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AbstratIn this paper we study the gluino dijet mass edge measurement at the LHC ina realisti situation inluding both SUSY and ombinatorial bakgroundstogether with e�ets of initial and �nal state radiation as well as a �nitedetetor resolution. Three benhmark senarios are examined in whih thedominant SUSY prodution proess and also the deay modes are di�erent.Several new kinematial variables are proposed to minimize the impat ofSUSY and ombinatorial bakgrounds in the measurement. By seletingevents with a partiular number of jets and leptons, we attempt to measuretwo distint gluino dijet mass edges originating from wino ~g ! jj ~W andbino ~g ! jj ~B deay modes, separately. We determine the endpoints ofdistributions of proposed and existing variables and show that those twoedges an be disentangled and measured within good auray, irrespetiveof the presene of ISR, FSR, and detetor e�ets.1niklas.pietsh�desy.de2juergen.reuter�desy.de3kazuki.sakurai�desy.de4daniel.wiesler�desy.de
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1 IntrodutionThe Large Hadron Collider (LHC) has entered an exiting era by seeing a tantalizing exess of Higgs-like events in the mass region around 125GeV. The Higgs boson mass parameter reeives a largequantum orretion of the order of a ut o� sale and hene new physis that stabilizes the weak saleis antiipated to be seen in LHC events.Supersymmetry (SUSY) is one of the most promising andidates of suh new physis models. TheMinimal Supersymmetri extension of the Standard Model (MSSM) allows an exat uni�ation of allthree fores in the Standard Model (SM), indiating a grand uni�ed theory at a very high energysale. The lightest SUSY partile (LSP) is stable beause of a disrete symmetry in the MSSM,alled R-parity, and an be a viable dark matter andidate if it is neutral. The R-parity also makesSUSY events in a ollider distint from the SM bakground. It implies SUSY partiles to be produedin pairs, with eah deaying into the LSP through a asade deay hain, leading to multiple jets,leptons and large missing energy. The LHC experimental ollaborations so far have put great e�ortinto searhing for a sign of Supersymmetry at the LHC. If Supersymmetry is disovered, the nextimportant task is measuring the properties of SUSY partiles. SUSY events ontain two LSPs in the�nal states, whih esape detetion. In hadron olliders, the only information we an dedue on theLSP momenta is a vetor sum of their transverse momenta, on the basis of the assumption that thereare no extra missing partiles, suh as neutrinos, in the event. This makes any measurement aboutSUSY partiles non-trivial and hallenging.Fortunately, many ideas have already been put forward to address this obstale (see [1℄ for areview). The most traditional method is to look for kinematial edges in various invariant massdistributions of the daughter partiles [2℄. The loations of these edges reveal information on theunknown intermediate partile masses in the deay hain. Another approah is to use the family ofMT2-based kinemati variables [3,4,5,6,7℄, whih often serves the event-by-event best lower bound onthe unknown partile mass of interest. The third option is the polynomial method [8℄, whih attemptsto determine all the missing momenta in the event by solving the kinemati onstraints inherent to theproess. This allows to measure all intermediate partile masses simultaneously. Connetions amongthose methods have also been studied [7℄.However, there are other obstales in translating those methods into realisti appliations. Theaforementioned methods, exept for the inlusive MT2 version [5℄, to some extent rely on the assump-tion of a detailed knowledge of the partiular SUSY event (e.g. the spei� prodution and deays).But in ontrast, SUSY events are generally far from unique and rather possess a large variety ofprodution and deay proesses. Sine most SUSY events lead to similar �nal states with multiplejets and missing energy, identi�ation of prodution and deay is very diÆult in a hadron olliderenvironment.1 The ontamination from SUSY events that we are not interested in is referred to as\SUSY bakground".In general, the mass determination methods also require the knowledge on the origin of observedpartiles: whih partile originates from whih deay vertex in the asade deay hains. How muh1 For an interesting study along this line, see Ref. [9℄ 1



