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Abstract

A few obserabledistributionsin min-bias(inelastic,non-difractive) events
which could be well constrainedvith early LHC dataare presentedwith

somecommenton their significancefor placingconstraintson theoretical
models.The effectsof fiducial cuts(p; > 0.5GeV, |n| < 2.5) andextrap-
olation from the Tevatronareillustrated. Additional interestingplots are
collectedat:

http://hone. fnal . gov/ ~skands/| eshouches- pl ot s/

1. INTRODUCTION

At first glance,the confinednatureof boththe initial andfinal stateimpliesthatthereareno pertur
batively calculableobserablesin inelastichadron-hadrorollisions. Underordinarycircumstances,
however, two powerful tools are usedto circumwent this problem,factorisationandinfrared safety
The trouble with minimum-biasand underlying-eent (MB/UE) physicsis that the applicability of
bothof thesetoolsis, at best,questionabldor awide rangeof interestingobserables.

To understanadvhy the main perturbatie tools areineffective, let us begin with factorisation.
Whenapplicable factorisatiomallows usto subdvide the calculationof an obsenable (regardlessof
whetherit is infraredsafeor not) into a perturbatiely calculableshort-distancepartanda universal
long-distancepart, the latter of which may be modeledand constrainedy fits to data. However,
in the contet of hadroncollisions the oft madeseparatiorinto “hard scattering”and “underlying
event” componentss notnecessarilgquialentto acleanseparationn termsof formation/fluctuation
time, sincethe underlyingevent may containshort-distancehysicsof its own. Regardlesf which
definition is more correct,ary breakdavn of the assumedactorisationcould introducea process-
dependencef thelong-distancepart, leadingto anunknavn systematiaincertaintyin the procedure
of measuringhe correctionsn oneprocessandapplyingthemto another

Thesecondool, infraredsafety providesuswith aclassof obserableswhich areinsensitve to
the detailsof thelong-distancephysics.This worksup to correctionsof orderthelong-distancescale
dividedby theshort-distancsecale Q1 / Qv , wherethepower n depend®ntheobserablein ques-
tion and@Qrr,uyv denotegenericinfraredandultraviolet scalesn the problem.SinceQr /Quv — 0
for large Quv, suchobserables‘decouple”from theinfraredphysicsaslong asall relevantscalesare
> Qrr. Infraredsensitve quantities,on the otherhand,containlogarithmslog™ (Q%,/Q%;) which
grow increasinglylargeasQir /Quv — 0. In MB/UE studiesmary of theimportantmeasuredlis-
tributionsarenot infraredsafein the perturbatre sense.Take particlemultiplicities, for instancejn
theabsencef non-trivial infraredeffects,the numberof partonshatwould be mappedo hadronsn
andve local-parton-hadm-duality [1] picturedependdogarithmicallyontheinfraredcutof.

We maythusclassifycollider obserablesin four cateyories:leastintimidatingarethefactoris-
ableinfrared safequantities,suchasthe R ratio in e*e~ annihilation,which are only problematic
at low scaleg(wherethe abore-mentionedower correctionscanbe large). Thencomethe factoris-
able infrared sensitve quantities,with the long-distancepart parametrisedy process-independen
non-perturbatie functions,suchaspartondistributions. Somevhatnastierarenon-factorisednfrared
safeobserables. An examplecould herebethe enegy flow into oneof Rick Field’s “trans\ersere-
gions” [2]. Theenegy flow is nominally infraredsafe,but in theseregionswherebremsstrahlungs
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suppressetherecanbe large contritutionsfrom pairwisebalancingminijetswhich arecorrelatedo
thehardscatteringandhencedonotfactoriseaccordingo atleastoneof thedefinitionsoutlinedabove
(seealso[3,4]). The nastiestbeastsuy all accountsare non-factorisedinfrared sensitve quantities,
suchasthe particlemultiplicity in thetrans\erseregion.

Thetrouble,then,is thatMB/UE physicsis full of distributionsof thevery nastieskindsimag-
inable. Phenomenologicallythe implication is that the theoreticaltreatmentof non-factorisedand
non-perturbate effectsbecomesnoreimportantandtheinterpretatiorof experimentaldistributions
correspondinglymoreinvolved. The problemmay also be turnedaround,noting that MB/UE of-
fersanideallab for studyingthesetheoreticallypoorly understoodhenomenathe mostinteresting
obsenrablesandcuts,then,arethosewhich minimisethe “backgrounds’from betterknown physics.

