
Data-driven estimation of neutral pileup partilemultipliity in high-luminosity hadron olliderenvironmentsFederio ColehiaBrunel University London, Kingston Lane, Uxbridge UB8 3PH, UNITED KINGDOME-mail: federio.olehia�brunel.a.ukAbstrat. The upoming operation regimes of the Large Hadron Collider are going to plaestronger requirements on the rejetion of partiles originating from pileup, i.e. from interationsbetween other protons. For this reason, partile weighting tehniques have reently beenproposed in order to subtrat pileup at the level of individual partiles. We desribe a hoie ofweights that, unlike others that rely on partile proximity, exploits the partile-level kinematisignatures of the high-energy sattering and of the pileup interations. We illustrate the use ofthe weights to estimate the number density of neutral pileup partiles inside individual events,and we elaborate on the omplementarity between ours and other methods. We onlude bysuggesting the idea of ombining di�erent sets of weights with a view to exploiting di�erentfeatures of the underlying proesses for improved pileup subtration at higher luminosity.1. IntrodutionThe ontamination, or bakground, from low-energy proesses desribed by QuantumChromodynamis (QCD) is a major hallenge at the Large Hadron Collider (LHC), and thepotential impat on physis analysis is antiipated to beome even more signi�ant in theupoming operation regimes of the aelerator. In fat, the average pileup rate, i.e. the rate oflow-energy interations between other protons, will inrease with the instantaneous luminosity ofthe ollider, and this is antiipated to plae stronger requirements on the orretion tehniquesemployed at the LHC experiments.The presene of multiple verties inside ollision events due to pileup an signi�antlyompliate the extration from the data of the physis quantities of interest, and alls for the useof dediated subtration tehniques. Established methods that are part of the ore reonstrutionpipelines at the LHC experiments rely on the use of traking information for harged partiles,as well as on estimates of the pileup energy �ow assoiated with neutral1 partiles [1℄, for whihthe task of assigning a vertex of origin is in general signi�antly more di�ult.In the light of the upoming operation regimes of the LHC, algorithms of a di�erent naturehave reently been proposed and are urrently being evaluated. Methods suh as those presentedin [2, 3, 4℄ assign individual partiles inside ollision events weights that re�et the probabilityof the partiles originating from soft, i.e. low-energy, QCD interations as opposed to the signalhard parton sattering. The use of the weights to resale the partile four-momentum vetors [2℄
1 Whenever neutral partiles are referred to in the text, neutrinos are not onsidered.



Figure 1. Shemati representation of the data proessing involved in the alulation of thepartile weighths, as desribed in the text. High-statistis ontrol samples are used to estimatethe shapes of the partile-level PDFs for signal (Standard Model Higgs boson prodution viavetor boson fusion (VBF) from proton-proton interations at √s = 14 TeV) and for bakgroundsoft QCD interations. The overall fration of neutral partiles originating from bakground isalulated event by event as desribed in setion 3.2. This information is then ombined into thepartile weights, w0(η, pT ), whih re�et the probability of individual neutral partiles originatingfrom soft QCD interations as opposed to the hard parton sattering, based on the (η, pT ) binthey belong to. The results reported in this artile orrespond to 50 pileup verties per event.has been shown to result in improved performane in terms of pileup subtration when omparedto traditional methods. It is worth noting that the impliations of assigning weights to individualpartiles were also explored from a di�erent perspetive in [5℄, where a onnetion was establishedwith the idea of multiple interpretations of the data, and where the potential bene�t to physisanalysis was disussed.2. Our approahThe ontribution of this artile is two-fold.
• A di�erent hoie of partile weights. We are proposing a di�erent de�nition of thepartile weights, whih makes use of information about the underlying physis that, toour knowledge, is not employed by other methods. As opposed to exploiting the existene ofollinear singularities in the physis that underlies the showering proess [2℄, our tehniquerelies on the partile-level kinemati signatures of the hard parton sattering and of the softQCD interations. Our aim is to estimate the variability in the shapes of the distributionsinside individual ollision events that is assoiated with statistial �utuations in the data.



