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Takling light higgsinos at the ILCMikael Berggren2, Felix Br�ummer2, Jenny List2, GudridMoortgat-Pik1, Tania Robens3, Krzysztof Rolbieki4,Hale Sert1;21University of Hamburg, II. Inst. f. Theoretial Physis, Luruper Chaussee 149, 22761 Hamburg, Germany2DESY, Notkestra�e 85, 22607 Hamburg, Germany3IKTP, TU Dresden, Zellesher Weg 19, 01069 Dresden, Germany4IFT-UAM/CSIC, Niol�as Cabrera 13-15, 28049 Madrid, SpainDESY 13-098In supersymmetri extensions of the Standard Model, higgsino-like harginos and neutralinos are pre-ferred to have masses of the order of the eletroweak sale by naturalness arguments. Suh light e�01, e�02and e��1 states an be almost mass degenerate, and their deays are then diÆult to observe at olliders.In addition to the generi naturalness argument, light higgsinos are well motivated from a top-downperspetive. For instane, they arise naturally in ertain models of hybrid gauge-gravity mediation. Inthe present analysis, we study two benhmark points whih have been derived in the framework of suha model, whih exhibit mass di�erenes of O(GeV) in the higgsino setor. For hargino pair and neu-tralino assoiated prodution with initial-state photon radiation, we simulate the detetor response anddetermine how aurately the small mass di�erenes, the absolute masses and the ross setions an bemeasured at the International Linear Collider. Assuming that 500 fb�1 has been olleted at eah oftwo beam-polarisations P (e+; e�) = (�30%;�80%), we �nd that the mass-di�erenes an be measuredto 40{300 MeV, the ross setions to 2{5%, and the absolute masses to 1.5{3.3 GeV, where the rangeof values orrespond to the di�erent senarios and hannels. Based on these observables we perform aparameter �t in the MSSM, from whih we infer that the higgsino mass parameter � an be measuredto a preision of about �� = 2{7 GeV. For the eletroweak gaugino mass parameters M1, M2, whihare hosen in the multi-TeV range, a narrow region is ompatible with the measurements. For bothparameters independently, we an determine a lower bound.1 IntrodutionThe LHC experiments have disovered a Standard Model (SM)-like Higgs boson with mh � 126 GeV [1, 2℄.However, it is not lear whether this newly disovered partile is a pure SM Higgs boson, or whether it ispart of an extension of the SM, whih might also inlude multiple or omposite Higgs-like states. Preisemeasurements of the Higgs ouplings and branhing ratios will be required to resolve this question. Another,more diret way to gain insights about physis beyond the SM (BSM) would obviously be to disover morenew partiles diretly.A well-motivated extension of the SM is the Minimal Supersymmetri SM (MSSM), a fully renormalisabletheory of high preditive power. In this model, the U(1), SU(2) and SU(3) gauge ouplings an unify, and adark matter andidate an be naturally aommodated. Furthermore, supersymmetry stabilizes the Higgspotential with respet to quadratially divergent radiative orretions. In the MSSM the Higgs mass is nolonger a free parameter but beomes strongly onstrained.If nature is supersymmetri at the eletroweak sale, a large number of new superpartner mass parametersis introdued whose values depend on the unknown mehanism of supersymmetry breaking at high energies.This poses a hallenge for any phenomenologial analysis. Due to the large number of unknown parametersit is very diÆult to make reliable preditions for SUSY bakground proesses, and in many ases the worstbakground ontributions for SUSY signals originate in fat from SUSY proesses.The experiments at the LHC have not yet found any hints for supersymmetry in squark and gluinosearhes [3, 4℄, whih points towards a rather heavy oloured superpartner spetrum with soft masses above1
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a TeV. However, there are large regions in the MSSM parameter spae whih lead to a SM-like Higgs withmh = 126 GeV, a light eletroweak SUSY setor, and a rather heavy oloured SUSY setor beyond theurrent LHC disovery range. In general, if the eletroweak setor is light enough, it should be possibleto disover neutralinos and harginos via Drell-Yan prodution at the LHC [5℄. However, in ases wherethese light states are very lose in mass and their deay produts are therefore very soft, it will be almostimpossible to observe suh proesses at the LHC. An example is given by senarios in whih the higgsino massparameter � is muh smaller than the eletroweak gaugino massesM1 and M2 (urrent bounds require onlyj�j & 100GeV in order to avoid the limits from LEP hargino searhes [6℄). Then, the new light states area hargino and two neutralinos whih are higgsino-like and almost mass-degenerate. The hargino and theheavier neutralino therefore deay only into extremely soft SM partiles and the invisible lightest neutralino.The most \natural" versions of the phenomenologial MSSM whih are still not ruled out are indeedharaterized by higgsino masses of a few hundred GeV, together with sub-TeV third-generation squarksand a moderately heavy gluino, while the rest of the spetrum an be in the multi-TeV range [7℄. Models withlight higgsinos are also attrative for osmology, either in ombination with gravitino dark matter or with ahiggsino-like neutralino as a non-thermally produed lightest supersymmetri partile (LSP); see e.g. [8℄.While the light higgsino senario is extremely hallenging for the LHC, it may well be observable in thelean environment at an e+e� Linear Collider, for instane, at the International Linear Collider (ILC) [9, 10℄.At the ILC, the striking feature of a preisely known initial state allows to suessfully apply the initial stateradiation (ISR) method, i.e. to selet only those signal events that are aompanied by a suÆiently hardphoton. In this ontext, polarised beams help to signi�antly enhane the signal ross setion, at least inthe hargino ase.The subjet of the present work is the phenomenology of light quasi-degenerate higgsinos at the ILC.We study their prodution and deay, and investigate in how far one an derive the fundamental MSSMparameters without assuming any spei� SUSY breaking sheme if only the light higgsinos are kinematiallyaessible. We study the proesses e+e� ! e�+1 e��1 and e+e� ! e�01e�02 at ps = 500 GeV with polarised beamsand initial-state radiation at the ILC. We simulate the detetor response for two MSSM benhmark pointswith di�erent O(1 GeV) mass splittings between the hargino and neutralinos, leading to di�erent �nalstate SM partiles. The unertainties on masses, mass di�erenes and ross setions as determined by oursimulation study are then used as inputs for a �t in order to reonstrut the MSSM parameters M1, M2,� and tan�. Our overall goal is to determine both how well the hargino and neutralino masses an bemeasured at the ILC, and what ould be inferred from suh a measurement about the underlying SUSYmodel.In the following hapters we �rst give an overview of the theoretial arguments in favour of light higgsinosand the phenomenologial aspets of suh senarios in the MSSM. The expeted SM bakground will alsobe disussed, inluding beam-onditions and detetor apabilities at the ILC. In Setion 3 we de�ne twobenhmark senarios on whih our study will be based and provide the details for the detetor simulation.In Setion 4 we disuss the expeted experimental results at the ILC. In Setion 5 we present our results onreonstruting the fundamental parameters and the preision we expet to ahieve with our analysis strategy.2 Theoretial ontext and analysis strategyThere are two main reasons why higgsinos are distinguished among the MSSM superpartners of the SMpartiles. First, the size of the higgsino mass parameter � is not neessarily related to the sale of SUSYbreaking, as it is allowed by unbroken supersymmetry (it is indeed the only dimensionful MSSM parameterwith this property). It an therefore be generated independently of the soft supersymmetry breaking terms,and at leading order does not reeive any soft term-dependent radiative orretions in the evolution fromthe high sale. Seond, � enters the tree-level Higgs potential and is therefore diretly onneted to theeletroweak sale. For instane, the tree-level Z boson mass is given in terms of the Higgs soft massesm2Hu;Hd , the ratio tan� of Higgs vauum expetation values, and � asm2Z = 2m2Hu tan2 � �m2Hd1� tan2 � � 2 j�j2 � �2 (m2Hu + j�j2) : (1)2



To avoid �nely tuned large anellations among these parameters, it follows that � should not be too farabove the eletroweak sale, even if some or all of the squark, slepton and gaugino masses are muh larger.These two arguments are the main motivation for investigating models where the higgsinos are light, whilethe other MSSM superpartners may be muh heavier.2.1 Light higgsinos from UV-sale modelsFrom a top-down perspetive, light higgsinos are equally well motivated. For instane, they are generi inertain models of hybrid gauge-gravity mediation [11, 12℄, whose main features we will now briey reapit-ulate. In gauge-mediated SUSY breaking, some of the hidden setor states arry SM gauge harges. Thesemessenger �elds aquire large supersymmetri masses M , and messenger loops generate soft terms of theorder msoft � n16�2 FM ; (2)where pF is the sale of SUSY breaking, and n roughly ounts the number of ontributing messenger states.In addition to these, generially there are also gravity-mediated ontributions to soft terms as well as agravity-mediated e�etive � parameter, generated by gravitationally suppressed interations between thehidden setor and the MSSM. They are of the order of the gravitino mass,m3=2 � � � FMPlank : (3)In models where the MSSM is embedded in a more fundamental theory, for instane in superstring ompat-i�ations, the details of supersymmetry breaking are often unknown, while the spetrum of sub-Plankianstates an still be alulated. In phenomenologially promising models these typially onsist of the MSSMalong with a multitude of additional exoti states, some of whih are harged under the SM gauge groups.These exoti �elds an be given large masses and at as gauge mediation messengers. A natural sale forthem to deouple is the sale of the Grand Uni�ation,M �MGUT = 2 � 1016GeV � 116�2MPlank : (4)With some simple assumptions about the ouplings of the messengers to the SUSY-breaking �elds, andhoosing parameters suh that m3=2 is of the order of the eletroweak sale, one an obtain a realisti softterm spetrum. For large messenger multipliities n & 10, the soft terms are predominantly generated bygauge mediation and an be in the multi-TeV range, while � is indued by gravity mediation and of theorder of 100�200GeV.The benhmark points we are using for the present analysis are derived from suh hybrid gauge-gravitymediation models with large messenger numbers. However, we stress that these are by no means theonly possibility to obtain light higgsinos from high-sale models, and that our results on the light higgsinophenomenology are independent of a spei� SUSY breaking model.2.2 PhenomenologyIn a more general ontext, senarios with a rather heavy oloured setor and a mass-degenerate lighthargino/neutralino setor an easily be onstruted in the unonstrained MSSM, where the soft SUSY-breaking parameters are taken as independent. One simply hooses suÆiently large values for the squarkand gluino masses (and possibly also for the slepton masses).At the tree level the hargino/higgsino setor [13℄ is determined by the U(1) bino mass parameter M1,the SU(2) wino mass parameterM2, the higgsino mass parameter � and tan�. The neutralino mass matrixin the ( eB;fW 0; eH0d ; eH0u) basis is given byY = 0BB� M1 0 �mZ os� sin �W mZ sin� sin �W0 M2 mZ os� os �W �mZ sin� os �W�mZ os� sin �W mZ os� os �W 0 ��mZ sin� sin �W �mZ sin� os �W �� 0 1CCA : (5)3