As partof the effort to spurmoreinterplaybetweernheoristsandexperimentalistsn this field,
we herepresent collectionof simplemin-biasdistributionsthatcarryinterestingandcomplementary
informationaboutthe underlyingphysics, both perturbatie andnon-perturbatie. The mainpointis
that,while eachplot representa complicatedcocktailof physicseffects,suchthatmostmodelscould
probablybe tunedto give an acceptablalescriptionobserable by obserable, it is very difficult to
simultaneouslyescribehe entireset. It shouldthereforebe possibleto carry out systematighysics
studiesbeyond simple tunings. For brevity, this text only includesa representate selection,with
moreresultsavailableon theweb[5]. Note alsothatwe have hereleft out severalimportantingredi-
entswhich aretouchedon elsavherein theseproceedingssuchasobserablesinvolving explicit jet
reconstructiorandobsenrablesin leading-jet,dijet, jet + photon,andDrell-Yan events. Seealsothe
underlying-&ent sectionsn the HERA-and-the-LHJ6] and Tevatron-forLHC [7] writeups.

2. MODELS

We have chosento considera setof six differenttunesof the Py THIA event generatol8], called
A, DW, andDWT [2,7], SOandSO0A[9], andATLAS-DC2/ Rome[10]. For min-bias,all of these
startfrom leadingorderQCD 2 — 2 matrix elementsaugmentedy initial- and final-stateshaw-

ers(ISR andFSR,respectirely) andperturbatre multiple partoninteractiong MPI) [11,12], folded

with CTEQSL partondistributions [13] on the initial-state side and the Lund string fragmentation
model[14] on the final-stateside. In addition,theinitial stateis characterisedby a transersemass
distribution roughlyrepresentinghedegreeof lumpinessn theprotort andby correlatednulti-parton
densitiederived from the standardnesby imposingelementarysumrulessuchasmomentuncon-

senation [11] andflavour conseration [17]. The final state,likewise, is subjectto several effects
uniqueto hadroniccollisions, suchas the treatmentof beamremnants(e.g., affecting the flow of

baryonnumber)andcolour(re-)connectioreffectsbetweerthe MPI final stateq9,11,18].

Although not perfectly orthogonalin “model space” thesetunesarestill reasonablycomple-
mentaryon a numberof importantpoints,asillustratedin tah 1. Columnby columnin tah 1, these
differencesare asfollows: 1) shaversoff the MPI areonly includedin SO(A). 2) the MPI infrared
cutoff scaleevolvesfastermwith collision enegy in tunesA, DW, andS0Athanin SOandDWT. 3) all
modelsexceptthe ATLAS tunehave very strongfinal-statecolour correlations.4) tunesA, DW(T),
andATLAS useQ?-orderedshaversandthe old MPI framevork, whereagunesS0(A) usethe new
interleaved p | -orderedmodel. 5) tunesA andDW(T) have transersemassdistributionswhich are
significantly more pealed than Gaussianswith ATLAS following closebehind,and SO(A) having
the smoothesdistribution. 6) the modelswere tunedto describeone or more of min-bias(MB),
underlying-eent (UE), and/orDrell-Yan (DY) dataatthe Tevatron.

TunesDW andDWT only differ in theenegy extrapolationaway from the Tevatronandhence

'Note that the impact-parametedependencés still assumedactorisedfrom the = dependencén thesemodels,
f(z,b) = f(x)g(b), whereb denotesmpact parametera simplifying assumptiorthat by no meansshouldbe treated
asinviolate,seee.g.[4,15,16].



Shavers MPI p, cutof at FSColour  Shower Proton Tevatron

Model off MPI  1.96 — 14Tev  Correlations Ordering Lumpiness Constraints
fast

A No 2.04 2 3.34 Strong Q? More MB, UE
DW No 1.94 2 3 17 Strong Q? More  MB, UE, DY
DWT No 1.94 %% 266 Strong Q? More MB, UE, DY
SO Yes 1.88 "% 2,57 Strong i Less MB, DY
SOA Yes 1.89 ¥ 3,09 Strong P Less MB, DY
ATLAS No 2.00*1% 9,75 Weak Q? More UE

