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Abstract
A few observabledistributionsin min-bias(inelastic,non-diffractive)events
which could be well constrainedwith early LHC dataarepresented,with
somecommentson their significancefor placingconstraintson theoretical
models.Theeffectsof fiducial cuts(�����
	��� GeV, � �����
���� ) andextrap-
olation from the Tevatronare illustrated. Additional interestingplots are
collectedat:
http://home.fnal.gov/ � skands/leshouches-plots/

1. INTRODUCTION

At first glance,theconfinednatureof both the initial andfinal stateimplies that thereareno pertur-
batively calculableobservablesin inelastichadron-hadroncollisions. Underordinarycircumstances,
however, two powerful tools areusedto circumvent this problem,factorisationandinfraredsafety.
The troublewith minimum-biasandunderlying-event (MB/UE) physicsis that the applicability of
bothof thesetoolsis, atbest,questionablefor awide rangeof interestingobservables.

To understandwhy themainperturbative toolsareineffective, let us begin with factorisation.
Whenapplicable,factorisationallows us to subdivide thecalculationof anobservable(regardlessof
whetherit is infraredsafeor not) into a perturbatively calculableshort-distancepartanda universal
long-distancepart, the latter of which may be modeledand constrainedby fits to data. However,
in the context of hadroncollisions the oft madeseparationinto “hard scattering”and “underlying
event” componentsis notnecessarilyequivalentto acleanseparationin termsof formation/fluctuation
time, sincetheunderlyingeventmaycontainshort-distancephysicsof its own. Regardlessof which
definition is more correct,any breakdown of the assumedfactorisationcould introducea process-
dependenceof thelong-distancepart,leadingto anunknown systematicuncertaintyin theprocedure
of measuringthecorrectionsin oneprocessandapplyingthemto another.

Thesecondtool, infraredsafety, providesuswith aclassof observableswhichareinsensitive to
thedetailsof thelong-distancephysics.This worksup to correctionsof orderthelong-distancescale
dividedby theshort-distancescale,�������� ������ , wherethepower  dependsontheobservablein ques-
tion and � ��� � ��� denotegenericinfraredandultraviolet scalesin theproblem.Since � ��� � � ���"! 	
for large � ��� , suchobservables“decouple”from theinfraredphysicsaslongasall relevantscalesare# � ��� . Infraredsensitive quantities,on theotherhand,containlogarithms $ %�& �(' � ����)� � ����+* which
grow increasinglylargeas � ��� � � �(� ! 	 . In MB/UE studies,many of theimportantmeasureddis-
tributionsarenot infraredsafein theperturbative sense.Take particlemultiplicities, for instance;in
theabsenceof non-trivial infraredeffects,thenumberof partonsthatwouldbemappedto hadronsin
anäıve local-parton-hadron-duality [1] picturedependslogarithmicallyon theinfraredcutoff.

Wemaythusclassifycolliderobservablesin four categories:leastintimidatingarethefactoris-
able infraredsafequantities,suchasthe , ratio in -/.0-/1 annihilation,which areonly problematic
at low scales(wheretheabove-mentionedpower correctionscanbe large). Thencomethe factoris-
able infraredsensitive quantities,with the long-distancepart parametrisedby process-independent
non-perturbative functions,suchaspartondistributions.Somewhatnastierarenon-factorisedinfrared
safeobservables.An examplecouldherebetheenergy flow into oneof Rick Field’s “transversere-
gions” [2]. Theenergy flow is nominally infraredsafe,but in theseregionswherebremsstrahlungis
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suppressedtherecanbelargecontributionsfrom pairwisebalancingminijetswhich arecorrelatedto
thehardscatteringandhencedonotfactoriseaccordingto atleastoneof thedefinitionsoutlinedabove
(seealso[3, 4]). The nastiestbeastsby all accountsarenon-factorisedinfraredsensitive quantities,
suchastheparticlemultiplicity in thetransverseregion.

Thetrouble,then,is thatMB/UE physicsis full of distributionsof theverynastiestkindsimag-
inable. Phenomenologically, the implication is that the theoreticaltreatmentof non-factorisedand
non-perturbative effectsbecomesmoreimportantandtheinterpretationof experimentaldistributions
correspondinglymore involved. The problemmay also be turnedaround,noting that MB/UE of-
fersan ideal lab for studyingthesetheoreticallypoorly understoodphenomena;themostinteresting
observablesandcuts,then,arethosewhichminimisethe“backgrounds”from better-known physics.