Sine Y is omplex symmetri, it an be diagonalized by one unitary matrix N via Me�0 = N�Y Ny (wherethe matrix Me�0 ontains the neutralino masses Me�0i on the diagonal). The mixing matrix N relates theneutralino mass eigenstates to the neutral gauge eigenstates. For full analytial solutions of the systemsee [14, 15℄.The hargino mass matrix in the (fW+; eH+) basis,X = � M2 p2mZ os �W sin�p2mZ os �W os� � � ; (6)is not symmetri and therefore has to be diagonalised via the bi-unitary transformationMe�+ = U�XV y. Uand V relate the hargino mass eigenstates to the harged gauge eigenstates.One an easily lassify three limiting ases: in the ase M1 < M2 � j�j, one obtains M1 � Me�01 witha bino-like e�01, M2 � Me�02 ;Me��1 with wino-like e�02 and e��1 , and higgsino-like heaviest states with massesj�j �Me�03;4 , Me��2 , f. Eqs. (5) and (6). By ontrast, the hierarhyM2 < M1 � j�j leads to the lightest twostates being mass-degenerate and wino-like,M2 �Me�01 ;Me��1 but a bino-like e�02 with massM1 �Me�02 , whilee�03;4 and e��2 remain higgsino-like and heavy as before.Choosing j�j � M1 < M2 (or j�j � M2 < M1) leads to mass-degenerate lightest states with j�j �Me�01;2 ;Me��1 but M1 � Me�03 (or M1 � Me�04) and M2 � Me��2 ;Me�04 (or M2 � Me��2 ;Me�03). The lighterneutralinos and the lightest hargino are then mostly higgsino-like and have unsuppressed ouplings to theSM gauge bosons. This is the senario whih we are investigating.It is instrutive to expliitly write down the tree-level masses of the three light states in the ase thatM1 and M2 are large. They are found by diagonalizing the mass matries of Eqs. (5) and (6), and given byMe�01;2 = j�j � m2Z2 (1� sin 2� sign(�))� sin2 �WM1 + os2 �WM2 � ;Me��1 = j�j � sin 2� sign(�) os2 �W m2ZM2 ; (7)up to terms suppressed by higher powers of Mi, see e.g. [16℄. The wino and bino admixtures are small, ofthe order mZ=M1;2. For instane, for � > 0, the (two-omponent) mass eigenstates are deomposed ase�01 = 1p2 � eH0d � eH0u�+ sin� + os�p2 mZM1 sin �W eB � sin� + os�p2 mZM2 os �W fW 0 ;e�02 = 1p2 � eH0d + eH0u�� j sin� � os�jp2 mZM1 sin �W eB + j sin� � os�jp2 mZM2 os �W fW 0 ;e�+1 = eH+u �p2 sin�mWM2 fW+ ;e��1 = eH�d �p2 os�mWM2 fW� ; (8)
where we have only written the respetive leading-order terms of the gaugino and higgsino omponents. Formulti-TeV gaugino masses, the gaugino admixtures are of the order of a few perent, and the mass splittingsare of the order of 1{10 GeV. Expliitly, the tree-level mass di�erene between the lightest neutralino andthe lightest hargino reads, again for � > 0,Me��1 �Me�01 = m2Z2 �sin 2�� sin2 �WM1 � os2 �WM2 �+� sin2 �WM1 + os2 �WM2 �+O� �M2i �� ; (9)whih for tan� � 1 further simpli�es toMe��1 �Me�01 = m2Z2 � sin2 �WM1 + os2 �WM2 �+O� �M2i ; 1tan�� : (10)For the neutralinos, the mass di�erene isMe�02 �Me�01 = m2Z � sin2 �WM1 + os2 �WM2 �+O� �M2i � : (11)4
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s˜Figure 1: Chargino (upper row) and neutralino (lower row) prodution graphs at tree level. Note that t- andu-hannel seletron/sneutrino exhange graphs are negligible in our senario due to a small Yukawa ouplingbetween sleptons and higgsinos.Remarkably, it does not depend on tan� in the leading approximation. The orresponding expressions for� < 0 are similar and the phenomenology of that parameter range has been disussed in [17℄.Comparing with the analytial formulae of the neutralino (hargino) masses and ouplings [15, 18℄, it isobvious that one an express the neutralino and hargino setor as funtions of sin 2� and os 2�. In thelarge tan� limit, j os 2�j ! 1 and sin 2� ! 2= tan�, therefore all neutralino and hargino masses as well asthe ross setions are only weakly dependent on tan�. This weak dependene is also reeted in our �nalresults, f. Setion 5.Radiative orretions to the hargino and neutralino observables, see e.g. [19℄ (and referenes thereinfor a more omplete list of studies), an be sizeable and inrease the mass splittings by several hundredsof MeV. These orretions will lift the degeneray between higgsino states. If the tree-level mass di�ereneis substantially less than a GeV, a orretion of 200 MeV will have a profound impat on the lifetime anddeay branhing ratios. This may also be exploited to better determine the underlying MSSM parameters,see [20℄. A detailed analysis of NLO orretions in this regard, is, however, beyond the sope of this studyand in the following we will assume tree-level relations.At the ILC higgsino prodution proeeds via Z or  exhange in the s-hannel, see Fig. 1. In general, t-and u-hannel exhange of seletrons or sneutrinos is also possible, but in the higgsino ase they are highlysuppressed due to the small Yukawa ouplings. Hene, even if the seletrons and sneutrinos were relativelylight, they would not a�et any observables. Higgsinos will be produed in e�01e�02 or e�+1 e��1 pairs (the Ze�01e�01and Ze�02e�02 ouplings vanish in the pure higgsino limit).1 Both e�02 and e��1 will undergo three-body deaysinto e�01 via o�-shell Z andW bosons [21℄. The deay e�02 ! W��e��1 is also possible but kinematially highlysuppressed. The detetor signature omprises exlusively a few, low-energeti leptons or hadrons, whosesoftness poses a major hallenge to experiment. For small mass splittings, the radiative deay e�02 ! e�01via a W -hargino loop an also beome very important [22℄. More details on higgsino prodution and deaywill be given below when we disuss the details of our simulation.2.3 Standard model bakgroundFor the disussion of the SM proesses at the ILC it is onvenient to lassify them by the initial state andthe number of �nal state fermions. Due to the very strong �elds between the olliding bunhes, there is ansizable photon omponent from bak-sattered synhrotron radiation in the ILC beams [23, 24℄. Therefore,the initial states an be e+e�, but also , or e�. For e+e� and , the �nal state has an even number offermions: 2f, 4f, 6f, ... , while the e� initial state gives rise to �nal states with an odd number of fermions:1f, 3f, 5f, ... In this notation,  an represent both real beam-photons or virtual ones. For initial virtualphotons, the �nal state is understood to also ontain the eletron and/or positron that emitted the photon1This is a onsequene of the fat that eH0u and eH0d have opposite weak isospin, and that both e�01 and e�02 ontain equallylarge eH0u and eH0d admixtures as seen from Eq. (8). 5



