-orderQCD resummationsSpecificallywe have mentioned
recentwork carriedout for hadronicdijet eventshapesdijet F; andangularspectreandresummatiorof
the current-hemisphergansersemomentundistributionin the DIS Breit frame.

We have stressedhe importantrole of HERA studiesin the developmentof the subjectfrom the
LEP eraandthe fact that, in this regard, HERA hasactedasa bridge betweenLEP studiesof the past
(althoughLEP analysisof datacontinuesandis animportantsourceof information)andfuture studies
atboththe Tevatronandthe LHC.

We have particularlytried to stressthe continuingcrucialrole of HERA in testingall-orderQCD
dynamicsgspeciallyin thecontext of multi-hardpartonobsenableswvherestudiesarecurrentlyongoing.
Carefulexperimentalandtheoreticalcollaborative effort is needecdherein orderto confirm the picture
developedfor NLL resummationandpower correctionslf this programis successfuit will greatlyease
theway for accurateQCD studiesat morecomplex hadronicenvironments suchasthe LHC.
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