As partof theeffort to spurmoreinterplaybetweentheoristsandexperimentalistsin this field,
weherepresentacollectionof simplemin-biasdistributionsthatcarryinterestingandcomplementary
informationabouttheunderlyingphysics,bothperturbative andnon-perturbative. Themainpoint is
that,while eachplot representsacomplicatedcocktailof physicseffects,suchthatmostmodelscould
probablybe tunedto give an acceptabledescriptionobservableby observable, it is very difficult to
simultaneouslydescribetheentireset. It shouldthereforebepossibleto carryout systematicphysics
studiesbeyond simple tunings. For brevity, this text only includesa representative selection,with
moreresultsavailableon theweb[5]. Notealsothatwe have hereleft out several importantingredi-
entswhich aretouchedon elsewherein theseproceedings,suchasobservablesinvolving explicit jet
reconstructionandobservablesin leading-jet,dijet, jet + photon,andDrell-Yanevents.Seealsothe
underlying-eventsectionsin theHERA-and-the-LHC[6] andTevatron-for-LHC [7] writeups.

2. MODELS

We have chosento considera set of six different tunesof the PYTHIA event generator[8], called
A, DW, andDWT [2,7], S0andS0A [9], andATLAS-DC2 / Rome[10]. For min-bias,all of these
start from leadingorderQCD � ! � matrix elements,augmentedby initial- andfinal-stateshow-
ers(ISR andFSR,respectively) andperturbative multiple partoninteractions(MPI) [11,12], folded
with CTEQ5L partondistributions [13] on the initial-statesideand the Lund string fragmentation
model[14] on thefinal-stateside. In addition,the initial stateis characterisedby a transversemass
distributionroughlyrepresentingthedegreeof lumpinessin theproton1 andby correlatedmulti-parton
densitiesderivedfrom thestandardonesby imposingelementarysumrulessuchasmomentumcon-
servation [11] andflavour conservation [17]. The final state,likewise, is subjectto several effects
uniqueto hadroniccollisions, suchas the treatmentof beamremnants(e.g., affecting the flow of
baryonnumber)andcolour(re-)connectioneffectsbetweentheMPI final states[9,11,18].

Although not perfectlyorthogonalin “model space”,thesetunesarestill reasonablycomple-
mentaryon a numberof importantpoints,asillustratedin tab. 1. Columnby columnin tab. 1, these
differencesareasfollows: 1) showersoff the MPI areonly includedin S0(A). 2) the MPI infrared
cutoff scaleevolvesfasterwith collisionenergy in tunesA, DW, andS0A thanin S0andDWT. 3) all
modelsexcepttheATLAS tunehave very strongfinal-statecolourcorrelations.4) tunesA, DW(T),
andATLAS use � � -orderedshowersandtheold MPI framework, whereastunesS0(A) usethenew
interleaved ��� -orderedmodel. 5) tunesA andDW(T) have transversemassdistributionswhich are
significantlymorepeaked thanGaussians,with ATLAS following closebehind,andS0(A) having
the smoothestdistribution. 6) the modelswere tunedto describeone or more of min-bias(MB),
underlying-event (UE), and/orDrell-Yan(DY) dataat theTevatron.

TunesDW andDWT only differ in theenergy extrapolationawayfrom theTevatronandhence

1Note that the impact-parameterdependenceis still assumedfactorisedfrom the 2 dependencein thesemodels,354 27698;:=< 354 2>:@? 4 8A: , where 8 denotesimpact parameter, a simplifying assumptionthat by no meansshouldbe treated
asinviolate,seee.g.[4,15,16].



Showers MPI ��� cutoff at FSColour Shower Proton Tevatron
Model off MPI B���C�D ! B;E TeV Correlations Ordering Lumpiness Constraints

A No ����	;EGFIHKJML! N � N E Strong � � More MB, UE

DW No B���C;EGFIHKJML! N ��B�O Strong � � More MB, UE, DY

DWT No B���C;EPJMQSRUT! ����D�D Strong � � More MB, UE, DY

S0 Yes B���V�VWJMQSRUT! �����O Strong � � � Less MB, DY

S0A Yes B���V�CXFIHKJML! N ��	�C Strong � � � Less MB, DY

ATLAS No ����	�	WJMQSRUT! ����O� Weak � � More UE

Table1: Brief overview of models.NotethattheIR cutoff in thesemodelsis not imposedasastepfunction,but ratherasa

smoothdampening,see[11,12]. Thelabels YSZ\[^]_ and [@` a9b_ referto thepaceof thescalingof thecutoff with colliderenergy.
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Fig. 1: Chargedparticlemultiplicity distributions,at fiducial (top)andgenerator(bottom)levels,for theTevatron(left) and