(the \beam-remnant"), in addition to the fermion(s).The signal omprises events with a few low-energy harged partiles and no other ativity. Possible SMproesses giving this topology are of two types. Either (i) events with large amounts of energy in invisibleneutrinos, or (ii) events where a large fration of the energy esapes with partiles going in un-instrumentedregions of the detetor; in an ILC detetor, the only suh regions are the holes in the low-angle alorimeterthrough whih the beam pipes enter the detetor.The �rst bakground type mainly ontains events with two �s, possibly together with additional neutrinos,i.e. the subset of the lasses e+e� ! 2f and e+e� ! 4f where one of the fermion pairs are � leptons, andthe other one (if present) is a neutrino pair. These hannels do not have ross setions muh larger than thesignal. In addition, only a small fration of the �s will deay to the very soft visible system whih is typialfor the signal. Hene, while it is not negligible, this bakground-type is expeted to be manageable withouttoo strong uts on the event-topology.The potentially most severe bakground proesses are of type (ii), and are expeted to be the high rosssetion multi-peripheral proess e+e� ! e+e��� ! e+e�f �f , i.e. the  ! 2f lass. In suh events,the �nal beam-remnant eletrons and positrons arry nearly the full beam-energy in most ases, have lowtransverse momentum, and therefore leave the detetor unseen through the out-going beam-pipe. The f �f-pair, on the other hand, an be emitted at any angle, and tends to have low momentum. In other words, theseevents have a large resemblane to the signal. However, if one of the inoming eletrons emits an ISR photonat an angle and energy high enough to be deteted, this eletron will reoil against the photon, hanging itsdiretion suÆiently to deet it into the aeptane of the detetor. In order to redue this bakground toaeptable levels, we therefore require that the aepted signal andidate events should ontain a detetedISR photon. Also the other omponent of the  ! 2f lass, where the initial photons are real photons fromthe photon omponent of the beams, is suppressed by this requirement. This is simply due to the fat that,in this ase, there are no initial harged partiles that ould emit an ISR photon.Instead, the most severe remaining bakground is expeted to arise from the e ! 3f lass, in partiularfrom the t-hannel diagram with inoming real photons. This proess is similar to Compton sattering,with the di�erene that the sattered photon is virtual, and gives rise to an f �f-pair. In this ase, the hardISR photon does not reoil against the beam eletron, but against the f �f-system, like in the signal events.However, in the event as a whole, a large amount of energy is arried away by the exhanged eletron one ithas been brought bak on-shell by the beam-photon. This eletron will reeive most of the photon's energy,and losely follow its diretion in the lab frame, i.e. along the beam pipe. As the seond inoming partileis neutral in this ase, no ISR will be emitted from it, and thus it annot be deeted into the detetoraeptane either.3 Benhmark points and simulationFor our simulation we hose two benhmark points with the lightest Higgs mass whih is ompatible withthe LHC disovery (within the theory unertainty), namely 124 and 127 GeV. We will refer to them asdM1600 and dM770, aording to their hargino-LSP mass di�erene. In the following setions we willdisuss their low-sale spetrum and the higgsino prodution and deay modes at the ILC as well as theirimplementation into our simulation. We espeially omment on the deay modes and branhing ratios inthe nearly mass-degenerate e��1 ; e�01;2 system.3.1 Spetrum generation, higgsino prodution and deaySpetrum generationThe general tree-level spetrum of our model was alulated using the spetrum generator SOFTSUSY [25℄. Themodel we are onsidering is haraterized by the high sale parameters spei�ed in Table 1. The parametersin the gaugino, squark, and slepton setor at the high sale are obtained from Eqs. (3) and (4) in [12℄,while the Higgs setor parameters are omputed suh that both the model preditions at the high sale aremathed and eletroweak symmetry breaking at the proper sale is obtained. With the input parameters inTable 1, we obtain a spetrum whih is mostly at the multi-TeV sale, with only the two lightest neutralinos6



n1 n2 n3 mGM mA tan� �DR MDR1 MDR2dM1600 20 28 11 190GeV 2160GeV 43:81 160GeV 1:72TeV 4:33TeVdM770 46 46 20 250GeV 4050GeV 47:66 160GeV 5:37TeV 9:47TeVTable 1: Input parameters and running gaugino masses for the benhmark points. Here n1;2;3 refers to themessenger indies for U(1)Y , SU(2)L, and SU(3)C respetively, mGM is the harateristi gauge-mediatedsoft mass per messenger pair. �DR is the running higgsino mass parameter in the DR sheme evaluated atthe soft mass sale (as de�ned e.g. in [25℄); it generally di�ers from the on-shell �-parameter [26℄ by a fewperent. Moreover, mA is the pole mass of the pseudosalar Higgs, and tan� is the ratio of Higgs vauumexpetation values. For details about the preise de�nitions of ni and mGM see [12℄. We also give the DRvalues ofM1 andM2 at the soft mass sale, whih are determined at the high sale from the input parametersby the usual minimal gauge mediation relations.as well as the light hargino masses within urrent ollider ranges, as well as the SM-like Higgs boson witha mass is within a �2 GeV theory unertainty interval from the LHC entral value of 125:5 GeV.The physial hargino and neutralino masses are alulated by SOFTSUSY using the running mass param-eters �DR, MDR1 and MDR2 as given in Table 1, whih inludes one-loop orretions [27℄. The light harginoand neutralino spetrum, and the underlying on-shell � and M1;2 parameters are given bydM1600 M1 = 1:70TeV; M2 = 4:36TeV; � = 165:66GeV; tan�jmZ = 44; (12)Me��1 = 165:77GeV; Me�01 = 164:17GeV; Me�02 = 166:87GeV; mh = 124GeV;dM770 M1 = 5:30TeV; M2 = 9:51TeV; � = 167:22GeV; tan�jmZ = 48; (13)Me��1 = 167:36GeV; Me�01 = 166:59GeV; Me�02 = 167:63GeV; mh = 127GeV:Note that the above masses inlude higher-order orretions, and therefore di�er from the tree-level pre-ditions in Eq. (7) at the sub-permil level.2 As stated before, the two lightest neutralinos are nearlyompletely higgsino-like, with negligible gaugino-admixtures. The mass splittings are very small withMe��1 � Me�01 = 770MeV (1:6GeV) and Me�02 �Me�01 = 1:04GeV (2:7GeV) in the dM770 (dM1600) se-nario. This has interesting onsequenes espeially for the deay, whih we will disuss in the following.ProdutionThe prodution ross setions have been alulated with Whizard 1.95 [28℄ using the ILC setup providedby the ILC Generator Group [29℄. It inludes soft initial state photon emission using an eletron struturefuntion [30℄ as well as the beam energy spetra orresponding to the ILC Tehnial Design Report (ILCTDR) [31℄.Due to the small mass di�erene, only very few and soft visible partiles will result from the higgsinodeay. For reasons mentioned above, a realisti analysis will therefore need to require an additional photonfrom initial state radiation to be seen in the detetor. The ISR photon, in addition to its usefulness tosuppress bakground, provides an elegant way to determine the e��1 and e�02 masses from their reoil againstthe photon. This has already been applied suessfully for near-degenerate winos in AMSB senarios [32℄.We therefore determine the observable ross setions with one �nal state photon inluded in the hardmatrix element. This photon is required to have a minimal invariant mass of 4GeV with the orrespondingbeam eletron and an energy of more than 10 GeV, orresponding to the ut used later at the analysis stage.We have veri�ed that the e�et of double-ounting with the soft initial state photon emission is negligible.Figure 2 shows the observable hargino and neutralino ross setions in the dM770 senario as a funtionof the entre-of-mass energy, and for two di�erent on�gurations of the polarisation of the beams, with2These small di�erenes in absolute masses, however, translate into sizeable orretions of the mass di�erenes between thelightest hargino/seond-lightest neutralino and the LSP. We aordingly orret for these higher-order ontributions in the �tused for the determination of the fundamental parameters M1; M2; �; and tan �; see Setion 5 for further details.7
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Figure 2: Chargino (left) and neutralino (right) prodution ross setion in senario dM770 for P (e+; e�) =(�30%;+80%) and P (e�; e+) = (+30%;�80%) as a funtion of the entre-of-mass energy.the positron beam polarised to �(+)30%, the eletron beam to +(�)80%.3 Figure 3 shows the same rosssetions for a �xed entre-of-mass energy of 500GeV as a funtion of the positron polarisation. The harginoprodution an be strongly enhaned by hoosing the appropriate beam heliities, whereas the di�erenesare signi�antly smaller in the neutralino ase. Beyond the signal enhanement, beam polarisation an beused to prove that the observed proess is mediated purely by s-hannel exhange of a vetor partile, i.e. byshowing that the ross setion vanishes for like-sign heliity on�gurations. E�ets from beam polarisationat an e+ e� ollider on hargino/neutralino pair-prodution have already been studied in [15, 18, 21℄4 andhave suessfully been exploited for full parameter determination in [37℄.
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Figure 3: Chargino (left) and neutralino (right) prodution ross setion in senario dM770 at ps = 500 GeVas a funtion of the positron polarisation for P (e�) = +80% and P (e�) = �80%.As mentioned, higgsinos are produed by Z (; Z) exhange in the s-hannel for neutralinos (harginos)respetively, f. the diagrams shown in Fig. 1. It is then straightforward to explain the di�erenes inprodution ross setions in Figs. 2 and 3 by onsidering only these diagrams. For neutralino prodution,the ratio of (e+R e�L ! e�01 e�02)=(e+L e�R ! e�01 e�02) � 1:3 for fully polarised beams an diretly be obtained fromthe ratio of the respetive fermion ouplings to the Z boson, given by L2=R2 = [1 � 1=(2 sin2 �W )℄2 � 1:3,with L = � 12 + sin2 �W , R = sin2 �W . For arbitrarily polarised beams the saling fator between polarised3In the following, the notation P (e+; e�) = (�30%;+80%) et. will be used to denote the assumed beam polarisation.4For a (fully di�erential) hargino prodution at NLO, f. [20, 33, 34, 35, 36℄.8