• A di�erent appliation of the weights. We investigate a di�erent use of the weights, wherebythe partile-level kinemati distributions in the data are reshaped in order to estimate thenumber of neutral pileup partiles in di�erent kinemati regions inside individual events.We treat eah event as a heterogeneous statistial population of partiles that have their origineither in the signal hard parton sattering or in bakground soft QCD interations. Althoughit is generally not possible to map individual partiles to a single physis proess in a hadronollider environment due to olour onnetion, the use of weights that re�et the likelihood ofpartiles originating from either proess provides a way of addressing this oneptual issue.Figure 1 shows a shemati representation of the proedure employed to alulate the weights.The shapes of the partile-level probability density funtions (PDFs) orresponding to the signalhigh-energy parton sattering (in this artile, Standard Model Higgs boson prodution via vetorboson fusion) and to soft QCD interations are obtained from ontrol samples. Sine the datasets in question are high-statistis, the e�et of statistial �utuations in the data is averaged out,and the shapes of the distributions re�et the expetation from the underlying physis proesses.On the other hand, the overall fration of neutral partiles assoiated with soft QCD interationsis estimated event by event, whih takes into aount the variability of the neutral pileup partilefration aross ollisions. This information is then ombined into the partile weights, w0(η, pT ),whih re�et the expeted fration of neutral soft QCD partiles in eah event as a funtion ofpartile η and pT .We disuss the results of an initial study on Monte Carlo data at the generator level, andshow that our weights an be used to estimate the number of neutral pileup partiles aross thekinemati spae inside individual events with reasonable auray.The tehnique desribed in this artile is based on a deterministi variant of a Markov ChainMonte Carlo algorithm that we proposed for partile-by-partile �ltering of individual events atthe reonstrution level [6, 7℄. Our main goal is to ontribute to improve on the subtrationof soft QCD bakground in high-luminosity hadron ollider environments using algorithms thatan be implemented at the reonstrution level. Spei�ally, we are targetting a proessing stageupstream of jet reonstrution, i.e. before the partiles are lustered together aording to theirlikelihood of originating from the same sattered hard parton. The advantages of this algorithmover the previous stohasti version are its parallel nature and the simpliity of the alulationsinvolved.The results shown in this artile omplement those disussed in [8℄ with referene to a di�erentsignal proess: as opposed to tt̄ prodution via gluon fusion, the signal distributions reported inthe following relate to Standard Model Higgs boson prodution via vetor boson fusion, whihdoes not involve olour exhange between the olliding protons.3. The algorithmThis setion desribes the alulation of the partile weights, as well as the use of the weights toestimate the number of neutral pileup partiles in di�erent regions of the partile (η, pT ) spaeinside individual events. This study onentrates on the region −5 < η < 5, 0 < pT < 1 GeV/,whih ontains most partiles assoiated with soft QCD interations. The (η, pT ) spae wassubdivided into bins of widths ∆η = 0.5 and ∆pT = 0.05 GeV/.3.1. Control sample PDF templatesHigh-statistis ontrol samples were used to obtain the shapes of the average partile-level (η, pT )distributions orresponding to partiles originating from the signal hard parton sattering andfrom bakground soft QCD interations. Monte Carlo data sets were generated using Pythia8.176 [9, 10℄, orresponding to the following:



• Signal: ∼300,000 �nal-state partiles assoiated with Standard Model Higgs bosonprodution via vetor boson fusion, i.e. qq′ → qq′WW (ZZ) → qq′H , from pp ollisionsat √s = 14 TeV.
• Bakground: ∼300,000 soft QCD partiles orresponding to 50 pileup verties per event.Suh high-statistis distributions re�et the expetation from the orresponding physisproesses whereby the e�et of statistial �utuations in the data is averaged out, and antherefore be used to estimate the expeted, or average, number of neutral pileup partiles ineah (η, pT ) bin. On the other hand, the orresponding unknown atual numbers generallydeviate from the expeted values, and, given the typial partile multipliity inside LHC events,the disrepany is often non-negligible. The alulation of the statistial unertainty on theestimated number of neutral soft QCD partiles in eah (η, pT ) bin is disussed in setion 3.4.The high-statistis (η, pT ) distributions obtained in this study for neutral �nal-state partilesassoiated with the hard parton sattering and with soft QCD interations are shown as part ofthe shemati representation of the work�ow of the analysis in �gure 1. The plots were rotatedaround the vertial axis in order to make the distributions more learly visible.3.2. Event-by-event neutral partile frationsIn addition to the shapes of the probability distributions desribed in setion 3.1, the alulationof the expeted number of neutral soft QCD partiles in eah (η, pT ) bin, νb(η, pT ), also requiresan event-by-event estimate of the overall fration of neutral partiles originating from soft QCDinterations as opposed to the hard parton sattering, α̂

(n)
0 . For the purpose of alulating thepartile weights, assigning a value to α̂

(n)
0 is essentially equivalent to speifying the relativenormalisation of the signal and bakground distributions.The quantity α̂(n) was estimated in eah event based on the orresponding harged partilefration, α̂

(c)
0 , aording to this formula:

α̂
(n)
0 = min(kα̂

(c)
0 , α̂

(c)
0 ), (1)where the use of �min� ensures that α̂

(n)
0 ∈ [0, 1].The orretion fator k takes into aount the di�erene between harged and neutral partilekinematis, inluding the e�et of harged partiles with pT . 0.5 GeV/ not reahing thetraking detetors. The ratio between the fration of neutral soft QCD partiles and theorresponding harged fration, alulated using Monte Carlo, is shown in �gure 2. Thedistribution was obtained over the events analysed in this study, and the orresponding averagevalue, 〈k〉 = 1.02, was used as the value of k.3.3. Partile weightsThe above information was ombined into the de�nition of the partile weights as follows:

w0(η, pT ) =
α̂

(n)
0 f0(η, pT )

α̂
(n)
0 f0(η, pT ) + α̂

(n)
1 f1(η, pT )

, (2)where α̂
(n)
1 ≡ 1 − α̂

(n)
0 . Figure 3 (a) displays w0(η, pT ) in the region −5 < η < 5 and

0 < pT < 1 GeV/, orresponding to one of the events analysed.This hoie of weights re�ets the probability of individual partiles originating from soft QCDinterations as opposed to the hard parton sattering, based on the shapes of the expeted (η, pT )PDFs as well as on the estimated overall fration of neutral soft QCD partiles in eah event.This highlights the di�erene between our approah and other weighting methods that rely on
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(b)Figure 3. (a) Partile weights, w0(η, pT ), aross the (η, pT ) spae in the region investigated,
−5 < η < 5, 0 < pT < 1 GeV/. The plot, whih orresponds to one of the events analysed,was rotated around the vertial axis in order to make the distribution more learly visible. (b)Relative unertainty on the estimated number of neutral pileup partiles, σn̂b