knowledge is required depends on the orresponding method. For the edge method, the assignmentsof partiles whih do not involve the invariant mass of interest are irrelevant. For the inlusive MT2method, only the division of partiles into two groups matters, but the permutation inside eahgroup is irrelevant. For the polynomial method, the perfet partile assignment is required.2 InSUSY events, gluinos and squarks promptly deay into multiple jets, leptons and the LSP. There isa large ombinatorial number of partile assignments in the �nal state to the deay hains, but anysuh information on the assignment is not aessible in the detetor. The wrong assignments, alled\ombinatorial bakground", are thus in general irreduible. Both, the SUSY bakground and theombinatorial bakground often ause a serious impat on SUSY mass measurements.Reently, several ideas to handle the ombinatorial bakground have been proposed [11,12℄. Sev-eral studies [12℄ suggest that the kinematial edge method an e�etively redue the ombinatorialbakground in the ontext of the MT2-based method in the ~g~g ! 4j + 2~�01 proess. In this method,the dijet invariant mass edge for the ~g ! jj ~�01 deay is assumed to be already known. The positionof this edge is then used as follows: any assignment having the jet pairs exeed this gluino dijet massedge is assumed to be a wrong one and rejeted. Although this method o�ers a good performane,the measurement (identi�ation and position) of the gluino dijet mass edge itself su�ers from SUSYand ombinatorial bakgrounds and deserves a areful study.The aim of this paper is to assess the feasibility of the gluino dijet mass edge measurement in arealisti ollider study inluding SUSY bakground, the e�et of initial state radiation (ISR), and a�nite detetor resolution. Unlike resonane peaks, edges (alternatively: endpoints. Invariant massdistributions of jets from 3-body deays have rather shallow endpoints instead of pronouned edges.)are formed by very few events only and are therefore intrinsially very vulnerable to any kind ofbakgrounds or momentum mismeasurements.The relevane of ISR on the gluino mass measurement has reently been pointed out [13,14℄ (foran early study on the e�et of ISR on jet measurements in LHC events, f. [15℄). Events with a highpT ISR jet intermingling with deay jets appear muh more frequently within the ~g~g than in the ~q~qprodution proess.In addition to ISR, we would like to emphasize the importane of the SUSY bakground in themeasurements. If squarks are kinematially aessible at the LHC, the ~q~g assoiated prodution hasin general larger ross setions than the ~g~g prodution. The subsequent deay of the ~q inreases thenumber of unwanted jets and also may derease the number of signal gluinos in the event if it deaysto a wino or bino state diretly. Moreover, if the wino states lie in between the gluino and the LSPmasses, gluino and left-handed squarks deay in general more frequently into the wino states �rst,followed by the subsequent wino deay into the LSP: ~g ! jj ~�i ! jjjj ~�01 or ~qL ! j ~�i ! jj ~�01, where~�i is either ~��1 or ~�02. Those proesses do have a signi�ant impat on the gluino dijet mass edgemeasurement. The loation of the edge in the ~g ! jj ~�i events, from hereon entitled as the \winoedge", is smaller than that in the ~g ! jj ~�01 events, whih we hoose to name \bino edge".Therefore, in the inlusive sample, the struture of the bino edge is weakened beause of the2 Some permutations in the same deay hain may be irrelevant if there is a mass hierarhy between initially produedpartiles and the LSP [10℄. 2



overwhelming ~g ! jj ~�i events, and the ontribution from ~g ! jj ~�01 events overshoots the wino edge.This last point is partiularly problemati, sine this overshooting is able to mimi disturbing e�etsof hadronization and detetor response, even when two jets from the same deay hain and gluinojets are unambiguously seleted. In this study we attempt to disentangle those two edges by seletingevents with a partiular range for the multipliity of jets and leptons.Note that both the presene of high-pT ISR jets and jets from irreduible SUSY bakgroundontributes to the ombinatorial bakground. For instane in a ~g~g ! 4j+ ~�01 event, the ratio betweenorret and wrong jet pairs is 1=3. On the other hand, in the ~g~q+ jISR ! 4j+ ~�i ~�01 ! 6j+2~�01 eventswith two of those jets failing to satisfy a jet identi�ation riteria (leading to the same 4j + missingenergy event), it is either 1=6 or 0 depending on whether or not one of the gluino jets is lost.In order to make the problem tratable and the study as generi as possible, in this paper weuse a (semi-)simpli�ed model, where all the higgsinos, sleptons and the third generation squarks aredeoupled and an approximate grand uni�ed theory (GUT) relation 6:2:1 is imposed on the threegaugino masses. We also onentrate on the situation where the squarks are heavier than the gluinofor the following reasons: This type of mass spetra is motivated by an observed exess of Higgs-likeevents in the mass range around 125GeV, sine suh a relatively heavy Higgs boson mass indiatespossibly heavy third generation squarks in the MSSM. In any ase, the mass ordering