e�+1 deay mode BR(dM1600) BR(dM770)e�e�01 17:3% 15:0%��e�01 16:6% 13:7%�+e�01 16:5% 60:4%�+�0e�01 28:5% 7:3%�+�0�0e�01 7:5% 0:03%�+�+��e�01 7:1% 0:03%�+�+���0e�01 2:4% ��+�0�0�0e�01 0:5% �K+e�01 1:2% 3:5%K0�+e�01 1:0% 0:03%K+�0e�01 0:5% 0:02%Table 2: Chargino e�+1 deay modes aording to Herwig++ 2.6.0.and unpolarised ross setion is given by�pol=�unpol = �1 + R2 � L2R2 + L2Pe�� � Le�=L = (1� 0:151Pe�) � Le�=L ; (14)where Le� = (1 � P (e�)P (e+))L denotes the normalized e�etive number of interations and Pe� =P (e�)�P (e+)1�P (e�)P (e+) the e�etive polarisation (for details see [38℄). It is expeted to ahieve high jPe� j � 95%and Le�=L � 1:5 for enter-of-mass energies of ps � 350 GeV at the ILC [39℄ whih leads to saling fatorof about 1.3 (1.7) with P (e�; e+) = (+80%;�60%) (P (e�; e+) = (�80%;+60%)) on�guration of polarised(e�; e+)-beams.In ase of hargino pair prodution, the large di�erene in the ross setions stems from positive (in LRon�guration) or negative (in RL on�guration) interferene of the  and Z s-hannel ontributions, whihis again due to the struture of the fermion-Z ouplings. These harateristis (whih are independent ofadditional photon radiation) are well reeted in the total ross setions displayed in Figures 2 and 3.Deay widths and branhing ratiosDue to the quite pronouned mass-degeneray in the e��1 ; e�01 system, the e��1 deays require a spei� treat-ment, whih we will now briey desribe. In ase of small mass splittings, a perturbative treatment on partonlevel, followed by standard hadronization, leads to large unertainties for slight variations of the masses ofthe partoni deay produts. In the senarios onsidered here, this espeially plays a role in the deays of thehargino, where the mass di�erene an be in the sub-GeV range. In fat, the same situation is enounteredin the SM for the deay of �s into hadrons. In this ase, a more appropriate desription then follows ane�etive theory approah using hadroni urrents. For the ase of supersymmetry, suh a desription hasbeen implemented in the event generator Herwig++ for e��1 deays [40, 41℄. We therefore used Herwig++ togenerate the aording branhing ratios and deays widths; they are given in Table 2. On the other hand,the branhing ratios of the e�02 are alulated at parton-level followed by hadronization, with the results listedin Table 3.5 The deay widths of loop-indued proesses have been ross heked with available analytiresults [22℄. They agree within 5% with the Herwig++ values.5In priniple, the mass di�erene for the e��1 -LSP in dM1600 senario and the e�02-LSP in dM770 senario are of similar order.However, sine for neutral urrent deays there is no analogue to the harged urrent � -deay in the the SM, no dediated odeis yet available whih treats the deays of e�02 using hadroni urrents. The e�ets of inluding suh an improved desriptionare in the line of future work. 9



e�02 deay mode BR(dM1600) BR(dM770)e�01 23:6% 74:0%���e�01 21:9% 9:7%e+e�e�01 3:7% 1:6%�+��e�01 3:7% 1:5%hadrons +e�01 44:9% 12:7%e��1 +X 1:9% 0:4%Table 3: Neutralino e�02 deay modes aording to Herwig++ 2.6.0.3.2 Event generation and detetor simulationEvent generationThe simulation part of this study has been performed for a entre-of-mass energy of ps = 500GeV. Signalevents for the two benhmark senarios have been generated with Whizard, using the same set-up as for theross setion alulation, desribed in Setion 3.1. The harginos and neutralinos were generated by Whizard,with the subsequent deays simulated by Pythia [42℄. The deay-branhing frations used by Pythia werethose given in Table 2 and 3. As for the ross setion alulation, one photon was inluded in the hardmatrix element, and it was required to have a minimal invariant mass of 4GeV with the orresponding beameletron. The generator-level ut on the photon energy was however not applied in the event generationstep, in order to be able to estimate the experimental aeptane after reonstrution.

/GeVTP
0 2 4 6

E
ve

nt
s/

0.
1 

G
eV

10

210

310

410

γ 
1

 -χ∼ 
1

+χ∼ 

γ 
2

0χ∼ 
1

0χ∼ 

dM1600

/GeVTP
0 2 4 6

E
ve

nt
s/

0.
1 

G
eV

10

210

310

410

γ 
1

 -χ∼ 
1

+χ∼ 

γ 
2

0χ∼ 
1

0χ∼ 

dM770

Figure 4: pt spetrum of visible hargino and neutralino deay produts at generator level for the twosenarios. Left: dM1600, right: dM770.Figure 4 shows the transverse momentum spetrum of the visible deay produts of hargino and neu-tralino events at generator level for both benhmark senarios. Espeially in the dM770 senario, the visibledeay partiles of the higgsinos are extremely soft, with pt < 2GeV. While for larger momenta the trakingat the ILC is almost 100% eÆient [43℄, the situation is more hallenging for sub-GeV partiles, espeially dueto the presene of random hits and additional traks aused by e+e�-pair bakground from beamstrahlung.Therefore we will disuss the traking eÆieny in more detail in the following subsetion.The event samples entrally produed for the detetor benhmarking in ontext of the ILC TDR [29℄were used as SM bakground. Hene, the same Whizard version was used both for signal and bakgroundgeneration. Apart from some proesses with very high ross setions, the available statistis orresponds atleast to an integrated luminosity of 500 fb�1. A notable exeption was the e ! 3f lass, for whih only10



an integrated luminosity of about 100 fb�1 was available. This was taken are of by assigning appropriateweights to these events. Furthermore, radiative Bhabha events and pure photon �nal states deserve speialomments in the ontext of this analysis. Radiative Bhabha events, i.e. e+e� ! e+e�, have been generatedin a restrited phase spae requiring an invariant mass of at least 4GeV between any two of the �nal statepartiles, a momentum transfer of Q > 4GeV between the inoming and outgoing eletron (positron) andbetween the inoming lepton and the photon, resulting in a minimum aolinearity of the �nal state leptons.Pure photon �nal states have not been inluded in the prodution. However it has been shown in a previousfull simulation study of a pure photon plus missing energy signature that the ontribution after a verysimilar seletion is negligible [44℄. Also not inluded are �nal states with only neutrinos and photons aswell as QED Compton events. They ould in priniple ontribute if overlaid with one of the low-pt  !hadrons events of whih on average 1:2 our per bunh-rossing for TDR mahine parameters. However,it is rather improbable that suh an overlay will mimi the exlusive deay modes of the higgsinos studiedhere. A quantitative estimate of the impat of overlay events is only meaningful in full, Geant4-based [45℄simulation and thus beyond the sope of this study.Detetor simulationA detailed desription of the ILD detetor an be found in [43℄. The most important detetor apabilitiesfor this analysis omprise the traking eÆieny at very low momenta, the photon reonstrution and thehermetiity of the detetor, inluding the ability to veto high energeti eletrons in the forward alorimeters(LumiCal, LHCal and BeamCal). The traking system is based on a Time Projetion Chamber (TPC),augmented with silion trakers on the inside, the outside and in the forward diretion, as well as forvertexing. The transverse momentum resolution (�(1=pT ) = �(pT )=p2T ) is expeted to be 2:0�10�5GeV�1asymptotially, worsening to 9:0 � 10�5GeV�1 at 10GeV, and to 9:0 � 10�4GeV�1 at 1GeV. In the lowangle region, harged partiles will be eÆiently deteted down to � = 7Æ (j os �j = 0:993), while the onlyregion not in the aeptane of the alorimetri system are the holes in the BeamCal for the beam-pipes.Around the outgoing beam-pipe, the radius of the hole is 20mm at z = 3550mm, orresponding to 5:6mrad.Sine the rossing angle of the beams is 14mrad and the hole for the inoming beam-pipe has R = 16mm,the lower edge of the aeptane inreases to 18:5mrad at � � 180Æ. The eletromagneti alorimeter (ECal)is a highly granular SiW sampling alorimeter with a transverse ell size of 5 mm � 5 mm and 20 layers.In test-beam measurements with a prototype detetor a resolution of (16:6� 0:1)=pE(GeV)� (1:1� 0:1)%has been ahieved [46℄.We simulate the response of the ILD detetor using the fast detetor simulation SGV [47℄. SGV derivesthe full ovariane matrix of the trak parameter reonstrution from the ILD detetor geometry, takinginto aount point resolutions, positions of measurement planes and material e�ets like multiple satter-ing, bremsstrahlung and pair onversion. The alorimeter response has been parametrised to model theperformane of the ILD partile ow reonstrution.The response of the BeamCal is modelled taking into aount the large energy depositions from beambakgrounds. The eÆieny to tag an eletron or photon on top of the beam bakground has been studiedin full simulation and parametrised as funtion of the energy of the partile and the loal bakground energydensity at its impat point on the BeamCal surfae.A speial hallenge for this analysis is the tiny mass gap, whih leads to extremely low momenta of thevisible higgsino deay produts. Beyond what was done for the TDR studies, the traking eÆieny in thepresene of e+e� pair bakground from beamstrahlung was determined in full simulation and reonstrutionof the ILD detetor. In order to have a onservative estimate, e+e� pairs generated with GuineaPig [48℄were overlaid on events with muh higher partile-multipliity (t�t events) than what is expeted from thesignal studied here. These events were treated by Mokka [49℄, the full Geant4-based simulation of the ILDdetetor. For momenta larger than 1GeV, trak �nding eÆieny was found to be 99:5%. For low-pt traks,the trak �nding eÆieny is shown as a funtion of pt and as funtion of os � in Figure 5. It an be seenthat for beam bakground onditions as expeted at ps = 500GeV, the traking system is nearly fullyeÆient down to pt values around 400MeV, dropping to about 60% for pt between 200 and 350MeV.6 Forall angles, the average traking eÆieny for all traks with pt < 5GeV was found to be larger than 99% in6For pt < 200 MeV, the traking eÆieny has not been studied and therefore we set it to zero here.11



