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DESY 13-128Bilinear R Parity Violation at the ILC { Neutrino Physis at CollidersJ. List1 and B. Vormwald1, 21Deutshes Elektronen-Synhrotron (DESY),Notkestra�e 85, D-22607 Hamburg, Germany2Universit�at Hamburg, Inst. f. Exp.-Physik,Luruper Chaussee 149, D-22761 Hamburg, Germany(Dated: July 16, 2013)Supersymmetry (SUSY) with bilinearly broken R parity (bRPV) o�ers an attrative pos-sibility to explain the origin of neutrino masses and mixings. Thereby neutralinos beomea probe to the neutrino setor sine studying neutralino deays gives aess to neutrino pa-rameters at olliders. We present the study of a bRPV SUSY model at the InternationalLinear Collider (ILC), with the bRPV parameters determined from urrent neutrino data.The ILC o�ers a very lean environment to study the neutralino properties as well as theirsubsequent deays, whih typially involve a W/Z and a lepton. This study is based on ILCbeam parameters aording to the Tehnial Design Report for a enter of mass energy of500 GeV. Full detetor simulation of the International Large Detetor (ILD) was performedfor SUSY and Standard Model proesses.We show for the fully simulated example point that the ~�01 mass an be reonstruted withan unertainty of less than 0:2% for an integrated luminosity of 100 fb�1 from diret ~�01 pairprodution, thus to a large extent independently of the rest of the SUSY spetrum. We alsodemonstrate that the ahievable preision on the atmospheri neutrino mixing angle sin2 �23from measuring the neutralino branhing frations BR(~�01 ! W�) and BR(~�01 ! W�) atthe ILC is omparable to urrent unertainties from neutrino experiments. Thus the ILCould have the opportunity to unveil the mehanism of neutrino mass generation.I. INTRODUCTIONSupersymmetry (SUSY) [1, 2℄ is a very appealing extension of the Standard Model (SM). It givesan elegant solution to the Higgs hierarhy problem, makes gauge uni�ation possible and apartfrom that, SUSY is the only non-trivial extension of the Lorentz algebra [3℄. In the most generalrenormalizable Lagrangian of the Minimal Supersymmetri Standard Model (MSSM) trilinear andbilinear terms appear, whih break baryon number B and lepton number L.The presene of all these terms would lead to proton deay, whih is experimentally not observed.A ommon way to irumvent this problem is to introdue a disrete Z2 symmetry assigned to eah�eld in order to suppress these terms. This quantum number, alled R parity, has the formR = (�1)3B+L+2S ; (1.1)where B is the baryon number, L the lepton number and S the spin of the �eld. Hene, SM partilesalways arry R = +1 and SUSY partile R = �1. The onservation of this quantum number hasthe onsequene, that all B and L breaking terms in the SUSY Lagrangian are forbidden and theproton remains stable.However, proton deay only appears if B and L violation is present at the same time. So,breaking either B or L is well onsistent with proton stability. Espeially in the neutral leptonsetor, L violation is known to be present manifesting in the observation of neutrino osillations.Thus, R parity violating (RPV) SUSY senarios are also viable alternatives to the widely studiedR parity onserving (RPC) senarios.We will fous in the following on bilinear R parity violation (bRPV), whih has the interestingfeature to be able to introdue neutrino masses and mixings. This mehanism has already beenstudied theoretially in detail in the literature ([5{9℄).