between thegluino and squarks (if they are both present at the LHC) are likely to be observed by looking at thedistributions of the hemisphere mass or the MT2 in the high pT dijet events [14℄. Although the semi-simpli�ed model has muh fewer parameters than the MSSM, it an nevertheless over the dominantfeatures in most of the interesting SUSY spetra whih appear in popular SUSY-breaking senariossuh as gravity and gauge mediation.The paper is organised as follows. In setion 2 we introdue our three benhmarks senarios underinvestigation overing the di�erent kinemati and phenomenologial features, as well as our eventsimulation setup. In setion 3, we disuss the topologial event on�gurations arising in our studyand introdue a method of endpoint seletion by means of semi-inlusive jet mulitpliities. Then, wepropose new variables and ompare them to existing ones in setion 4, give numerial results in setion5 and estimate the atual endpoint positions in setion 6 before onluding in setion 7.2 Benhmark senarios and simulation setupSine our interest is the gluino three body deay, ~g ! jj ~B ( ~W ), we fous on senarios with squarksheavier than the gluino (otherwise, ~g ! j~q dominates the gluino branhing ratios). For the study of theimpat of SUSY bakgrounds, we introdue a semi-simpli�ed model in order to keep the problem para-metrially manageable and the disussion as general as possible. The higgsino states are deoupled,therefore the lightest neutralino is a pure omposed bino state, and similarly the seond lightest neu-tralino and the lighter hargino are purely omposed of the wino states. We adopt an approximate GUTrelation of 6:2:1 of the three gaugino masses and �x them to (m~g;m ~W ;m ~B) = (1200; 400; 200) GeV.The gluino dijet mass edges are then given by mmaxjj = m~g �m ~B = 1000GeV for the ~g ! jj ~B proessand mmaxjj = m~g �m ~W = 800GeV for the ~g ! jj ~W proess. Sleptons and third generation squarks3



spetrum m ~Q m ~G m ~W m ~B mmaxjj ( ~W ) mmaxjj ( ~B)A 1300 1200 400 200 800 1000B 1900 1200 400 200 800 1000C 10000 1200 400 200 800 1000Table 1: Relevant spartile masses in GeV for the three benhmark spetra under investigation. Allother salars and higgsinos were set to 10 TeV.we expliitly deouple, sine their presene may in any ase help disentangle the ombinatorial issuesof the underlying SUSY asade using leptons and b-tagging (or in the worst ase not deteriorate themethod presented here). The �rst two generation squarks are assumed to be degenerate and de�nethe following three senarios (see also Table 1):Senario A (m~q = 1300GeV)The assoiated ~q~g prodution dominates the SUSY prodution proesses. �m � m~q �m~g =100GeV and the branhing fration of ~q ! j~g is kinematially suppressed. The squarks domainly deay to the lighter gauginos, ~q ! j ~B ( ~W ), and we expet a prominently hard jetoming from the squark deay in addition to only one signal gluino in the dominant ombinedprodution/deay proess.Senario B (m~q = 1900GeV)The squark prodution starts getting suppressed beause of the heavier mass, but the assoiated~q~g prodution still has a sizable ross setion. The mass splitting between squarks and gluinois relatively large: �m � m~q �m~g = 700GeV. The main deay mode of the squarks is ~q ! j~g.We expet a moderately hard jet oming from the squark deay as well as two signal gluinos inthe dominant ombined prodution/deay proess.Senario C (m~q = 10000GeV)The squarks are deoupled and not produed at the LHC. The ~g~g proess is the unique SUSYQCD prodution proess.Throughout this paper, we use the following setup of simulation tool hain: SUSY events weregenerated using Herwig++ [17℄ and WHIZARD [18℄. Furthermore, the events are inlusive in thatthey are passed through the full simulation hain, i.e. deay, parton showering, hadronization anddetetor simulation. The detetor responses are simulated by the DELPHES pakage [20℄ using CMSdetetor settings. The anti-kT algorithm [21,22,23℄ with jet resolution parameter R = 0:5 is adopted,and only jets with pT > 50GeV and j�j < 2:5 are aepted to suppress the soft ativities omingfrom initial and �nal state radiation and the underlying event. Based on [24℄ the following baselineseletion uts are applied to all events:� HT > 800GeV� EmissT > 200GeV 4