/GeVTP
0.5 1 1.5 2

tr
k

∈

0

0.2

0.4

0.6

0.8

1

)θall cos(
500 GeV
1 TeV

)θcos(
0 0.2 0.4 0.6 0.8 1

tr
k

∈

0.9

0.92

0.94

0.96

0.98

1

 < 5 GeVTP
500 GeV
1 TeV

Figure 5: Traking eÆieny in t�t events in the presene of pair bakground from beamstrahlung forps = 500GeV and ps = 1TeV, from full simulation of the ILD detetor, assuming TDR beam parameters.Left: as a funtion of the transverse momentum pt, Right: as a funtion of the absolute value of the osineof the polar angle j os �j for traks with pt < 5GeV.the barrel region, dropping slightly in the transition region between the barrel and the end-ap, but stayinglarger than 95% everywhere in the geometri aeptane of the traking system.In SGV, we implemented four parametrisations of the eÆieny as funtion of pt for di�erent polar angleranges and applied it to the signal and the dominating bakground lass, namely the e ! 3f proesses,whih is basially the only type of events remaining at the seletion stage where the traking eÆieny forlow-energeti partiles enters.4 Experimental preision at the ILCIn this setion, we desribe the event seletion and the extration of masses and ross setions in the twobenhmark senarios. All numbers refer to an integrated luminosity of R Ldt = 500 fb�1 eah for two on-�gurations of the beam polarisation, namely P (e+; e�) = (+30%;�80%) and P (e+; e�) = (�30%;+80%).With the urrent mahine design, olleting 1 ab�1 of data at ps = 500GeV takes 4 years of design ILCoperation, based on typial mahine availability times and eÆienies.As a �rst step, a ommon pre-seletion disriminating higgsino events against the majority of SM bak-ground proesses is performed. Based on this, two di�erent sets of uts are applied for seleting eitherhargino or neutralino events and measuring the respetive masses and ross setions.4.1 PreseletionThe aim of the preseletion is to suppress the majority of SM bakground, while not yet disriminatingharginos from neutralinos. The key features of the signal are that the events only ontain a few lowenergeti but entrally produed deay produts of the higgsinos, and the hard ISR photon. Thus, thefollowing seletion riteria are applied:� There should be no signi�ant ativity in the BeamCal beyond the beam bakground in order tosuppress events with high energeti eletrons sattered under a small angle, e.g. from  and e typeof proesses.� The total number of reonstruted partiles NRP should be less than 15.� There should be exatly one reonstruted photon with EISR > 10GeV and a polar angle �ISR ful�llingj os �ISRj < 0:993. The latter ondition ensures that the photon is within the aeptane of the trakingsystem in order to be able to distinguish photons and eletrons.12



� Any other reonstruted partile in the event is required to be at least 20Æ away from the beam axis,and thus within the aeptane of the TPC, and to have an energy Esoft of less than 5GeV.7� Finally, the missing energy Emiss should be larger than 300GeV. This rejets the lass of events whereeither the beam eletron or positron is sattered under very small angles suh that it esapes throughthe beam-pipe with an energy of roughly 250GeV.� In order to ensure that the missing energy is not due to partiles esaping along the beam pipe,the missing momentum vetor is required to point well into the aeptane region of the detetor byful�lling j os �missj < 0:992.The resulting ut-ow is displayed for P (e+; e�) = (+30%;�80%) in Table 4. At this stage of theseletion, the SM bakground is redued by four orders of magnitude and is dominated by e ! 3f and ! 2f proesses. The biggest loss in the signals is due to the ISR photon requirement, sine at eventgeneration only a minimal invariant mass of the photon with respet to the beam eletron/positron of 4GeVwas required, while the preseletion demands a photon energy of at least 10GeV, the latter being morestringent. dM1600 dM770 Standard Modele�+1 e��1  e�01e�02 e�+1 e��1  e�01e�02 ee! 2; 4; 6f e ! 3; 5f  ! 2; 4fno ut 38672 24250 38130 23940 2:6434� 107 8:8820� 107 9:7554� 108BeamCal veto 38591 24187 38054 23874 2:6284� 107 8:8178� 107 9:6757� 108NRP < 15 38591 24185 38054 23874 6:4968� 106 6:5811� 107 6:6308� 108NISR = 1 30058 9551 29675 9317 3:1640� 106 1:5074� 107 1:7752� 107j os �softj < 0:9397 21501 7318 23117 7458 7:1453� 105 4:5646� 106 4:7083� 106Esoft < 5GeV 20611 6615 22156 7110 9092 5:9732� 105 1:2390� 106Emiss > 300GeV 20611 6615 22156 7110 6462 1:5822� 105 4:6306� 105j os �missj < 0:992 19872 6365 21558 6872 5731 1:1837� 105 3:3051� 105Table 4: Cut-ow table of the preseletion for an integrated luminosity of 500 fb�1 and P (e+; e�) =(+30%;�80%).4.2 Chargino seletionIn order to disriminate hargino pair events from the assoiated neutralino prodution, we selet semi-leptoni events, i.e. events with one hargino deaying leptonially and the other hadronially. This signaturedoes not appear in the assoiated neutralino prodution, sine the e�02 deays via a virtual Z boson and thuseither fully leptonially or fully hadronially. The main bakground ontributions to the semi-leptonisignature are � -pairs, either from e+e� ! �+��, from e� ! e��+�� or from   ! �+��.The leanest semi-leptoni signature arises when the hadroni hargino deays to a single harged pion.In the dM770 senario, this signature ours in as many 35% of the hargino pair events, f. Table 2. In thedM1600 senario, the branhing ratio to single pions is signi�antly lower due to the larger mass di�erene, sothat only 11% of the hargino pairs give the semi-leptoni single pion signature. Therefore the ���0 hannelis inluded for the dM1600 senario by allowing the harged pion to be aompanied by two photons, raisingthe fration of events with the target signature to 30%. For the dM770 senario, the gain in signal is toosmall to balane the penalty of larger bakground, and thus only the single pion mode is allowed in thatsenario.7For harged partiles, the energy is reonstruted from the momentum measured in the traking system assuming the ��mass. 13



A very disriminative variable against � -events an be onstruted from hadroni hargino deay:E�� = (ps�E)E� + ~p� � ~pps0 : (15)The redued enter-of-mass energy ps0 of the system reoiling against the ISR photon is de�ned as s0 =s � 2psE , where ps = 500GeV is the nominal enter-of-mass energy. E�� is related to the energy of thepion(s) in the rest frame of the hargino-pair, whih is only a few GeV for pions from hargino deays, butlarge for � deays.8 Therefore, we require E�� < 3GeV. As an be seen from Table 5, this ut is fullyeÆient in the dM770 senario, but not in the dM1600 senario. The reason is that the values of E�� arelosely related to the mass di�erene between the hargino and the LSP, whih is nearly twie as large inthe dM1600 senario. However the losses our in the less relevant regime far from the endpoint. At thisstage, the bakground is dominated by ontributions from  events, in partiular  ! �+��, whih aretypially bak-to-bak in the transverse plane and have large ps0. Therefore the ombined requirement of�aop < 2 or ps0 < 480GeV, where �aop is the aoplanarity angle between the leptoni and the hadronisystem, redued this bakground by a fator of four.dM1600 Standard Modele�+1 e��1  e�01e�02 ee! 2; 4; 6f e ! 3; 5f  ! 2; 4fafter preseletion 19872 6365 5731 1:1837� 105 3:3051� 105l���(�0) 5509 134 38 6197 13991E�� < 3GeV 4435 103 0 2635 6162�aop < 2 or ps0 < 480GeV 3813 97 0 2564 1452Emiss > 350GeV 3812 97 0 1016 511dM770 Standard Modele�+1 e��1  e�01e�02 ee! 2; 4; 6f e ! 3; 5f  ! 2; 4fafter preseletion 21558 6872 5731 1:1837� 105 3:3051� 105l��� 5489 38 19 2478 6754E�� < 3GeV 5489 38 0 1465 4755�aop < 2 or ps0 < 480GeV 4600 36 0 1417 782Emiss > 350GeV 4599 36 0 536 218Table 5: Cut ow tables of the hargino seletion in the two senarios for an integrated luminosity of500 fb�1 and P (e+; e�) = (+30%;�80%) following the preseletion (f. Tab. 4). For the dM1600 senario,also the two-pion deay mode is inluded, therefore also the SM expetation hanges. The hargino massmeasurement is performed after the ut on the aoplanarity angle and the redued enter of mass energy inboth senarios. The respetive last line is applied for the ross setion measurement and the determinationof the mass di�erene.Table 5 shows that at this level only a very small ontribution from e�01e�02 events remains in the sample.This is important sine we an assume the ability to model eletroweak SM proesses to any neessarypreision by the time an ILC is atually running, whereas bakground ontributions from other new physisproesses, in our ase the neutralino prodution, are a priori unknown.8In ase of the additional �0, the reonstruted four-momenta of the two photons are added to the harged pion four-momentum. 14