http://arxiv.org/abs/1307.4074v1


2The superpotential and the orresponding soft SUSY breaking terms in bRPV SUSY has theform WMSSM = WMSSMRPC + �iLiHu; (1.2)LMSSMsoft = LMSSMsoft;RPC + �iBiLiHu; (1.3)where i = fe; �; �g is the generation index. Hu indiates the SU(2) doublet of the Higgs super�eldand Li the SU(2) doublet of the lepton super�eld. �i and Bi are bRPV parameters. In addition tothat, the three sneutrinos aquire a vauum expetation value (VEV) he�ii = vi. Beause of threeadditional tadpole equations one ends up with 6 free parameters for bRPV. These parameters anbe �xed by �tting them to neutrino observables, like neutrino mass di�erenes and generationmixings.The introdution of lepton number violation allows the neutrinos to mix with the other neutralfermions of the model, i.e. the gauginos and higgsinos. Thus, in the basis of neutral fermions	0T = � eB;fW 0; eH0d ; eH0u; �e; ��; ��� the orresponding mass term in the Lagrangian looks likeL = �12 �	0�T MN	0 + ::; (1.4)where the mass matrix MN has o�{diagonal entries due to bilinear R parity breaking.Diagonalizing MN generates one neutrino mass at tree level as well as two neutrino mixingangles. The atmospheri neutrino mixing angle, for instane, writes astan(�23) = ���� ; (1.5)where �i = �vi + vd�i are so alled alignment parameters. Herein, � is the MSSM higgsino massparameter and vd represents the VEV of the down-type Higgs. It was show in [8℄ that the remainingneutrino mixing angle and neutrino masses an be derived on 1-loop level.A very interesting feature of this model is the fat that one an �nd the left part of the e�01�W�li{oupling to be approximately proportional to the alignment parametersOe�01Wli ' �i � f(M1;M2; �; vd; vu) / �i; (1.6)where f is a funtion of the soft SUSY breaking parameters. The full expression of Oe�01Wli an befound in [9℄. Combining eq. (1.5) with eq. (1.6) makes lear that neutrino mixing an be determinedfrom measuring branhing rations of the neutralino deays:tan2(�23) ' O2e�01W�O2e�01W� = BR(e�01 !W�)BR(e�01 !W�) (1.7)The exat relation only holds at tree level. Ref. [9℄ shows that from 1-loop alulations ofthe mass matrix dependenies on additional SUSY parameters enter. This an be addressed byonsidering an parametri unertainty on relation (1.7), whih is estimated to be in the range of10 to 30% [9℄.It is worth mentioning that for bRPV SUSY there is always a onnetion between LSP deaysand neutrino physis independently of the type of the LSP, whih is shown in [10℄.The aim of the following analysis is to study the performane of measuring the atmospherineutrino mixing angle in a bRPV SUSY senario at the International Linear Collider.
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FIG. 1: Expeted and observed 95% CL exlusion limits in the bilinear R-parity violating model by theATLAS experiment. Fig. take from [11℄.II. STATUS AT THE LHCIn pp ollisions the dominant SUSY prodution mode is via squark and gluino prodution.Those oloured partiles then deay via asades down to the lightest SUSY partile (LSP), whihin the RPV ase then deays into Standard Model partiles. The main di�erene to RPC studiesis that the ut on missing energy is relaxed signi�antly, sine the LSP does not esape undetetedanymore.The ATLAS ollaboration performed a dediated bRPV SUSY searh in the framework of theCMSSM, where the RPV parameters were �tted to neutrino data and were not taken as free [11℄.In this study ontributions from all possible prodution modes were taken into aount. This studyexludes a wide range of the CMSSM parameter plane as it is depited in �g. 1. However, mostof the exlusions of the parameter spae result from limits on oloured partiles for the spei�parameter points.Exept for this, various RPV SUSY searhes have been performed in the simpli�ed modelframework [12{18℄. Many of these studies assume strong prodution, whih is dominant for nottoo high squark or gluino masses. So, the derived limits are predominantly limits on the olouredsetor of the model and the eletroweak setor remains untested. It ould well be that there is arather large splitting in the