� ��(j1=2; EmissT ) > 0:5where HT is de�ned as the salar sum of the �rst four hardest jets and j1=2 denotes the hardest orseond hardest jet, respetively. These uts are designed to suppress SM bakgrounds. The ut on ��between EmissT and the hardest and seond hardest jet, respetively, is applied to rejet events whereEmissT originates from jet energy mismeasurements.3 Seletion riteria from event topologiesMany existing studies address the ombinatorial issue in a senario omparable to type C and assumethat the gluino has just a single deay mode: ~g ! jj ~B. However, in most of the interesting andrelevant SUSY spetra whih are suggested by several SUSY breaking senarios, the gluino has atleast two omparable deay modes: ~g ! jj ~B and ~g ! jj ~W , eah of whih has a di�erent dijet massedge. Sine the bino is lighter than the wino, the position of the bino edge is higher than the winoedge and the ~g ! jj ~B proess is a serious bakground for the wino edge measurement. Beause of thelarger gauge oupling of the wino the gluino deays muh more frequently into the wino. Thereforeeven in the ase that the wino edge is smaller than the bino edge, the ~g ! jj ~W gives a signi�antontribution right below the bino edge whih makes the bino edge measurement rather diÆult. If agluino diretly deays to a wino, the wino subsequently deays as follows:~W 0 ! h+ ~B ! bb ~B (1)~W� !W� + ~B ! jj (l�) + ~B (2)In this study, we do not use b-tagging and treat b-jets as non-tagged jets. As an be seen, the inlusionof the ~g ! jj ~W proess not only introdues a onfusing extra endpoint but also inreases the numberof jets in the event leading to a drasti inrease of the number of wrong jet pairings. Consequently,it makes it more diÆult to hoose the orret dijet pair oming from a gluino three body deay. Inorder to separetely measure two gluino endpoints, we extrat two sub-samples where one of whihmostly ontains ~g ! jj ~B and the fration of ~g ! jj ~W is reasonably suppressed, and vie versa in theother sample. To do so, we fous on the fat that the number of the �nal state partiles inreases ifthe event ontains the ~g ! jj ~W proess.In Fig. 1, we lassify the event topology in terms of the number of deay produts of SUSY asadedeay hains. As an be seen, if we hoose the events having less than or equal to four SUSY deayproduts, we an unambiguously selet ~g ! jj ~B. On the other hand, ~g ! jj ~W an be unambiguouslyseleted if we look at the events with more than or equal to eight SUSY deay produts.At detetor level in a fully hadroni LHC event, it is lear that we are not able to diretly observethe number of SUSY deay produts. However, this number should be orrelated to the numberof observed jets in the detetor, even after taking into aount the e�ets of initial and �nal stateradiation, underlying event, hadronization and detetor aeptanes. In Fig. 2, we show this orrelationbetween the number of SUSY deay produts and the number of observed jets in the detetor. Keepin mind, that we only take aount of jets satisfying pT > 50 GeV and j�j < 2:5. As an be seen fromthere, this orrespondene is signi�antly smeared out by all the undesired radiation, hadronization5
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Figure 1: Topologial deay on�gurations of dominant gluino signals, sorted by number of deaypartiles, represented by solid lines in the �nal state. Double lines denote the invisible LSP.
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Figure 2: Inlusive number of jets vs expeted number of partoni olored partiles from topologialonsiderations. In the left, enter and right plot senarios of type A, B and C are shown. Cuts fordetetor level jets are pT > 50 GeV and j�j < 2:5.and detetor e�ets, but it is nevertheless still visible. This observation enables us to propose thefollowing two riteria for the separation of the two di�erent edges:� bino edge: 4-5 jets & lepton veto,� wino edge: � 6 jets & 1 lepton.These are the basis of the semi-inlusive jet multipliity endpoint seletion. For the bino seletion, weopt for 4-5 jet bins rather than seleting �4 jets events. In the 4-5 jets events, wino ontamination isslightly larger than in the �4 jets events. However, the �4 jets events generally su�er from rather largeStandard Model bakgrounds and a small signal ross setion (see Fig. 2). On the other hand, somelevel of wino ontamination is aeptable in the bino edge measurement, beause the bino endpointis larger than the wino endpoint, and the wino ontamination is naturally suppressed at the viinityof the bino endpoint. For the wino seletion, instead of taking a � 8 jets sample we selet � 6 jets+ 1 lepton. By lepton we mean either an eletron or a muon with pT > 20 GeV and j�j < 2:5. Thisis due to a leptonially deaying W , with whih we are able to derease the overall number of jets inthe event by two (see Eq. (2)) and thus drastially redue the number of wrong jet parings.However, we should keep in mind that the orrelation shown in Fig. 2 is not too strong. Therestrition to a maximum of four or �ve jets thus kills a lot of the wino ontamination, but theratio N( ~B)=N( ~W ) of bino to wino events still remains in the ballpark of 0:3 � 0:7, depending uponthe spetrum. Extending the number of jets up to �ve is indispensable for types B and C sine itinreases the statistis at the prize of a slightly redued sample purity, i.e. ratio of bino to wino events.The relative ratio of wino to bino events in the wino seletion is a lot better than in the bino ase:N( ~W )=N( ~B) � O(10).After de�ning the two relevant seletion riteria, we are able to disuss the orresponding SMbakground ontributions in more detail. The dominant proesses after the bino endpoint seletion areQCDmultijet prodution, where EmissT originates from neutrinos produed in heavy avor quark deaysand jet energy mismeasurements due to instrumental e�ets, and the prodution of neutrino pairs fromZ boson deays in assoiation with hard jets (Z+jets). The prodution of leptonially deaying t�t7