Chargino mass reonstrutionThe hargino mass is reonstruted using the redued enter-of-mass energy, ps0 introdued above. At thethreshold, the hargino pair is produed nearly at rest, and ps0 is twie the hargino mass, thus:Me��1 = 12ps0 = 12qs� 2psE : (16)Figure 6 shows the resulting ps0 distributions for both senarios for an integrated luminosity of 500 fb�1with P (e+; e�) = (+30%;�80%). The onset of the signal is learly visible on top of the SM bakground,whih strethes out to lower ps0 values. The ut-o� in the SM bakground near ps0 = 230GeV is due tothe ut on Emiss > 300GeV. This is hosen on purpose so that a signal-free region is available to �x thebakground level, here by �tting an exponential funtion with two free parameters f(x) = p1 � e�p2�x tothe SM predition only (blue line). In a seond step, a straight line is added on top of the bakground tomodel the signal ontribution and �tted to the simulated data in the endpoint region (red line). The twoparameters of the SM bakground funtion are �xed to the values obtained from the SM-only �t in the widerps0 window. It has been veri�ed that the results are stable against reasonable variations of the �t ranges orthe bounds on the bakground parameters. The hargino mass is �tted to 168:0� 1:4GeV in the dM1600senario and to 168:6� 1:0GeV in the dM770 ase.
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Figure 6: Distribution of the redued enter-of-mass energy (ps0) of the system reoiling against the hard ISRphoton for all events passing the hargino seletion for an integrated luminosity of 500 fb�1 with P (e+; e�) =(+30%;�80%). M��1 is determined from a linear �t to the distribution near the endpoint. Left: dM1600senario; Right: dM770 senario.The �tted entral values agree within 1:6 (1:2) standard deviations with the respetive input masses ofMe��1 = 165:77GeV (Me��1 = 167:36GeV) in the dM1600 (dM770) senario. Sine the relation between ps0and the hargino mass is only approximate, e.g. due to the approximation of equal hargino energies, buteven more so due to the beam energy spetrum, an exat agreement is not neessarily expeted. Thereforewe investigated the dependene of the �tted mass on the input mass by simulating signal samples withdi�erent hargino masses. In order to minimize a possible bias due to hanges in the aeptane, all higgsinomasses were varied simultaneously, so that e.g. the momentum distribution of the deay produts does nothange signi�antly.Figure 7 shows the �tted mass as funtion of the true mass for both senarios. They learly display alinear behaviour, whih an easily be used to alibrate the reonstrution method. The alibrated mass (andits unertainty) an be found on the x-axis as a projetion of the �tted values on the y-axis as indiated bythe lines.99The unertainty on the alibration urve itself is not propagated to the �nal result, sine its origin, namely the limitedamount of available MC statistis espeially for the SM bakground, will not be an issue in a real ILC measurement.15
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Figure 7: Calibration of the ps0 method for the hargino mass determination. Left: dM1600 senario; Right:dM770 senario.At a �rst sight it might appear worrisome that both senarios have di�erent orrelations between �ttedand true masses. However one needs to remember that in the dM1600 ase, an additional deay hannelis inluded and thus di�erent seletions are applied in the two senarios, whih in this ase hanges thebehaviour of the reonstrution. A substantial omponent of the unertainty is orrelated between allmasses. This is due to the remaining bakground, and is most visible in the dM770 senario, where thesignal rate is higher and thus statistial utuations between the di�erent signal samples at the di�erentmasses are smaller than in the dM1600 ase. In the absene of any bakground, the statistial error on anindividual mass determination would shrink to about 0:5GeV.After applying the alibration, we �nd an exellent agreement with the input mass values, at the prieof the unertainties inreasing by � 50%:dM1600 : Male��1 = 166:2� 2:0GeV (M truee��1 = 165:8GeV) ; (17)dM770 : Male��1 = 167:3� 1:5GeV (M truee��1 = 167:4GeV) : (18)Reonstrution of the hargino-LSP mass di�ereneAfter a lear observation of the signal in the ps0 spetrum and the determination of the hargino massfrom the endpoint, the bakground an be further redued by tightening the missing energy ut to Emiss >350GeV. The resulting event ount is displayed for both senarios in the respetive last line of Table 5.The mass di�erene between the hargino and the LSP is very small in both senarios, namely 1:6GeV(770MeV) in the dM1600 (dM770) senario. It is nevertheless aessible via the energy of the visible harginodeay produts in the hargino-pair rest frame, alulated aording to the de�nition in Eq. (15). If theharginos are atually produed at rest, E�� an only take one value, viz:E�� = (Me��1 �Me�01)(Me��1 +Me�01) +m2�2Me��1 = �(M)�(M) +m2�2Me��1 = 11=�(M) + 1=�(M) + m2�2Me��1 : (19)As both the mass di�erene and m� are several orders of magnitude smaller than the higgsino masses, E��being equal to the mass di�erene itself to a very good approximation. This is illustrated by the upper row ofplots in Figure 8, whih show the seleted events in the E��{ps0 plane for both senarios. The signal events16
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Figure 8: Measurement of the hargino-LSP mass di�erene for an integrated luminosity of 500 fb�1 withP (e+; e�) = (+30%;�80%). The upper row shows E�� vs. ps0. The horizontal dashed line indiates theut on E��, the vertial line the ut on ps0. The arrow indiates the input value of the hargino-LSP massdi�erene. The lower row the E�� after utting on ps0 . Left: dM1600 senario; Right: dM770 senario.form a distintive triangular region, with a tip just at the mass di�erene indiated by the blue arrow. Weselet the tip of the triangle by requiring ps0 < 345 GeV as indiated by the blue line, and then determinethe tip position from the projetion of the remaining events onto the E�� axis. In a more omplex analysisthe whole two-dimensionalps0 distribution ould be exploited to determine the mass di�erene, potentiallyeven together with the ross setion.The resulting E�� distributions are displayed in the lower row of Figure 8, again for both senarios. Themass di�erene is then reonstruted as the mean of a Gaussian �tted to the distribution. Due to the limitedamount of available SM events in the simulation, we subtrat the SM bakground, assuming that preisetheoretial preditions and suÆient MC statistis would be available for a real ILC measurement. Howeverthe error bars inlude the full expeted statistial utuations from the bakground. Espeially in the aseof the dM1600 senario, the remaining signal is rather small, but still has a signi�ane of more than 5�.The mass di�erene is reonstruted as:dM1600 : �M ree��1 �e�01 = 1630� 270MeV (�M truee��1 �e�01 = 1600MeV) ; (20)dM770 : �M ree��1 �e�01 = 810� 40MeV (�M truee��1 �e�01 = 770MeV) : (21)These values agree with the input mass di�erenes within the unertainty.17



Measurement of the polarised hargino ross setionsThe ahievable preision on the polarised ross setions is estimated based on the event ounts in the �nalrow of Table 5, i.e. after requiring Emiss > 350GeV, aording toÆ�� = 1q� � � � � � R Ldt : (22)Table 6 displays the orresponding eÆienies (�) and purities (�) as well as the resulting preision on theross setions assuming an integrated luminosity of 500 fb�1 for eah polarisation on�guration. Sine theeÆienies in this ase refer to the total number of produed hargino events regardless of their deay hannel,we display for information the branhing ratios of the deay modes to whih the seletions are tailored, aswell as the assumed prodution ross setions.P (e+; e�) = (+30%;�80%) P (e+; e�) = (�30%;+80%)dM1600 dM770 dM1600 dM770R Ldt 500 fb�1 500 fb�1 500 fb�1 500 fb�1� 78:7 fb 77:0 fb 20:4 fb 19:9 fbBR of seleted mode(s) 30:5% 34:7% 30:5% 34:7%eÆieny � 9:9% 12:1% 9:5% 12:2%purity � 70:1% 85:3% 36:4% 56:1%Æ�=� 1:9% 1:6% 5:3% 3:8%Table 6: EÆieny, purity, and relative statistial preision on the visible ross setion for harginos. Theross setion values given here are higher than those displayed in Fig. 2 and 3 sine in the event generationstep no generator level ut on the energy of the ISR photon was applied, f. Se. 3.2.For the signal-enrihing hoie of P (e+; e�) = (+30%;�80%), the ross setion an be determined to1:9% (1:6%) in the dM1600 (dM770) senario. For P (e+; e�) = (�30%;+80%), the signal ross setionsare lower, while the dominating SM bakground proesses do not depend on the polarisation. Therefore theresolution worsens to 5:3% and 3:8% in the two senarios, respetively. These statistial unertainties referto the ross setion for the seleted semi-leptoni �nal state. The branhing ratio is determined ompletelyby the mass di�erene. Therefore the total prodution ross setion an be extrated, where the additionalunertainty on the branhing ratio from the limited knowledge of the mass di�erene needs to be inludedin addition. The orresponding numbers will be given in Setion 5.4.3 Neutralino seletionThe neutralino events are seleted by the deay to photon and the LSP. For the dM770 senario, this is thedominant deay by far, ouring in 74% of the events. In the dM1600 ase, hadroni deay modes dominate,but the branhing ratio for the very lean radiative deay is still sizable with 24%. Therefore, after theommon preseletion desribed in Setion 4.1, events with only photons in the �nal state are seleted byapplying a veto against reonstruted leptons and hadrons. All \soft" photons, i.e. all photons apart fromthe hard ISR photon andidate, are required to ful�ll j os �soft j < 0:85. If more than one \soft" photon isreonstruted in addition to the hard ISR photon, then the andidate with the highest transverse momentumis onsidered as the neutralino deay photon. In analogy to E�� in the hargino ase, the variable E�soft isde�ned as E�soft = (ps�E)Esoft + ~psoft � ~pps0 ; (23)and E�soft > 0:5 is required at the �nal seletion step. The resulting event ounts are summarized in Table 7.18