SUSY mass spetrum between the eletroweak and the oloured setor.Therefore, it is neessary to searh for SUSY also in diret eletroweakino prodution, whihhas a ross setion of some orders of magnitudes below the strong prodution and, thus, is muhmore hallenging at the LHC. Nevertheless, LHC now starts to beome sensitive in the RPC aswell as in the RPV ase to these prodution modes and is able to set limits on eletroweakinomasses [19{22℄.However, the ross setion for diret e�01e�01 prodution is well below the sensitivity at the LHC.So, usually a prodution of a pair of heavier eletroweakinos is onsidered, whih deay via theLSP to the Standard Model. Therefore, the limits an only be given as a ombination of e�01 massand the mass of a heavier eletroweakino. In the RPV ase, urrently one study is present thatassumes diret prodution and one additional non-vanishing trilinear RPV oupling [19℄. From
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FIG. 2: Left: Main prodution hannel for an bino-like LSP at the ILC: t-hannel exhange of an seletron.Right: LSP deay to on-shell W and a lepton o�ers diret aess to bRPV alignment parameters �i thataount for neutrino mixing.this analysis, limits on me�01 an be set for me��1 < 750 GeV. However, one has to note that theselimits are very dependent on the assumptions for the type and strength of RPV ouplings and it isnot diretly possible to re-interpret the limits for an bRPV senario, whih aounts for neutrinodata. III. MODEL DEFINITIONAt the ILC the situation is omplementary to the LHC: Here, diret eletroweakino produtionis dominant and the eletroweak setor an diretly be probed.In our senario we assume the lightest neutralino being a bino, whih leaves only the t=u-hannel prodution for diret e�01 pair prodution (see �g. 2). In presene of bRPV ouplings, notonly seletrons are possible as exhange partile, but due to the additional terms in priniple allother harged salars ould ontribute. However, this ontributions are strongly suppressed. Wede�ne a simpli�ed model in whih we set all SUSY partiles to a rather high mass exept for me�01and meeR and, thus those two parameters �x the prodution ross setion.In the ase of a wino LSP, the ross setion would drop due to the missing oupling to theright seletron. For a light left seletron, however, the situation is omparable to the bino ase. Ahiggsino-like LSPs would allow s-hannel assoiate prodution of e�01 and e�02, predominantly via aZ boson. In a light higgsino senario e�01 and e�02 are usually lose in mass and the deay produtsof e�02 to e�01 are rather soft. Thus, experimentally the situation is omparable to diret e�01 pairprodution.At the ILC up to 80% polarized eletron and up to 60% polarized positron beams are possible [23,24℄. In the ase of t=u-hannel prodution with seletron exhange di�erent ombinations of beampolarization inuene the prodution ross setion signi�antly. Figure 3 shows the ross-setion inthe ~eR-~�01 mass plane for unpolarised beams (left) and for the baseline polarisation of P (e+; e�) =(�30%;+80%) (right), whih enhanes the ross-setion onsiderably.Sine the RPV ouplings are very small when they are used to desribe neutrino data, lightLSPs an beome rather long-lived with a deay length of meters up to kilometers and esape thedetetor. Figure 4 (left) shows the deay length of the LSP vs. its mass, while the right-hand panelshows the impat parameter resolution of the ILD detetor onept as determined from full detetorsimulation [25℄. For very light LSPs suh a senario would be very hard to determine from RPCSUSY senarios, but ould still be observable in dark matter searhes via radiative LSP prodution[26℄. However, in this study we fous on parts of the parameter spae, where the on-shell W -deayhannel is available. In this range one expets displaed verties of the neutralino in the rage of afew m down to 100 �m, whih is well detetable.
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FIG. 3: Unpolarised and polarised prodution ross setion at the ILC500 in the desribed simpli�ed model.Beam polarization an signi�antly enhane the prodution ross setion.