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Figure 3: Abundanes of gluino (blak full line), squark (red dashed line), wino (blue full line) andISR/unknown jets (blue dotted line) are shown in an inlusive sample for jet bins of hardness i insenarios A, B and C from left to right.pairs and leptonially deaying W bosons in assoiation with hard jets (W+jets) is expeted to besuppressed by the lepton veto. To further redue the bakground a ut on YMET = EmissT =pHT , whihis used in SUSY searhes at ATLAS and CMS [25,26℄, an be introdued in addition.In ontrast to the bino seletion the wino endpoint seletion riteria are expeted to suppressthe SM bakground in a way that allows to extrat endpoints without applying further uts. Byrequiring one lepton on top of the baseline seletion mentioned above the bakground from QCDmultijet prodution is antiipated to be ompletely suppressed. By seleting events with at least sixhard jets most of W+jets and Z+jets events are also expeted to be rejeted.4 Kinemati variables for endpoint extrationOur semi-inlusive jet samples ontain 4 or 5 jets for the bino seletion and � 6 for the wino seletion,and we should therefore determine how to selet gluino dijets out of a large number of possible jetpairings. In the event samples there are many jets that are not originating from the gluino threebody deay. Those are mainly oming from ISR as well as from the W deay. In the senarios A andB, an additional jet omes from the squark deay, too. It an be argued that the gluino dijets haverelatively high pT ompared to the ISR and W deay produts, whih as a kinematial e�et is easyto understand.Figure 3 shows the abundane of gluino, squark and wino jets in i-th hardest jet, sorted by pT , forthe three benhmark senarios. The identi�ation is done using MC truth by mathing detetor leveljets to partoni objets. Objets, whih are not suessfully assigned to originate from SUSY mothersare thus either from ISR or other lustering e�ets of the jet algorithm. As an be seen, for senariosA, B and C, the �rst three pT -hardest jets are most likely oming from the gluino deay. Howeverfor senarios A and B, there is a signi�ant ontribution in the highest pT jet bin from the squarkdeay ~q ! j ~B ( ~W ). If the squark jet is wrongly seleted and ontributes to the distribution, there isa high risk to exeed the orret gluino endpoint beause the dijet mass tends to be large beause ofthe large pT of the squark jet. This is the motivation for the minimization proedure introdued inthe following variables, whih takes are of this: 8



min3j = mink=1;2fm3kg (3)min123 = mini;j=1;2;3fmijg; i 6= j (4)Here mij denotes the invariant mass of jets i and j. The endpoint of min3j is expeted to bethe same as the gluino endpoint as long as one of the �rst two highest pT jets and the third highestpT jet are oming from the same gluino deay. The min123 is smaller than min3j event-by-eventbeause of the wider range of the minimization and has the same endpoints as the gluino's as longas two of the �rst three highest pT jets are oming from the same gluino deay. In senario A, therelative abundane of gluino jets does not look very promising. However keeping in mind, that mostof the time we are left with only one gluino, the two variables proposed above we expet to also workreasonably well.In senario B, it is reasonable to expliitly exlude the highest pT jet bin and build a distributionout of the remaining three hardest jets, sine the gluino jets have the highest relative abundane inthese bins. This is the motivation behind the following variable:min234 = mini;j=2;3;4fmijg; i 6= j (5)Here we expliitly remove the highest pT jet and selet the dijet pair among the seond, third andfourth highest jets, whih yields the smallest invariant mass. This variable should have the sameendpoint as the gluino if two of those jets are being originated from the same gluino deay.There exist other methods in the literature, whih address parts of this partiular problem ofombinatoris in gluino endpoint extration. Two prominent examples are the hemisphere method[16℄ as well as a topologial method for 4 jets + =ET proposed in [9℄. We give a brief overview overboth these methods