Tablel: Brief overview of models.Notethatthe IR cutoff in thesemodelsis notimposedasa stepfunction, but ratherasa

fast slow

smoothdampeningsee[11,12]. Thelabels = and™— referto the paceof the scalingof the cutoff with collider enegy.
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Fig. 1. Chagedparticlemultiplicity distributions,atfiducial (top) andgeneratofbottom)levels,for the Tevatron(left) and
LHC (right). Thefiducial averagesangefrom 3.3 < (Neh) < 3.6 atthe Tevatronto 13.0 < (Nen) < 19.3 attheLHC.

areonly shavn separatelatthe LHC. Likewisefor SOandSOA. We regretnotincludingacomparison
to otherMB/UE Monte Carlo generatorshut notethatthe SO(A) modelsarevery similarto PYTHIA
8 [19], apartfrom the colour (re-)connectiormodel and somesubtletiesconnectedvith the parton
shaver, andthatthe SHERPA [20] modelcloselyresembleshe Q?-orderedmodelsconsiderechere,
with the additionof shaversoff the MPI. The JiImMY add-onto HERWIG [21,22] is currentlyonly
applicableto underlying-eentandnotto min-bias.

3. RESULTS

In this sectionwe focuson thefollowing distributionsfor inelasticnon-difractive eventsat the Teva-
tron and LHC: chaged particle multiplicity P(Ngy,), dNew/dp,, dNoy /dn, the averagep, vs. Ney
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Fig. 2: Chagedparticlep, spectrumgeneratoitevel only. Insetsshav the region belov 1 GeV on alinear scale. The
fiducial distributions[5] arevery similar, apartfrom anoverall normalisatiorandthecutatp, = 0.5 GeV.

correlation theforward-backvard N, andE, correlationsss.n, aswell asafew plotsof theoretical
interestshaving the multiplicity distribution of multiple interactionsP(Ny,;). On mostof the plots
we includethe effectsof fiducial cuts,which arerepresentetdy thecutsp, > 0.5GeV and|n| < 1.0
(In| < 2.5) atthe Tevatron(LHC).

The chagedparticlemultiplicity is shovn in fig. 1, both includingfiducial cuts(top row) and
at generatotevel (bottomrow). Tevatronresultsare shovn to the left and LHC onesto the right.
Giventheamountof tuningthatwentinto all of thesemodels,it is not surprisingthatthereis general
agreemenon the chagedtrack multiplicity in thefiducial region atthe Tevatron(top left plot). In the
top right plot, however, it is clearthatthis neardegenerayg is brokenat the LHC, dueto the different
enegy extrapolationsandhenceeven a smallamountof dataon the chagedtrack multiplicity will
yield importantconstraints.The bottomrow of plots shawvs how thingslook at the generatotevel,
i.e., without fiducial cuts. An importantdifferencebetweenthe ATLAS tune andthe othermodels
emepes. The ATLAS tunehasa significantlyhighercomponenbf unobsered chaged multiplicity.
This highlightsthe factthat extrapolationsrom the measuredlistribution to the generatotevel one
aremodel-dependent.

Thecausdor thedifferencen unobsered multiplicity canbereadilyidentifiedby considering
the generatottevel p, spectraof chaged particles,fig. 2. The smallinsetsshawv the region below
1 GeV on alinear scale,with thecutatp, = 0.5GeV shavn asa dashedine. Below the fiducial
cut, the ATLAS tunehasa significantlylarger soft peakthanthe othermodels.The SOmodel,on the
otherhand,hasa harderdistribution in thetail, which alsocausess0to have a slightly larger overall
multiplicity in the centralregion, asillustratedin the fiducial pseudorapiditydistributions, fig. 3.
Apart from the overall normalisation however, the pseudorapiditydistribution is almostfeatureless
exceptfor thetaperingoff towardslarge || atthe LHC. Nonethelessye notethatto studypossible
non-perturbatie fragmentatiordifferencesdetween_EP andhadroncolliders,quantitiesthat would
beinterestingto plot vs. this axiswould be strangenesand baryonfractions,suchasNKg /N, and
Nypo/(Nyo + N3o), aswell asthethep, spectreof theseparticles.With goodstatistics,alsomulti-
strangebaryonswould carryinterestinginformation,ashasbeenstudiedin pp collisionsin particular
by the STAR experiment[23,24].