LHC (right). Thefiducial averagesrangefrom pAqSp�rts^uWvxwzy7r{pAqS| at theTevatronto }~pAq �=rts�uWvxwzy7r�}~�AqSp at theLHC.

areonly shown separatelyattheLHC. Likewisefor S0andS0A.Weregretnot includingacomparison
to otherMB/UE MonteCarlogenerators,but notethat theS0(A) modelsarevery similar to PYTHIA

8 [19], apartfrom the colour (re-)connectionmodelandsomesubtletiesconnectedwith the parton
shower, andthat theSHERPA [20] modelcloselyresemblesthe � � -orderedmodelsconsideredhere,
with theadditionof showersoff theMPI. The JIMMY add-onto HERWIG [21,22] is currentlyonly
applicableto underlying-eventandnot to min-bias.

3. RESULTS

In this sectionwe focuson thefollowing distributionsfor inelasticnon-diffractive eventsat theTeva-
tron andLHC: chargedparticlemultiplicity � 'K���\� * , � ���M� � ����� , � ���\� � �z� , the average��� vs. ���\�
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Fig. 2: Chargedparticle ��� spectrum,generator-level only. Insetsshow the region below 1 GeV on a linear scale. The

fiducial distributions[5] arevery similar, apartfrom anoverall normalisationandthecutat ����<���q�� GeV.

correlation,theforward-backward ���\� and ��� correlationsvs. � , aswell asa few plotsof theoretical
interestshowing themultiplicity distribution of multiple interactions� 'K���S� L * . On mostof theplots
we includetheeffectsof fiducial cuts,whicharerepresentedby thecuts������	��� GeV and � ������B���	
( � ���5������ ) at theTevatron(LHC).

Thechargedparticlemultiplicity is shown in fig. 1, both includingfiducial cuts(top row) and
at generator-level (bottomrow). Tevatronresultsareshown to the left andLHC onesto the right.
Giventheamountof tuningthatwentinto all of thesemodels,it is not surprisingthatthereis general
agreementon thechargedtrackmultiplicity in thefiducial regionat theTevatron(top left plot). In the
top right plot, however, it is clearthatthis near-degeneracy is brokenat theLHC, dueto thedifferent
energy extrapolations,andhenceevena smallamountof dataon thechargedtrackmultiplicity will
yield importantconstraints.The bottomrow of plots shows how thingslook at the generator-level,
i.e., without fiducial cuts. An importantdifferencebetweenthe ATLAS tuneandthe othermodels
emerges.TheATLAS tunehasa significantlyhighercomponentof unobservedchargedmultiplicity.
This highlightsthefact thatextrapolationsfrom themeasureddistribution to thegenerator-level one
aremodel-dependent.

Thecausefor thedifferencein unobservedmultiplicity canbereadilyidentifiedby considering
the generator-level ��� spectraof chargedparticles,fig. 2. The small insetsshow the region below
1 GeV on a linear scale,with the cut at ������	��� GeV shown asa dashedline. Below the fiducial
cut, theATLAS tunehasa significantlylargersoft peakthantheothermodels.TheS0model,on the
otherhand,hasa harderdistribution in thetail, which alsocausesS0to have a slightly largeroverall
multiplicity in the central region, as illustratedin the fiducial pseudorapiditydistributions, fig. 3.
Apart from theoverall normalisation,however, the pseudorapiditydistribution is almostfeatureless
exceptfor the taperingoff towardslarge � ��� at theLHC. Nonetheless,we notethat to studypossible
non-perturbative fragmentationdifferencesbetweenLEP andhadroncolliders,quantitiesthatwould
be interestingto plot vs. this axiswould bestrangenessandbaryonfractions,suchas �=� �¡ � ���\� and
��¢ � � 'K��¢ ��£ �t¤¢ � * , aswell asthethe ��� spectraof theseparticles.With goodstatistics,alsomulti-
strangebaryonswouldcarryinterestinginformation,ashasbeenstudiedin ��� collisionsin particular
by theSTAR experiment[23,24].

Beforegoing on to correlations,let us briefly considerhow the multiplicity is built up in the
variousmodels. Fig. 4 shows the probability distribution of the numberof multiple interactions.
This distribution essentiallyrepresentsa folding of themultiple-interactionscrosssectionabove the
infraredcutoff with the assumedtransversematterdistribution. Firstly, the ATLAS andRick Field
tuneshave almostidenticalinfraredcutoffs andtransversemassprofilesandhencelook very similar.
(SinceATLAS andDWT have the sameenergy extrapolation,theseare the mostsimilar at LHC.)
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Fig. 3: Chargedparticledensityvs.pseudorapidity, fiducialdistributiononly. Thegenerator-level onescanbefoundat [5].
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Fig. 4: Probabilitydistributionof thenumberof multiple interactions.Theaveragesrangefrom p;q�¦+r�s^u�§ ¨ ] y�rt|AqS} at the

Tevatronto ©�qS¦�rts^u�§ ¨ ] y7rt}~}AqSª at theLHC.