as we ompare them to our kinematial variables.In the hemisphere method, every event is divided into two hemispheres de�ned by two seeds. Theseare usually taken to be the hardest objet in the event and the one that maximizes the variable �R �p,with �R =p��2 +��2. Then all objets are subsequently lustered to one of the two spatial areas,de�ned by the seeds. This is done by assigning eah partile to that hemisphere whih minimizes thevalue of the Lund distane measure,d(pk; p(s)j ) = (Ej � p(s)j os �jk) Ej(Ej +Ek)2 (6)between the four momentum pk of the objet to be assoiated and the two seed momenta p(s)1 and p(s)2 .After all objets are lustered, the seeds are updated to be the sum of all objets in the orrespondinghemisphere. Finally, the proedure is iterated until the assignment onverges (more details on thespei�s of this algorithm an be found in [16℄). One two hemispheres are obtained, we pik up the�rst two highest pT jets from one of the two hemispheres, whih de�nes the following two variables:m(1)12 = m12 (from hemisphere 1); m(2)12 = m12 (from hemisphere 2); (7)where hemisphere 1 is de�ned as the hemisphere whih ontains the highest pT jet in the event.9



Conerning the seond method, in ref. [9℄, the authors have studied the possibility of identifyingthe dominant event topology in exlusive 4 jet + =ET events. For this purpose, they de�ned two dijetmass variables, F3 and F4. F3 is designed for event topologies where 3 jets ome from the same asadehain and 1 jet from the other one. It is given byF3(p1; p2; p3; p4) = mkl; for �ijkl 6= 0 and mij = maxr;s=1;:::;4fmrsg (8)whih is the invariant dijet mass opposite to the maximum of all possible dijet masses. This variablehas the same endpoint as the largest dijet mass endpoint originating from the asade hain produingthe 3 jets. F4 is, in ontrast, designed for the symmetri event topology where both the asade hainsprodue 2 jets eah. The de�nition of this variable is given byF4(p1; p2; p3; p4) = mini;j=1;:::;4fmax (mij;mkl)g; �ijkl 6= 0: (9)whih is the minimum of the larger dijet mass pair out of three possible ombinations. It has thesame endpoint as the dijets oming from the same asade hain eah. Although those variables haveoriginally been de�ned to address exlusive 4 jet + =ET events, we use them for our bino and winoseletion samples by applying them to just the �rst four highest pT jets.5 Disentangling gluino endpointsIn this setion, we show the distributions of the variables de�ned in the previous setion. We assumeLHC at 14TeV with an integrated luminosity of 300 fb�1, whih orresponds to 108k, 27.6k, and16.2k signal events for senarios of type A, B and C, respetively, aording to the leading order rosssetion omputed by Herwig++. Notie, that these numbers are onservative in that SUSY QCDNLO orretions for squark and gluino prodution are known to inrease ross setions by a K-fatorof up to 2 [19℄. In the simulation we take aount of all the QCD produtions, possible deays, andthe e�ets of parton showering, hadronization and detetor simulation.5.1 Senario AIn senario A, the mass splitting between squark and gluino is only 100GeV. The assoiated ~q~g proessdominates the SUSY prodution. The squarks deay preferably into bino or wino diretly beause thedeay mode into gluino is kinematially suppressed. This redues the number of signal gluinos fromtwo to one ompared to the other senarios. The `squark jet' oming from ~q ! j ~B ( ~W ) has a signi�antpT (.f. Fig. 3) and it should be avoided in favorable dijet ombinations, either by minimization orexpliit removal for example in the onstrution of min234.Fig. 4 shows the distributions of the various variables disussed in the previous setion for thesenario A. In the left (right) row, the bino (wino) event seletion (4 or 5 jets for bino, � 6 jets & � 1lepton for wino) is applied. In the two plots on the top, the dijet is hosen as the �rst two highest pTjets in one of the two hemisphere groups. The blak solid histograms onsider the hemisphere 1, whihontains the highest pT in the event and the red dashed histograms onsider the other hemispheregroup (hemisphere 2). In the middle line, the blak solid histograms show F4 and the red dashed10
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Figure 4: Senario A: �rst row: invariant mass of two hardest objets m(1)12 and m(2)12 for hemispheres1 (solid, blak) and 2 (dashed,red). Seond row: F4 (solid, blak) and F3 (dashed,red). Third Row:min123 (solid, blak), min3j (dashed,red) and min234 (dot-dashed, blue). All variables are de�ned insetion 4. The left and right olumn orrespond to the bino and wino seletion riteria, respetively.represent F3. The bottom plots show min123 (blak solid), min3j (red dashed) and min234 (bluedot-dashed).For the bino edge measurement, F3 and F4 fail to reover the orret edges. min123 and min3jhave very similar distributions, but nonetheless both have a slight tendeny to overshoot the orretendpoint. The hemisphere variables m(1)12 and m(2)12 also have endpoint strutures around the true binoedge. Espeially m(2)12 from the softer hemisphere looks most promising out of the examined variables.This is expeted due to typially only one gluino and the asymmetri nature of the signal in senarioA. For the wino edge measurement, most of the distributions have tails above the orret value. Thesetails are bigger for min123 and min3j and a kink struture is less pronouned. However, both m(2)1211