Before going on to correlations/et us briefly considerhow the multiplicity is built up in the
variousmodels. Fig. 4 shawvs the probability distribution of the numberof multiple interactions.
This distribution essentiallyrepresents folding of the multiple-interactionsrosssectionaborve the
infrared cutoff with the assumedransersematterdistribution. Firstly, the ATLAS andRick Field
tuneshave almostidenticalinfraredcutoff's andtranswersemassprofilesandhenceook very similar.
(SinceATLAS andDWT have the sameenepgy extrapolation,theseare the mostsimilar at LHC.)
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Fig. 3: Chagedparticledensityvs. pseudorapidityfiducial distribution only. Thegeneratottevel onescanbefoundat[5].
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Fig. 4: Probabilitydistribution of the numberof multiple interactions. The averagesangefrom 3.7 < (Nint) < 6.1 atthe
Tevatronto 4.7 < (Nin) < 11.2 attheLHC.

On the other hand, the SO(A) modelsexhibit a significantly smallertail towardslarge numbersof
interactionscausedby a combinationof the smoothermassprofile and the fact that the MPI are
associateavith ISR shaversof their own, henceeachtakesa biggerzx fraction.

Fig. 5 shaws the first non-trivial correlation,the averagetrack momentum(countingfiducial
tracksonly) vs. multiplicity for eventswith at leastone chaged particle passingthe fiducial cuts.
The generaltrendis that the tracksin high-multiplicity eventsare harderon averagethanin low-
multiplicity ones. This agreeswith collider dataandis aninterestingobseration in itself. We also
seethatthetunesroughlyagreefor low-multiplicity events,while the ATLAS tunefalls belav athigh
multiplicities. In the modelshereconsideredihis is tightly linked to the weakfinal-statecolour cor
relationsin the ATLAS tune;the naive expectationfrom anuncorrelateaystenmof stringsdecayingo
hadronsvouldbethat(p, ) shouldbeindependenof Ng,. To maketheaveragep risesuficiently to
agreewith Tevatrondata,tunesA, DW(T), andSO(A) incorporatestrongcolourcorrelationsbetween
final-statepartonsrom differentinteractionschosenn suchaway asto minimisetheresultingstring
length. An alternatve possibleexplanationcould be Cronin-efect-typerescatteringef the outgoing
partonsapreliminarystudyof whichis in progresg25].

An additionalimportantcorrelation which carriesinformationon local vs. long-distancdluc-
tuations,s theforward-backvard correlationstrength p, definedas[11,26,27]

_ (npnp) — (np)®
R .

wheren g (npg) isthenumberof chagedparticlesin aforward (backward) pseudorapidityin of fixed
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Fig. 5: The averagetrack trans\ersemomentunmvs. the numberof tracks,countingfiducial tracksonly, for eventswith at
leastonefiducial track.

size, separatedy a centralinterval An centredat zero. The UA5 study[26] usedpseudorapidity
binsoneunit wide andplottedthe correlationvs. therapidity difference Arn. For comparisonSTAR,
which hasamuchsmallercoverage used).2-unitwide bins[28]. However, asshavn in arecentstudy
[29], small bins increasehe relative importanceof statisticalfluctuations washingout the genuine
correlations. For the Tevatronand LHC detectorswhich also have small coverageswe therefore
settleon acompromiseof 0.5-unitwide bins. We alsochooseo plot theresultvs. the pseudorapidity
of theforwardbin, np ~ An/2, suchthatthe = axis correspondslirectly to a pseudorapidityn the
detector(the backward bin is then situatedsymmetricallyon the other side of zero). Fig. 6 shawvs
the generatotevel correlationspothfor chagedparticles(top row) andfor a measureof transerse
enegy (bottomrow), heredefinedasthep,; sumof all neutralandchagedparticlesinsidetherelevant
rapidity bins. Note that we let the x axis extendto pseudorapiditie®f 5, outsidethe measurable
region, in orderto geta morecomprehense view of the behaiour of the distribution. The factthat
the ATLAS andSO(A) distributionshave a moresteeplyfalling tail thanA andDW(T) againreflects
the qualitatvely differentphysicscocktailsrepresentedhy thesemodels. Our tentatve conclusions
areasfollows: Rick Field's tunesA, DW, and DWT have a large numberof multiple interactions,
cf. fig. 4, but dueto the strongfinal-statecolour correlationsn thesetunes,the main effect of each
additionalinteractionis to add “wrinkles” and enegy to alreadyexisting string topologies. Their
effects on short-distancecorrelationsare thereforesuppressedelative to the ATLAS tune, which
exhibits similar long-distancesorrelationsbut strongershort-distancenes.S0(A) hasa smallertotal
numberof MPI, cf. fig. 4, which leadsto smallerlong-distancecorrelations,but it still hasstrong
short-distancenes.In summarytheb distributionsareclearlysensitve to therelatve mix of MPI and
shawver activity. They alsodependnthedetailedshapeof fig. 4, whichin turnis partly controlledby
thetransersematterdensityprofile. Measurementef thesedistributions, both at presentandfuture
colliders,would thereforeaddanotherhighly interestingandcomplementaryieceof informationon
the physicscocktalil.