dM1600 dM770 Standard Modele�+1 e��1  e�01e�02 e�+1 e��1  e�01e�02 ee! 2; 4; 6f e ! 3; 5f  ! 2; 4fafter preseletion 19872 6365 21558 6872 5731 1:1837� 105 3:3051� 105Photon �nal state 53 1733 155 5224 399 1217 2254j os �soft j < 0:85 38 1467 120 4538 233 800 1145E�soft > 0:5 19 1395 22 4095 109 242 413Emiss > 350GeV 19 1395 22 4095 90 180 384Table 7: Number of events passing the �nal neutralino seletion, following the preseletion in Tab. 4, for anintegrated luminosity of 500 fb�1 and P (e+; e�) = (+30%;�80%).Neutralino mass reonstrutionAs in the hargino ase, the mass of the e�02 is reonstruted from ps0 determined using the ISR photon. Asopposed to the hargino ase, the masses of the two produed neutralinos are not equal, but their di�ereneis smaller than the resolution of the ps0 method. Therefore we use the approximation of two equal masspartiles being produed and alibrate the method in the end.
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Figure 9: Distribution of the redued enter-of-mass energy (ps0) of the system reoiling against the hardISR photon for all events passing the neutralino seletion for an integrated luminosity of 500 fb�1 withP (e+; e�) = (+30%;�80%). M�02 is determined from �tting the sum (red urve) of a straight line for thesignal and the bakground parametrisation (blue urve) to the distribution near the endpoint. Left: dM1600senario; Right: dM770 senario.Figure 9 shows the ps0 distribution obtained in both senarios. The signal is learly visible above thebakground, whih has only a negligible ontribution from hargino prodution. Like in the hargino ase,the SM bakground is �tted �rst with an exponential (blue line). In a seond step, a straight line is addedon top of the bakground to model the signal ontribution and �tted to the simulated data in the endpointregion (red line). Again the parameters of the SM bakground funtion are �xed to the values obtained fromthe SM only �t in the wider ps0 window. The neutralino mass is �tted to 168:2� 1:6GeV in the dM1600senario and to 166:3�0:8GeV in the dM770 ase. Both numbers agree with the input values within 1{1:5�.Again the orrelation between �tted mass and input mass is investigated, resulting in the alibrationurve displayed in Figure 10. Sine in both senarios the same deay modes are seleted, there is no reasonto assume a di�erent alibration behaviour in the other senario. Therefore the same alibration urve isused. Sine its slope is only about 0:5, the �nal statistial unertainty on the alibrated neutralino masses19
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Figure 10: Calibration of the ps0 method for the neutralino mass determination. Sine here the same deaymode is seleted for both senarios, the same alibration urve an be used.grows by a fator of 2. After applying the alibration, the �nal results are:dM1600 : Male�02 = 169:6� 3:3GeV (M truee�02 = 166:9GeV) ; (24)dM770 : Male�02 = 165:7� 1:6GeV (M truee�02 = 167:6GeV) : (25)Measurement of the polarised neutralino ross setionsThe ahievable preision on the polarised ross setions is estimated like in the hargino ase, based on theevent ounts given in Table 7. Table 8 displays the orresponding eÆienies and purities as well as theresulting preision on the ross setions assuming an integrated luminosity of 500 fb�1 for eah polarisationon�guration. Sine the eÆienies in this ase refer to the total number of produed neutralino eventsregardless of their deay hannel, the branhing ratios of the radiative deay are displayed in addition forinformation, as well as the assumed prodution ross setions.P (e+; e�) = (+30%;�80%) P (e+; e�) = (�30%;+80%)dM1600 dM770 dM1600 dM770R Ldt 500 fb�1 500 fb�1 500 fb�1 500 fb�1� 49:0 fb 48:4 fb 38:9 fb 38:4 fbBR of seleted mode 23:6% 74:0% 23:6% 74:0%eÆieny � 5:8% 17:1% 6:0% 17:2%purity � 67:4% 85:8% 62:3% 82:5%Æ�=� 3:2% 1:7% 3:7% 1:9%Table 8: EÆieny, purity, and relative statistial preision on the visible ross setion for assoiated neu-tralino prodution. The ross setion values given here are higher than those displayed in Fig. 2 and 3 sinein the event generation step no generator level ut on the energy of the ISR photon was applied, f. Se. 3.2.20



Observable dM1600 dM770Me��1 [GeV℄ 166:2� 2:0 167:3� 1:5Me�02 [GeV℄ 169:6� 3:3 165:7� 1:6Me��1 �Me�01 [GeV℄ 1:63� 0:27 0:81� 0:04Æ�=�(e�+1 e��1 )500(�0:3;0:8) 16% 4:3%Æ�=�(e�+1 e��1 )500(0:3;�0:8) 15% 2:6%Æ�=�(e�+1 e��1 )350(�0:3;0:8) 33% 20%Æ�=�(e�+1 e��1 )350(0:3;�0:8) 18% 9:0%Æ�=�(e�01e�02)500(�0:3;0:8) 4:0% 2:4%Æ�=�(e�01e�02)500(0:3;�0:8) 3:5% 2:3%Æ�=�(e�01e�02)350(�0:3;0:8) 20% 10%Æ�=�(e�01e�02)350(0:3;�0:8) 18% 9:4%Table 9: Observables used in the �t: masses with unertainties taken from Eqs. (17), (18), (20), (21),(24), (25); relative ross setions unertainties from Tabs. 8 and 6 inluding systemati unertainty due tobranhing ratios as disussed in text. The subsript on Æ�=� denotes the beam polarisation P (e+; e�) andthe supersript the enter-of-mass energy in GeV.For neutralino prodution, the total ross setion is muh less sensitive to beam polarisation than forhargino prodution, f. Figure 2. Therefore, the preision depends only marginally on the beam polarisation.Due to the di�erent branhing ratios for the radiative deay, the ross setions an be determined morepreisely, to about 1:7% in the dM770 senario, while the measurements are about a fator two less preisein the dM1600 ase.5 Parameter determinationIn the �nal step of the analysis, we estimate the auray to whih underlying MSSM parameters anbe determined. As disussed in Setion 2.2, there are four real parameters that de�ne the hargino andneutralino setor at tree-level: M1; M2; �; tan� : (26)They an be extrated using the measurements disussed in the previous setion: the masses of the lighthargino e��1 and the neutralino e�02, the mass di�ereneMe��1 �Me�01 , the hargino pair prodution ross setionand the e�01e�02 prodution ross setion. The respetive values and unertainties are summarised in Tab. 9.Sine we have not performed a detetor simulation for ps = 350 GeV, the unertainties in this ase areobtained by resaling the ps = 500 GeV result. The ratio of the ross setions is � 30 and we onservativelysale the errors by p30. One should note that at ps = 350 GeV the SM bakground ontributions areexpeted to be smaller, therefore the errors are likely to be lower than our urrent estimate.The ross setion errors obtained in Se. 4 did not take into aount the unertainty on the branhingratios. The branhing ratios only depend on the available phase spae for the deay of the virtual W bosonfor harginos, given by the hargino-LSP mass di�erene. With the previously obtained preision on themass di�erene, the unertainty on the BR of the seleted deay modes has to be taken into aount. In aseof the dM1600 senario, due to the signi�ant unertainty on the hargino-LSP mass di�erene, it amountsto 15% for the hargino ross setion measurement. For the dM770 senario it is 2%, omparable to theexperimental unertainty. These additional unertainties are inluded in Table 9.21



ps = 500 GeV ps = 350 & 500 GeVinput lower upper lower upper500=fb M1 [TeV℄ 1:7 � 0:8 no � 0:8 noM2 [TeV℄ 4:36 � 1:5 no � 1:5 no� [GeV℄ 165:66 165:2 172:5 165:4 170:22=ab M1 [TeV℄ 1:7 � 1 � 6 � 1 � 6M2 [TeV℄ 4:36 � 2:5 � 8:5 � 2:5 � 8:5� [TeV℄ 165:66 166:2 170:1 166:4 170:0Table 10: The 1-� allowed ranges for the parameter �t in senario dM1600. tan� is allowed to vary in therange [1; 60℄. Determination of the parameters for integrated luminosities of R L dt = 500 fb�1 and 2 ab�1per polarisation on�guration is shown. The high-luminosity �t also inludes the mass di�erene betweenneutralinos, Me�02 �Me�01 . For an exat shape of the allowed M1{M2 region, see Fig. 11. The input values,see Eq. (12), are also shown.Using Minuit [50℄ we minimize a �2 funtion de�ned as�2 =Xi ����Oi � �OiÆOi ����2 ; (27)where the sum runs over the input observables Oi, with their orresponding experimental unertainties ÆOi.The theoretial values alulated using the �tted MSSM parameters, Eq. (26), are denoted by �Oi. Notethat throughout the simulation the one-loop orreted masses, given by Eqs. (12) and (13), were used.The di�erene between the tree-level values and the ones obtained from SOFTSUSY is aordingly taken intoaount in the �t in order to ensure onsisteny. The variation of the observables, with respet to the entralvalues, on the SUSY parameters, Eq. (26), is in the following alulated at the tree-level. Therefore, theresults of the �t are to be understood as the tree-level �t.It turns out that using the experimental information one annot onstrain tan�. This is not verysurprising, as with the values of parameters used here, there is very little mixing between higgsinos andgauginos whih ould have provided some sensitivity to tan�. As an be seen from Eq. (7), the harginoand neutralino masses depend only on sin 2� and the sensitivity is rather weak, espeially in the large tan�limit. In order to have a onverging �t we therefore �x tan� to values in the range tan� 2 [1; 60℄ and �tthe remaining three parameters of Eq. (26). In priniple, the ross setions depend also on the sneutrinoand seletron masses but sine the ouplings to higgsinos are negligible, no dependene on these parametersenters our observables.The results of the �t are shown in Tables 10 and 11. The ruial observable for the determination of M1and M2 is the mass di�erene between the LSP and the light hargino. On the other hand, the ross setionmeasurements improve the determination of the � parameter. In general, only lower limits an be obtainedfor M1 and M2. However, it turns out that M1 and M2 are strongly orrelated and the allowed regions areonly narrow strips in the M1{M2 parameter spae, see Figs. 11 and 12. The � parameter an be determinedwith an auray � 2:5 GeV in dM770 senario and 6:8 GeV in dM1600 senario.The impat of inluding the ross setion measurement at ps = 350 GeV only e�ets the determination ofthe � parameter. The low ross setion results in a large error, larger by a fator of 5:5 than forps = 500 GeV.However, being lose to the prodution threshold and on the quikly-rising slope of the ross setion, seeFig. 2, helps to improve the determination of the � parameter in both senarios. Taking the ross setion ata higher enter of mass energy, e.g. ps = 370 GeV, does not yield a signi�ant improvement. The inreasedstatistis does not ompensate the advantage of being lose to the prodution threshold. The masses andmass di�erenes require larger statistis, and therefore, measurements at higher enter-of-mass energies (eg.at 500GeV) are indispensable. Finally, we note that the main driver for the rather high � error is the22