(η, pT )/n̂b(η, pT ).partile-to-partile proximity measures and that exploit di�erent properties of the underlyingphysis, e.g. the existene of ollinear singularities in the showering proess [2℄.It should be noted that our deomposition of the partile (η, pT ) spae is relatively oarse-grained, partiularly along the η axis. This is one of the reasons why we are not proposingthat these weights be used in isolation, but rather in onjuntion with those employed by othermethods. It is our opinion that ombining di�erent sets of weights re�eting di�erent propertiesof the underlying physis proesses, e.g. using multivariate tehniques, an result in improvedrejetion of neutral pileup partiles. For instane, some of the results shown in [2℄ seem tosuggest over-subtration of soft QCD radiation, whereby partiles originating from the hardparton sattering an be interpreted as pileup-related, and we expet the addition of a weighting
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(b)Figure 4. (a) True partile-level (η, pT ) distribution of neutral soft QCD partiles orrespondingto one of the events analysed in this study. The e�et of statistial �utuations on the shapeof the distribution is apparent. (b) The orresponding (η, pT ) distribution estimated using thisalgorithm.algorithm not based on partile proximity to result in improved bakground rejetion as theaverage pileup rate inreases.3.4. Reshaping the partile-level kinemati distributionsIn this setion, we illustrate a di�erent use of the partile weights with referene to the quantity
w0(η, pT ) disussed in setion 3.3. As opposed to employing the weights to resale the partilefour-momentum vetors [2, 3, 4℄, we use them to reshape the partile-level (η, pT ) distributionin eah event. We show that this approah allows the estimation of the number of neutral softQCD partiles in eah (η, pT ) bin with reasonable auray regardless of whether or not signalpartiles are present.Given an event and the de�nition of w0(η, pT ), the expeted number of neutral soft QCDpartiles in eah (η, pT ) bin is given by:

νb(η, pT ) = w0(η, pT )n(η, pT ), (3)where n(η, pT ) is the orresponding number of neutral partiles in the data. Given νb(η, pT ),the unknown number of neutral soft QCD partiles in eah (η, pT ) bin an be treated as abinomial random variable with mean given by (3) and standard deviation:
σn̂b

(η, pT ) = {n(η, pT )w0(η, pT ) [1 − w0(η, pT )]}
1

2 . (4)In onlusion, the number of neutral soft QCD partiles in eah bin an be estimated in termsof:
n̂b(η, pT ) = w0(η, pT )n(η, pT ) ± σn̂b

(η, pT ). (5)
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(h)Figure 5. (a-d) Ratio between the ontrol sample and the true (η, pT ) distribution of neutralsoft QCD partiles, both normalised to unit volume. The ratios are shown as a funtion ofpartile η in di�erent pT bins in the region 0 < pT < 0.2 GeV/. The error bars (not visible onthis sale) orrespond to one Poisson standard deviation on the ontrol sample bin ontents. (a)
0 < pT < 0.05 GeV/. (b) 0.05 GeV/ < pT < 0.1 GeV/. () 0.1 GeV/ < pT < 0.15 GeV/.(d) 0.15 GeV/ < pT < 0.2 GeV/. (e-h) Ratio between the estimated (η, pT ) distributionof neutral soft QCD partiles and the orresponding true distribution, both normalised tounit volume. The ratio is displayed as a funtion of partile η in di�erent pT bins, and theerror bars orrespond to one binomial standard deviation on the bin ontents in n̂b(η, pT ). (e)
0 < pT < 0.05 GeV/. (f) 0.05 GeV/ < pT < 0.1 GeV/. (g) 0.1 GeV/ < pT < 0.15 GeV/.(h) 0.15 GeV/ < pT < 0.2 GeV/.The quantity σn̂b

(η, pT )/n̂b(η, pT ) is shown in �gure 3 (b) orresponding to one of the eventsanalysed in this study. The performane of the algorithm is illustrated in �gure 4, whih providesa omparison between the true (a) and the estimated (b) number of neutral pileup partiles arossthe (η, pT ) spae in the same event. The auray of the estimated shape of the distribution ofneutral pileup partiles in the event is further illustrated in �gure 5, where the ratio to the truedistribution of the ontrol sample (a-d) and of the estimated distribution (e-h) is displayed as afuntion of partile η in di�erent pT bins in the region 0 < pT < 0.2 GeV/. The error bars in(e-h) orrespond to one binomial standard deviation on the bin ontents in n̂b(η, pT ).It should be noted that the idea of employing the weights to reshape the (η, pT ) distributionin the data an be used in onjuntion with any de�nition of the weights, and that, in partiular,it does not require all partiles in the same (η, pT ) bin to have equal weights. In fat, if S(η, pT )denotes the set of partiles i in the event inside a given (η, pT ) bin, the proedure outlined aboveis equivalent to estimating n̂b(η, pT ) aording to n̂b(η, pT ) =
∑