On the other hand,the S0(A) modelsexhibit a significantlysmallertail towardslarge numbersof
interactionscausedby a combinationof the smoothermassprofile and the fact that the MPI are
associatedwith ISRshowersof theirown, henceeachtakesa bigger« fraction.

Fig. 5 shows the first non-trivial correlation,the averagetrack momentum(countingfiducial
tracksonly) vs. multiplicity for eventswith at leastonecharged particle passingthe fiducial cuts.
The generaltrend is that the tracksin high-multiplicity eventsareharderon averagethan in low-
multiplicity ones.This agreeswith collider dataandis an interestingobservation in itself. We also
seethatthetunesroughlyagreefor low-multiplicity events,while theATLAS tunefallsbelow athigh
multiplicities. In themodelshereconsidered,this is tightly linkedto theweakfinal-statecolourcor-
relationsin theATLAS tune;thenaiveexpectationfrom anuncorrelatedsystemof stringsdecayingto
hadronswouldbethat ¬I���® shouldbeindependentof ���\� . To maketheaverage��� risesufficiently to
agreewith Tevatrondata,tunesA, DW(T), andS0(A) incorporatestrongcolourcorrelationsbetween
final-statepartonsfrom differentinteractions,chosenin suchawayasto minimisetheresultingstring
length.An alternative possibleexplanationcouldbeCronin-effect-typerescatteringsof theoutgoing
partons,apreliminarystudyof which is in progress[25].

An additionalimportantcorrelation,which carriesinformationon local vs. long-distancefluc-
tuations,is theforward-backwardcorrelationstrength,̄ , definedas[11,26,27]

¯°� ¬I ²±² ²³Wµ´¶¬I ²±° �
 � ± ´·¬� ²±+ � ¸ (1)

where ²± ( ²³ ) is thenumberof chargedparticlesin aforward(backward)pseudorapiditybin of fixed
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Fig. 5: Theaveragetrack transversemomentumvs. thenumberof tracks,countingfiducial tracksonly, for eventswith at

leastonefiducial track.

size,separatedby a centralinterval ¼ � centredat zero. The UA5 study [26] usedpseudorapidity
binsoneunit wideandplottedthecorrelationvs. therapiditydifference,¼ � . For comparison,STAR,
whichhasamuchsmallercoverage,uses0.2-unitwidebins[28]. However, asshown in arecentstudy
[29], small bins increasethe relative importanceof statisticalfluctuations,washingout the genuine
correlations. For the TevatronandLHC detectors,which alsohave small coverages,we therefore
settleonacompromiseof 0.5-unitwide bins.Wealsochooseto plot theresultvs. thepseudorapidity
of the forwardbin, � ± �½¼¾� � � , suchthat the « axiscorrespondsdirectly to a pseudorapidityin the
detector(the backward bin is thensituatedsymmetricallyon the othersideof zero). Fig. 6 shows
thegenerator-level correlations,both for chargedparticles(top row) andfor a measureof transverse
energy (bottomrow), heredefinedasthe ��� sumof all neutralandchargedparticlesinsidetherelevant
rapidity bins. Note that we let the « axis extend to pseudorapiditiesof 5, outsidethe measurable
region, in orderto geta morecomprehensive view of thebehaviour of thedistribution. Thefact that
theATLAS andS0(A) distributionshave a moresteeplyfalling tail thanA andDW(T) againreflects
the qualitatively differentphysicscocktailsrepresentedby thesemodels. Our tentative conclusions
areasfollows: Rick Field’s tunesA, DW, andDWT have a large numberof multiple interactions,
cf. fig. 4, but dueto the strongfinal-statecolourcorrelationsin thesetunes,themain effect of each
additionalinteractionis to add “wrinkles” and energy to alreadyexisting string topologies. Their
effects on short-distancecorrelationsare thereforesuppressedrelative to the ATLAS tune, which
exhibits similar long-distancecorrelationsbut strongershort-distanceones.S0(A) hasa smallertotal
numberof MPI, cf. fig. 4, which leadsto smallerlong-distancecorrelations,but it still hasstrong
short-distanceones.In summary, the ¯ distributionsareclearlysensitive to therelativemix of MPI and
showeractivity. They alsodependon thedetailedshapeof fig. 4, which in turn is partlycontrolledby
thetransversematterdensityprofile. Measurementsof thesedistributions,bothat presentandfuture
colliders,would thereforeaddanotherhighly interestingandcomplementarypieceof informationon
thephysicscocktail.