ps = 500 GeV ps = 350 & 500 GeVinput lower upper lower upper500=fb M1 [TeV℄ 5:3 � 2 no � 2 noM2 [TeV℄ 9:51 � 3 no � 3 no� [GeV℄ 167:22 164:8 167:8 165:2 167:72=ab M1 [TeV℄ 5:3 � 3 no � 3 noM2 [TeV℄ 9:51 � 7 � 15 � 7 � 15� [GeV℄ 167:22 165:2 167:4 165:3 167:4Table 11: The 1-� allowed ranges for the parameter �t in senario dM770. tan� is allowed to vary in therange [1; 60℄. Determination of the parameters for integrated luminosities of R L dt = 500 fb�1 and 2 ab�1per polarisation on�guration is shown. The high-luminosity �t also inludes the mass di�erene betweenneutralinos, Me�02 �Me�01 . For an exat shape of the allowed M1{M2 region, see Fig. 12. The input values,see Eq. (13), are also shown.variation of tan�, whih shifts the entral values of the � parameter by approximately � 1 GeV. Thisadditional dependene will remain regardless of additional measurements and/ or inreased auray.In order to better understand the interdependene of the M1 and M2 determination, in the left panelsof Figs. 11 and 12 we show the ��2 = 1 ontours in the M1{M2 plane. Di�erent ontours orrespond todi�erent values of tan�. For low values of either M1 or M2 the allowed region for the other parameterextends to arbitrary high values and annot be reliably onstrained. Signi�ant variation with tan� is alsovisible, espeially in ase of senario dM770.Finally, we assess how muh of an improvement an be expeted after a high-luminosity run with a totalof R Ldt = 2 ab�1 integrated luminosity at ps = 500 GeV. We assume that with the inreased luminositythe experimental errors would be redued by a fator of 2. We furthermore inlude the measurement ofthe mass di�erene Me�02 �Me�01 , whih was not studied here. For the � parameter the inreased luminositynarrows the allowed region by 2{3.5 GeV, as an be seen in the last rows of Tabs. 10 and 11. In ase of theM1 andM2 parameters the results are shown in the right panels of Figs. 11 and 12 for senarios dM1600 anddM770, respetively. The neutralino mass di�erene,Me�02 �Me�01 , helps to break the orrelation betweenM1and M2 from the hargino-LSP mass di�erene, sine it exhibits a di�erent dependene on the fundamentalparameters, in partiular by introduing tan�, see Eqs. (9) and (11). Hene, the inlusion of the neutralinomass di�erene helps to onstrain the parameters in the low tan� regime, where the tan� dependene isnumerially most signi�ant. This e�et would not be ahieved by solely inreasing the luminosity. Theabsolute mass measurements, whih are obviously improved with higher statistis, have only a very limitedimpat on determination of the multi-TeV parameters, M1 and M2. The neutralino mass di�erene, due toits di�erent dependene on the fundamental parameters, provides important additional information to the�t. This underlines the importane of inluding this measurements in future analyses.For the senario dM1600, M2 is now onstrained in the 2:5{8:5 TeV range, while M1 in the 1{6 TeVrange. Also for dM770 one obtains a visible improvement, but still with rather broad ranges of allowedvalues for M1 and M2. In both ases, the ontours for other values of tan� are mostly overed by the hightan� ontour and are therefore not shown separately. This result is due to the weak dependene on tan�of the omplete neutralino/hargino setor, f. Setion 2.2. Additional measurements, involving e.g. thirdgeneration sfermions, would be needed to obtain meaningful onstraints on tan�.6 ConlusionsThe urrent LHC results provide strong bounds on onstrained supersymmetri models. In partiular, themeasured Higgs mass of mh � 126 GeV results in a tension with the naturalness argument. However, in a23
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spei� lass of senarios, a rather light �-parameter in onjuntion with a heavy oloured SUSY and gauginospetrum an be well-motivated from a model-building perspetive. Suh senarios result in a strong massdegeneray between the higgsino-like light neutralinos and hargino, e�01;2 and e��1 . Due to the lose massdegeneraies, three-body deays as well as radiative deays are dominant leading to extremely hallengingexperimental signatures.We therefore performed a simulation for the ILD detetor in two di�erent benhmark senarios at aenter-of-mass energy of 500GeV, assuming an integrated luminosity of 500 fb�1 eah for the two relevantpolarisation on�gurations, whih orresponds to about 4 years of ILC operation with design aeleratorparameters. In both senarios, the �-parameter is around 160GeV, but the SUSY gaugino parameters M1and M2 are in the multi-TeV region. This leads to mass di�erenes between the light hargino and lightestneutralino of about 1:6GeV and 770MeV in the two benhmarks, respetively. These small mass di�ereneslead to a very soft transverse momentum spetrum of the visible deay produts, whih ends at 5 and 2GeVfor the two di�erent senarios. In this kinemati regime, bakground proesses from ollisions involving thephoton-omponent of the eletron and positron beams are about 5 orders of magnitude larger than the signal.However, they an be heavily redued by requiring the signal to be aompanied by a hard ISR photon.In onjuntion with the known beam energy, the e��1 and e�02 masses an be determined with a preisionbetween 1{2% from the redued enter-of-mass energy of the system reoiling against the photon. The massdi�erene with the LSP an be reonstruted by boosting the visible deay produts into the rest frame ofthe produed gaugino pair. This allows one to learly resolve the lightest and next-to-lightest SUSY partilesand to determine the orresponding mass di�erene in the two benhmarks with a relative auray of 17%and 5%, respetively. Finally, the polarised ross setions an be measured with an auray of a few perent.The polarisation dependeny gives a lear indiation of the higgsino nature.In the last step of this analysis, we investigated whether the relevant SUSY parameters, namely thegaugino mass parameters M1 and M2, the �-parameter and tan� an be extrated from the experimentalobservables. We �nd that the �-parameter an be determined to �4%. In ase of M1 and M2, lower boundsin the multi-TeV range an be set, whih depend slightly on the value of tan�, whih annot be �xed fromthese measurements alone. If the measurement unertainties ould be redued by a fator of 2, e.g. byinreasing the luminosity, or by improving the analysis, and if a measurement of the mass di�erene betweene�02 and e�01 ould be performed with the same preision as for the hargino mass di�erene, the onstraintson M1 and M2 would be signi�antly more restritive and beome less dependent on tan�.Our results demonstrate the strong physis potential of the ILC. High preision is mandatory in orderto resolve even suh hallenging senarios that ould be easily missed at the LHC. The high experimentalpreision of an ILC of ourse has to be balaned by suitable higher order preditions implemented in aMonte Carlo generator on a fully di�erential level. First steps in this diretion have already been presentedin [35, 36℄, but a full study inluding deays would be needed and is in the line of future work.AknowledgmentsWe thank Frank G�ade for providing the traking eÆieny histograms in presene of pair bakground. Wethank the ILC Generator Group for providing the SM Whizard samples. We thank Aoife Bharuha fordisussions on loop orretions. We thankfully aknowledge the support by the DFG through the SFB 676\Partiles, Strings and the Early Universe". This work has been partially supported by the MICINN, Spain,under ontrat FPA2010-17747; Consolider-IngenioCPAN CSD2007-00042. We thank as well the Comunidadde Madrid through Proyeto HEPHACOS S2009/ESP-1473 and the European Commission under ontratPITN-GA-2009-237920.Referenes[1℄ G. Aad et al. [ATLAS Collaboration℄, Phys. Lett. B 716 (2012) 1 [arXiv:1207.7214 [hep-ex℄℄.[2℄ S. Chatrhyan et al. [CMS Collaboration℄, Phys. Lett. B 716 (2012) 30 [arXiv:1207.7235 [hep-ex℄℄.[3℄ G. Aad et al. [ATLAS Collaboration℄, Eur. Phys. J. C 73 (2013) 2362 [arXiv:1212.6149 [hep-ex℄℄; ATLAS-CONF-2013-054;ATLAS-CONF-2013-047; ATLAS-CONF-2013-037; ATLAS-CONF-2013-026; ATLAS-CONF-2013-024; ATLAS-CONF-2013-007; ATLAS-CONF-2012-144; ATLAS-CONF-2012-140.25
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