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FIG. 4: Left: Deay length of the LSP in dependene of its mass in the simpli�ed model. For a lightspetrum of the remaining spartiles, the deay length an be smaller. Right: Impat parameter resolutionof the ILD detetor onept (from [25℄).For the ILC study the following example point was used:me�01 = 98:48 GeV (3.1)meeR = 280:72 GeV (3.2)The mass of the neutralino was seleted as a worst ase senario, where me�01 ' mW=Z . This ismost hallenging, sine in this ase the LSP signal is expeted to overlay signi�antly with SMbakground and the involved leptons from the LSP deay to W beome relatively soft.The prodution ross setion for the polarization P(e+; e�) = (�30%;+80%) and a enter ofmass energy of ps = 500 GeV amounts to 384 fb, driven by the hoie ofmeeR . As an be seen from�gure 3, the prodution ross setion is still � 100 fb when meeR is twie as large. The branhing



6ratios for the deay modes that are relevant for measuring the neutrino atmospheri mixing angle(see eq. (1.7)) read BR(e�01 ! ��W�) = 0:30 and BR(e�01 ! ��W�) = 0:27. The remainingfration omes mainly from on-shell Z deay modes e�01 ! �iZ and three-body deays. For anintegrated luminosity of 100 fb�1 one expets 38400 produed neutralino pairs and among them3456 events ending up in the ��-hannel, 2799 events in the �� -hannel and 6221 events in themixed �� -hannel. As the ILC is expeted to deliver an integrated luminosity of 250 fb�1=year,this amount of data is going to be olleted within approximately �ve months of operation at designluminosity. IV. DATA SAMPLESFor the given example point a full detetor simulation of the International Large Detetor (ILD)[25℄ for an integrated luminosity of 100 fb�1 and a enter of mass energy of ps = 500 GeV wasperformed. For the SM bakground, samples produed for the benhmarking of the ILD detetorfor the Tehnial Design Report have been used.In the ase of bRPV events the program Sarah [28℄ was used to generate model �les for theevent generator. As for the SM samples, Whizard [29℄ was used as event generator of the hardproess and Pythia [30℄ for fragmentation and hadronization. These events were passed throughMokka [31℄, the full Geant4-based [32℄ simulation of the ILD detetor and �nally reonstrutedwith MarlinReo [33℄. For the event generation realisti beam parameters were taken into aount,inluding the ILC spei� beam energy spetrum at 500 GeV.With the instantaneous luminosity forseen at the ILC, on average 1:7 interations of photonsleading to the prodution of low pt hadrons are expeted per bunh-rossing. This takes intoaount ontributions from real photons aompanying the eletron beam due to bremsstrahlungand synhrotron radiation as well as from virtual photons radiated o� the primary beam ele-trons. Therefore, eah hard-interation event (from SUSY or SM bakground) was overlaid with arandomly hosen number of suh  ! hadrons events before the reonstrution step.V. EVENT SELECTIONThe signal events have a rather lear signature: The produed LSPs deay into either a � or �plus a W boson. In the following we restrit ourselves to the hadroni W deay mode. Thereby,the event is { exept for some missing energy from a potential � deay { fully reonstrutable with6 visible fermions in the �nal state.Before the atual event seletion is performed, the  ! hadrons bakground is removed fromthe event by the following proedure: Sine we expet to have six �nal states, an exlusive kT jetlustering algorithm (R = 1:3) whih is fored to �nd six jets is applied to the reonstruted objetsin the events. This algorithm builds up six jets whih are assigned to the hard interation andin addition to them two very forward direted beam jets whih are treated as beam bakground.Removing those beam jets and using only the objets whih end up lustered in the main jets forthe further analysis, reovers very well the bare event without bakground overlay. Fig. 5 shows theimpat of overlaid  events on the visible energy (left) and the ability to remove this bakgroundwith the desribed method (right).Two hadronially deaying W s imply a relatively high partile multipliity Nobjets in the event.And due to the fat, that there is no major soure for missing energy, the visible energy in the