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Figure 5: Senario B: performane of the variables under investigation. For details, see desription ofFig.4.and F3 show a nie edge struture at the viinity of the true endpoint.5.2 Senario BIn the type B spetrum, the squark is marginally heavier than in senario A and the assoiated ~q~gprodution still has a sizable ross setion ompared to the ~g~g proess. The main squark deay modeis ~q ! j~g. As this `squark jet' has a large pT ompared to the other jets (.f. Fig. 3), it is quiteproblemati beause it is likely to be in the �rst three highest pT jets and thus inreases the numberof wrong jet pairings.Fig. 5 shows the distributions of the variables in senario B. It is obvious that many of the dis-tributions get shifted to higher mass regions and overshoot the true endpoint. For the bino edgemeasurement, the m(1)12 and m(2)12 variables obtained from the hemisphere method work quite well. The12
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Figure 7: Examples of bino and wino seletion in senario B and C, respetively: we use the edge-to-bump method to obtain a naive endpoint distribution of the variables min3j (bino, �rst row) andmin123 (wino, seond row).5.3 Senario CIn the type C senario, deoupled squarks with masses of 10 TeV are not aessible at the LHC energyand the ~g~g prodution is the unique SUSY QCD prodution. Many studies regarding ombinatorialissues are based on this type of spetrum, and most of them onsider only one partiular gluino deaymode: ~g ! jj ~B.In Fig. 6, we show the results for this spetrum. As an be seen, almost all variables suessfullyreover the wino edge at 800GeV. For the bino event seletion, most variables su�er from poor statistisin the viinity of the true endpoint, 1000GeV. It seems F4, min123 and min3j perform quite well sinetheir distribution linearly fall down to the true endpoint.6 Endpoint determinationWe attempt to estimate the endpoints of the distributions quantitatively by adopting the edge-to-bumpmethod proposed in [27℄. In that method, \kinky" features of distributions whih ould be originatingfrom an underlying kinemati feature of the distribution or simply be artifats of statistial utuationsas well as trigger and ut e�ets distorting originally smoother distributions, are turned into bumps.Bumps are far easier aessible to data analysis methods, and it is easier to de�ne a systemati erroron the proedure of edge determination as this is translated to a statistial error of pseudo-experimentswith di�erent edge-to-bump onversion parameters. Roughly speaking, the edge-to-bump method �ts14



endpt. min123 min234 min3j m(1)12 m(2)12 F3 F4senario Abino 1106 � 52 570 � 14 1125 � 106 822 � 21 1012 � 104 686 � 33 1191 � 132wino 908 � 83 665 � 34 948 � 99 932 � 31 780 � 26 794 � 33 1031 � 53senario Bbino 986 � 36 773 � 147 1028 � 34 1010 � 6 794 � 49 766 � 25 1046 � 66wino 895 � 23 748 � 68 892 � 18 958 � 10 819 � 47 911 � 51 928 � 37senario Cbino 812 � 24 545 � 8 921 � 37 816 � 29 721 � 90 708 � 22 894 � 57wino 778 � 23 577 � 19 804 � 6 769 � 47 764 � 14 708 � 38 793 � 7Table 2: Fit values for the disussed variables in the two endpoint seletions, obtained with our own im-plementation of the edge-to-bump method [27℄. The values losest to the true endpoints are highlightedin bold fae.the hanges in the slopes of the distributions and translates them into peaks. The more distint apeak is, the more likely it is that there is a true kinemati kink in the original distribution. In thismethod, for that purpose a naive linear kink �t is used. The resulting value of the �t usually su�ersfrom a non-negligible orrelation to the �tting range set by hand. To minimize this artifat, we arryout 1000 naive kink �ts with randomly generated �tting ranges and obtain a statistial distributionof endpoint positions.Fig. 7 shows two examples of endpoint distributions. They are obtained by �tting two di�erentdistributions for the bino and wino seletion in senario B and C. As we an see, the peak of thedistribution is strongly orrelated with the theoretially expeted endpoint.As a �rst estimate one might give the mean value and the orresponding standard deviation