4. CONCLUSION AND OUTLOOK

We have illustratedsomeelementarnydistributionsin inelastic,non-difractive eventsat the Tevatron
andLHC, asthey look with varioustunesof the two underlying-@ent modelsin the PYyTHIA event
generatarIn particular takingthe chagedparticlemultiplicity distribution to setthe overall level of
the MB/UE physics,the p, spectrumof chaged particlesandthe (p ) (N.,) correlationsghenadd
importantinformation on aspectssuchas final-statecolour correlations. Identified-particlespectra
would yield further insight on beamremnantsand hadronizationin a hadron-colliderervironment.
Finally, correlationan multiplicity andenegy vs. pseudorapiditicanbe usedto extractinformation
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Fig. 6: Generatotevel forward-backvard correlationstrengthp, for chagedparticles(top) andtranserseenegy (bottom).

on the importanceof short-distancers. long-distancecorrelationswhich (very) roughly correspond
to thetype of fluctuationsproducedoy shaver andmultiple-interactioracivity, respectiely.

By comparingthe multiplicity distributions with and without fiducial cuts, we notethat the
extrapolationfrom obsered to generatotevel distributions can be highly model-dependentlt is
thereforeimportantto extendthe measuredegion asfar aspossiblein bothn andp .

Onthephenomenologicaide,severalremainingissueouldstill beaddressedithoutrequir
ing amoreformalfooting (seebelow). Theseincludepartonrescatteringffects(Cronineffect) [25],
correlationsbetweenz- andimpact-parametedepedence in the multi-partonPDFs[3, 15,16], satu-
rationandsmall« effects[30], improved modelingof baryonproduction[17,31,32], possiblebreak-
downs of jet universality betweenLEP, HERA, and hadroncolliders, and closerstudiesof the cor
respondencéetweencoherentphenomenasuchas diffraction and elastic scattering,and inelastic
non-difractive processeft, 33].

Furtherprogressvould seemto requirea systematiavay of improving on the phenomenolog-
ical models,both on the perturbatie andnon-perturbatie sides,which necessitatesomedegreeof
formal developmentdn additionto moreadvancedmodelbuilding. The correspondenceith fixed-
orderQCDis alreadybeingelucidatedoy parton-shaver / matrix-elementnatchingmethodsalready
awell-developedfield. Thoughthesemethodsarecurrentlyappliedmostlyto X +jet-typetopologies,
thereis noreasorthey shouldnotbebroughtto bearon MB/UE physicsaswell. Systematiénclusion
of higherordereffectsin shavers(beyondthatofferedby “clever choices”of ordering,renormalisa-
tion, andkinematicvariables)would alsoprovide a more solid foundationfor the perturbatve side
of the calculation,thoughthis is a field still in its infang/ [34,35]. To go further however, factori-
sationin the context of hadroncollisionsneedsto be betterunderstoodprobablyincluding by now
well-establishedhort-distancgghenomenauchas multiple perturbatie interactionson the “short-



distance”sideand, correspondinglycorrelatedmulti-partonPDFson the “long-distance”side. It is
alsointerestingto note that currentmultiple-interactionanodelseffectively amountto a resumma-
tion of scatteringcrosssectionsjn muchthe sameway as partonshaversrepresena resummation
of emissioncrosssections. However, whereasa wealth of higherorder analyticalresultsexist for
emission-typecorrectionswhich canbe usedasusefulcross-checkandtuningbenchmarkgor par
ton shawers, correspondingesultsfor multiple-interactionscorrectionsare almostentirely absent.
Thisis intimatelylinkedto the absenc®f a satishctoryformulationof factorisation.

Onthe experimentalside, it shouldbe emphasisethatthereis muchmorethanMonte Carlo
tuningto bedonein MB/UE studiesandthatdatais vital to guideusin boththephenomenologicand
formal directionsdiscusse@bove. Dedicatedlevatronstudieshave alreadyhadalargeimpacton our
understandingf hadroncollisions,but muchremainsuncertain.Resultsof future measurementare
likely to keepchallengingthatunderstandingndcould provide for a very fruitful interplaybetween
experimentandtheory
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