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FIG. 5: Left: E�et of  ! hadrons bakground overlay to visible energy of the event. Right: Reoveredvisible energy in the event after  ! hadrons bakground removal proedure.event is rather high. So, the following preseletion uts were used:Evisible � 350 GeV (5.1)50 � Nobjets � 150; (5.2)This preseletion on the one hand redues Standard Model bakground and on the other hand utsaway some of the leptoni W ontribution in the LSP deay, whih is not onsidered as signal inthis analysis. The preseletion signal eÆieny �nally amounts to 95%.In order to be able to measure the ratio of di�erent branhing ratios of the LSP deay (seeeq. (1.7)) we have to de�ne a seletion to distinguish between the di�erent event lasses:�� lass Here we look for an event with at least two reonstruted muons. The two most energetiones are removed from the event. No further lepton isolation riteria is required. Theremaining objets of the event are lustered by the Durham jets lustering algorithm intofour jets. All permutations of the four jets are tried to ombine them into two W s. Thequantity �2Wi = �mreo;i �mW�res �2 (5.3)is used to �nd the best ombination of objets to formW andidates, by �nding the minimalpossible value. The fator �res = 5 GeV is an assumed resolution fator. All ombinations ofW andidates and muons are then used to try to reonstrut two equal mass objets. Thosetwo objets with the smallest �2eqm = �mreo;1 �mreo;2�res �2 (5.4)are onsidered as LSP andidates. If the event ful�lls the ondition�2W1 < 2 and �2W2 < 2 and �2eqm < 2; (5.5)the event is ounted as �� event, else it is tested against the �� lass.



8�� lass In this lass at least one reonstruted muon in the event is required. The most energetimuon is removed and the rest of the event is fored into �ve jets by an inlusive Durhamjet lustering algorithm. Sine the muon requirement is relaxed, one expets to be moreprone to selet bakground events. For this reason we test in addition, whether this jeton�guration desribes the event well. Therefore, we employ a ut on the Durham jetalgorithm parameters yi�1;i and yi;i+1. Hereby, the parameter yi�1;i is a measure of thedistane in energy-momentum spae between two of the i jets whih would be merged, ifa i � 1 on�guration was required. The seond parameter yi;i+1, however, gives the samemeasure when requiring an i+1 on�guration for the same event with respet to the originali on�guration. For a well desribing �ve jet on�guration, y4;5 � y5;6 gets maximal, so weuse the following ut: y4;5 � y5;6 > 0:5 � 10�4: (5.6)The jet with the least onstituents is onsidered as tau andidate and removed from theevent, if Nonst: < 10. Additionally it is required that the jet does not ontain a muon. Thefurther approah to �nd W andidates and �nally LSP andidates is idential to the ��lass. If ondition (5.5) is satis�ed this event is ounted as �� event, otherwise the �� lassis tested.�� lass The event is fored into six jets by an inlusive Durham jet lustering algorithm. Inanalogy to the �� lass, it is required that y5;6�y6;7 > 0:5 �10�4. The two jets with the leastonstituents are onsidered as tau andidates and removed from the event, if both andidatesful�ll Nonst: < 10 and a muon-veto. The further approah to �nd W andidates and �nallyLSP andidates is idential to the �� and �� lass. If ondition (5.5) is satis�ed this eventis ounted as �� event.After this seletion �g. 6 shows the reonstruted neutralino mass in eah of the event lasses.The main remaining bakground omes from WW and ZZ pairs, whih an to some extend ful�llthe desribed seletion riteria.The �� lass has a very lear signal peak, whih an be used for measuring the LSP mass. AfterSM bakground subtration and a �t of a Gaussian to the the distribution we get:m�te�01 = 98:39 � 0:13(stat.) (5.7)The measured value is within the error in