4. CONCLUSION AND OUTLOOK

We have illustratedsomeelementarydistributionsin inelastic,non-diffractive eventsat theTevatron
andLHC, asthey look with varioustunesof the two underlying-event modelsin the PYTHIA event
generator. In particular, takingthechargedparticlemultiplicity distribution to settheoverall level of
theMB/UE physics,the ��� spectrumof chargedparticlesandthe ¬����0 'K���\� * correlationsthenadd
importantinformationon aspectssuchasfinal-statecolour correlations. Identified-particlespectra
would yield further insight on beamremnantsandhadronizationin a hadron-colliderenvironment.
Finally, correlationsin multiplicity andenergy vs. pseudorapiditycanbeusedto extract information
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Fig. 6: Generator-level forward-backwardcorrelationstrength,8 , for chargedparticles(top)andtransverseenergy (bottom).

on the importanceof short-distancevs. long-distancecorrelations,which (very) roughlycorrespond
to thetypeof fluctuationsproducedby shower- andmultiple-interaction-activity, respectively.

By comparingthe multiplicity distributions with andwithout fiducial cuts, we note that the
extrapolationfrom observed to generator-level distributions can be highly model-dependent.It is
thereforeimportantto extendthemeasuredregion asfar aspossiblein both � and��� .

Onthephenomenologicalside,severalremainingissuescouldstill beaddressedwithoutrequir-
ing amoreformal footing (seebelow). Theseincludepartonrescatteringeffects(Cronineffect) [25],
correlationsbetween« - andimpact-parameter-dependence in themulti-partonPDFs[3,15,16], satu-
rationandsmall-« effects[30], improvedmodelingof baryonproduction[17,31,32], possiblebreak-
downs of jet universalitybetweenLEP, HERA, andhadroncolliders,andcloserstudiesof the cor-
respondencebetweencoherentphenomena,suchasdiffraction andelasticscattering,and inelastic
non-diffractive processes[4,33].

Furtherprogresswould seemto requirea systematicway of improving on thephenomenolog-
ical models,bothon theperturbative andnon-perturbative sides,which necessitatessomedegreeof
formal developmentsin additionto moreadvancedmodelbuilding. Thecorrespondencewith fixed-
orderQCDis alreadybeingelucidatedby parton-shower / matrix-elementmatchingmethods,already
awell-developedfield. Thoughthesemethodsarecurrentlyappliedmostlyto Á +jet-typetopologies,
thereis noreasonthey shouldnotbebroughtto bearonMB/UE physicsaswell. Systematicinclusion
of higher-ordereffectsin showers(beyondthatofferedby “clever choices”of ordering,renormalisa-
tion, andkinematicvariables)would alsoprovide a moresolid foundationfor the perturbative side
of the calculation,thoughthis is a field still in its infancy [34,35]. To go further, however, factori-
sationin the context of hadroncollisionsneedsto be betterunderstood,probablyincluding by now
well-establishedshort-distancephenomenasuchasmultiple perturbative interactionson the “short-



distance”sideand,correspondingly, correlatedmulti-partonPDFson the“long-distance”side. It is
also interestingto note that currentmultiple-interactionsmodelseffectively amountto a resumma-
tion of scatteringcrosssections,in muchthesameway aspartonshowersrepresenta resummation
of emissioncrosssections. However, whereasa wealthof higher-order analyticalresultsexist for
emission-typecorrections,which canbeusedasusefulcross-checksandtuningbenchmarksfor par-
ton showers, correspondingresultsfor multiple-interactionscorrectionsarealmostentirely absent.
This is intimatelylinkedto theabsenceof a satisfactoryformulationof factorisation.

On theexperimentalside,it shouldbeemphasisedthat thereis muchmorethanMonteCarlo
tuningtobedonein MB/UE studies,andthatdataisvital to guideusin boththephenomenologicaland
formaldirectionsdiscussedabove. DedicatedTevatronstudieshavealreadyhada largeimpactonour
understandingof hadroncollisions,but muchremainsuncertain.Resultsof futuremeasurementsare
likely to keepchallengingthatunderstandingandcouldprovide for a very fruitful interplaybetween
experimentandtheory.
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