asassoiated error. However, smaller peaks and non-negligible ontributions far o� the main peak leadto shifted mean values and onsiderably large errors (O(300) GeV). Thus to quantitatively estimatethe atual endpoint position and get rid of the ontributions far away from the main peak, we applythe following proedure:1. alulate the mean value m̂0 and standard deviation �0 of the omplete distribution2. rede�ne the range of the distribution aording to the above values: m̂0 � 2�03. alulate a new mean value m̂i and standard deviation �i inside the range de�ned above4. use m̂i and �i as a new seed and start over with point 2Iterating three to six times the steps 2-4, we �nd onvergene of m̂i and �i. The resulting mean valuesand errors obtained by this proedure are listed in Table 2. A �rst onlusion is that no variable worksperfetly for all senarios, whih suggests that one should arefully hoose the variables depending onthe mass spetrum and the endpoints (bino or wino) to be measured. In senario A, m(2)12 serves thebest estimates of the bino and wino endpoints among all variables. min123 and min3j possess shifts ofabout 100GeV towards higher mass regions but preserve the orret di�erene between the wino and15



bino edges. In senario B, the ~q~g assoiated prodution gives an additional high pT jet and the sizeof the ombinatorial bakground is the largest among the three senarios. However, min123, min3jand m(1)12 (min234 and m(2)12 ) provide onsistent results with the theoretially expeted value for thebino (wino) edge measurement and the errors are somewhat smaller than in senario A. On the otherhand, the di�erene among the two endpoints are underestimated by most variables. This reets theimportane to use an appropriate variable depending on wether a wino or bino seletion riterium isapplied. In senario C, all variables tend to underestimate the bino endpoint, despite the fat thatthe ombinatorial and SUSY bakgrounds are smallest in size among the three senarios. This lowerbias e�et stems from poor statistis due to a small SUSY ross setion in senario C. We hekedthat the tendeny of underestimation is removed when the number of events is inreased arti�ially.For the wino edge, many variables, min123, min3j , m(1)12 , F4, give good results with small errors.Finally we want to stress that the quoted errors in Table 2 are only errors originating from the�tting range dependene on �t results and there exist other soures of errors, whih should be takeninto aount. For example, the statistial error on eah bin ontent and the biases inherent in theaording variable as well as bakgrounds would all give ontributions of the size of the errors wequoted. A areful estimation of these is beyond the sope of this paper but will be an importantsubjet for gluino endpoint measurements.7 ConlusionsIn this work we studied the feasibility of the gluino dijet mass edge measurement in a realisti LHCenvironment. This inludes both full SUSY bakgrounds and ombinatorial misombinations of par-tiles, as well as e�ets of initial and �nal state radiation and �nite detetor resolution. Severalmethods in the literature expliitly rely on the preise knowledge of a partiular endpoint to be ableto aess information on masses in deay asades, to resolve ombinatorial issues, or determine an-other kinematial variable. Often QCD radiation and detetor e�ets have been negleted in �rstphenomenologial investigations. By utilizing onsiderations from the analysis of topologial on�gu-rations of gluino deay asades at the parton level, we �nd that the surviving orrelation between thenumber of parton level and detetor level jets is suÆient in distinguishing bino and wino endpoints ofgluino deays with semi-inlusive jet multipliities and the use of leptons as further seletion riteria.To assess the impat of di�erent mass spetra, we analyse three distint (semi-)simpli�ed models: twowith small and large mass di�erenes between gluino and squarks, and one senario with deoupledsalars. In these models, we make use of existing kinemati variables and propose new ones, whereneessary, that redue the ombinatorial problem and, when applied to preseleted events, allow forthe exavation of two distint gluino endpoints. In general, the kinemati variables presented hereare robust against ontaminations from QCD radiation, underlying (non-signal) SUSY proesses aswell as detetor e�ets. The resulting distributions are �tted with the so-alled edge-to-bump methodminimizing the artifat of the �t. These �rst estimates of the gluino dijet endpoints are mostly onsis-tent with their expeted values and thus proof the validity of our method. Hene, it seems possible tomeasure the gluino dijet edges for basially all ases where the squarks are heavier than the gluino, a16
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