very good agreement with the input mass of the examplepoint (see eq. (3.1)).This preision measurement of the LSP mass in the �� hannel an now be used to de�ne asignal region m�te�01 � 10 GeV. This further redues the bakground fration in the seleted eventlasses. The deomposition of number of measured events in the di�erent event lasses N reo intothe number of events in the di�erent truth lasses N true is shown in the the following matrix N:N = 0�N true�� N true�� N true�� N trueLSPBG N trueSMBGN reo�� 482 77 4 40 69N reo�� 9 183 16 15 66N reo�� 0 1 38 4 59 1A (5.8)Thereby N trueLSPBG denotes those events, in whih at least one LSP deays di�erently than the aimedtwo-body deay e�01 !Wl.The signal over bakground ratio in the di�erent lasses beomes:
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FIG. 6: Mass reonstrution of the LSP for the di�erent event lasses with full Standard Model bakgroundinluded. S=pB�� lass 53.9�� lass 23.1�� lass 4.9As expeted the �� hannel is by far the one with the lowest purity. However, for measuringthe ratio of branhing rations this hannel is not needed, as it will be disussed in the next setion.It was already pointed out that this studied parameter point is a worst ase senario. It is learlyvisible in �g. 6 that for another parameter point with a higher LSP mass the signal peak wouldshift into an almost ompletely bakground-free region. Though, the LSPs in this model beomerather long-lived in the Standard Model polluted, \low-mass" region (ompare �g. 4). Addingthis information to the analysis and requiring from the reonstruted objets not to point to the



10primary vertex, would redue the Standard Model bakground drastially. However, this would onthe other hand introdue a strong model dependeny to the analysis. Therefore the exploitationof the lifetime information is left as a future option for improvements.VI. BRANCHING RATIO MEASUREMENT AND NEUTRINO INTERPRETATIONWe assume in the following that the Standard Model bakground an be estimated from MonteCarlo aurately and an be subtrated. Also the LSP non-signal deays an be predited to someextend, as soon as one has some additional knowledge about the remaining SUSY mass spetrum.Under this assumption we an build a 3� 3 eÆieny matrix E, whih is de�ned like(E)ij = (N)ijN truei = 0� 0:3088 0:0290 0:00340:0058 0:084 0:01360:0000 0:0004 0:0324 1Aij : (6.1)The vetor of measured events beomes~N reo = 0� N reo�� �NMCBG;��N reo�� �NMCBG;��N reo�� �NMCBG;�� 1A ; � ~N reo = 0BBB�qN reo�� +NMCBG;��qN reo�� +NMCBG;��qN reo�� +NMCBG;�� 1CCCA : (6.2)The eÆieny matrix an then be inverted and used to alulate the true number of events inthe di�erent event lasses. ~N true = E�1 ~N reo (6.3)The ratio of the two branhing rations an be extrated in di�erent ways:BR(e�01 !W�)BR(e�01 ! W�) = 2Ntrue��Ntrue�� = Ntrue��2Ntrue�� =qNtrue��Ntrue�� ; (6.4)sine for the expeted true number of events the following relations hold:N true�� = Ne�01e�01 � BR2(e�01 !W�) (6.5)N true�� = Ne�01e�01 � 2 � BR(e�01 ! W�) � BR(e�01 !W�) (6.6)N true�� = Ne�01e�01 � BR2(e�01 !W�) (6.7)where Ne�01e�01 = �(e+e� ! e�01e�01) � R Ldt is the number of produed LSP pairs. Beause of thelow seletion purity in the �� hannel, we have hosen the relation involving only the �� and ��hannel.In order to estimate the statistial unertainty on the resulting ratio of event numbers, an errorpropagation was performed, assuming binomial error in the eÆieny matrix and Poissonian errorsfor the reonstruted number of events.The resulting statistial unertainty is depited in �g. 7 in dependene of integrated luminosityat the ILC500. For the studied parameter point the ahievable preision for R Ldt = 100 fb�1 isabout 14%. This sales down to roughly 6% for 500 fb�1, whih is the desired integrated luminosityat ILC500 in a �rst stage.The measured ratio of branhing ratios an now be translated into the atmospheri mixing anglefollowing eq. (1.7). As disussed earlier, the given relation is only an approximation and there are
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