i∈S(η,pT ) wi, where wi is theweight assigned to partile i. The quantity ∑
i∈S(η,pT ) wi in fat redues to w0(η, pT )n(η, pT )when all partiles in the same (η, pT ) bin have the same weight, wi = w0(η, pT ).



It is also worth notiing that the algorithm is inherently parallel, sine di�erent bins anbe proessed independently. We believe that the simpliity and parallelisation potential ofthis tehnique make it a suitable andidate for inlusion in future partile-level event �lteringproedures upsteam of jet reonstrution at high-luminosity hadron ollider experiments.4. ConlusionsWith referene to the upoming higher-luminosity regimes of operation of the Large HadronCollider, it is our opinion that the ombination of di�erent sets of partile weights enodingomplementary information about the underlying physis proesses has the potential to improvefurther on pileup subtration, i.e. on the rejetion of bakground partiles originating from otherproton-proton ollisions.We have disussed a hoie of weights that, unlike that employed by other methods, is notbased on partile-to-partile proximity, but rather on the partile-level kinemati signatures of thesignal hard parton sattering and of the low-energy strong interations. We have also shown that,when the weights are used to reshape the partile-level kinemati distributions inside individualollision events, they lead to reasonable estimates of the number density of bakground neutralpartiles aross the kinemati spae.As more partile weighting methods beome available, we envisage the possibility of developingalgorithms based on multivariate ombinations of di�erent sets of weights with a view toexploiting all the partile-level information available in the data to rejet neutral pileup partiles.This study is based on a deterministi variant of a Markov Chain Monte Carlo algorithm thatwe previously disussed in onjuntion with the idea of �ltering individual ollision eventson a partile-by-partile basis at the reonstrution level in high-luminosity hadron olliderenvironments. The main advantages of this approah, as ompared to the previous stohastiversion, are its parallelisation potential and the simpliity of the alulations involved.AknowledgmentsThe author wishes to thank the High Energy Physis Group at Brunel University London fora stimulating environment, and partiularly Prof. Akram Khan, Prof. Peter Hobson and Dr.Paul Kyberd for fruitful onversations, as well as Dr. Ivan Reid for help with tehnial issues.Partiular gratitude also goes to people the author had fruitful disussions with at an early stageof development of this researh idea, namely Prof. Jonathan Butterworth, Prof. Trevor Sweetingand Dr. Alexandros Beskos at University College London, as well as Prof. Carsten Peterson andProf. Leif Lönnblad at Lund University.Referenes[1℄ The CMS Collaboration 2014 PAS JME-14-001[2℄ Bertolini D, Harris P, Low M and Tran N 2014 J. High Energy Phys. 1410 059[3℄ Caiari M, Salam G P and Soyez G 2014 (Preprint arXiv:1407.0408 [hep-ph℄)[4℄ Berta P, Spousta M, Miller D W and Leitner R 2014 J. High Energy Phys. 1406 092[5℄ Kahawala D, Krohn D and Shwartz M D 2013 J. High Energy Phys. 1306 006[6℄ Colehia F 2012 J. Phys.: Conf. Ser. 368 012031[7℄ Colehia F 2013 J. Phys.: Conf. Ser. 410 012028[8℄ Colehia F 2014 (Preprint arXiv:1412.1989 [hep-ph℄)[9℄ Sjöstrand T, Mrenna S and Skands P 2006 J. High Energy Phys. 0605 026[10℄ Sjöstrand T, Mrenna S and Skands P 2008 Comput. Phys. Comm. 178(11):852-67


