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Detecting metastable staus and gravitinos at the ILC

H.–U. Martyn
I. Physikalisches Institut, RWTH Aachen, Aachen, Germany and
Deutsches Elektronen-Synchrotron DESY, Hamburg, GermanyA study of various Susy senarios is presented in whih the lightest supersymmetri partile is the gravitino ~Gand the next-to-lightest supersymmetri partile is a salar tau ~� with lifetimes ranging from seonds to years.Gravitinos are interesting dark matter andidates whih an be produed in deays of heavier spartiles at theInternational Linear Collider (ILC), but remain undeteted in diret searhes of astrophysial experiments. Weinvestigate the detetion and measurement of metastable staus, whih may be opiously produed at the ILCeither diretly or via asade deays. A proper hoie of the experimental onditions will allow one to stop largesamples of ~� 0s in the alorimeters of the ILC detetor and to study the subsequent deays ~� ! � ~G. Detailedsimulations show that the properties of the stau and the gravitino, suh as ~� mass and lifetime and ~G mass,an be aurately determined at a future ILC and may provide diret aess to the gravitational oupling,respetively Plank sale.

1. IntroductionSupersymmetry (Susy) provides a very attrative senario to aount for the amount of dark matter in theuniverse. If R-parity is onserved, the lightest supersymmetri partile (LSP) is stable and thus an ideal darkmatter andidate. Most frequently disussed is a neutralino LSP. Another interesting andidate is the spin 3=2gravitino ~G, f. ref. [1℄, whih is part of the supersymmetri partile spetrum in extensions to supergravity, orloal Susy. The mass of the gravitino is set by the Susy breaking sale Fm3=2 = m ~G = Fp3MP ; (1)where MP = (8�GN )�1=2 ' 2:4 � 1018 GeV is the redued Plank sale and GN is Newton's onstant. Themasses of the other superpartiles depend on the supersymmetry breaking mehanism and on the parametersof a spei� model. In general m3=2 is a free parameter in the theory and may extend over a wide range ofO(eV �TeV).If the gravitino is indeed the LSP, it may be produed in asade deays of heavy Susy partiles. To bespei�, the next-to-lightest supersymmetri partile (NLSP) is assumed to be a harged slepton, the salar tau~� . The dominant deay will then be ~� ! � ~G and sine the oupling is gravitational, the lifetime may be verylong, ranging from seonds to years. The deay-width �~� of the metastable ~� NLSP is given by�~�!� ~G = 148�M2P m5~�m2~G "1� m2~Gm2~� #4 : (2)This formula will be the basis of the present study. The ~� deay rate, respetively lifetime t~� = ��1~� , dependsonly on the masses m~� and m ~G as well as on the Plank sale MP { no further supersymmetry parameters arerequired. Conversely, the `supergravity Plank sale' an be expressed in terms of observable quantitiesMP = r t~� m~�48� m2~�m ~G "1� m2~Gm2~� #2 : (3)A omparison of suh a measurement at a partile ollider experiment with the value determined in marosopigravitational experiments, MP = 2:436(2) � 1018GeV [2℄, would be a unique test of supergravity [3℄. If the



2gravitational oupling of the ~� deay is assumed, the diret measurement of the gravitino mass may be replaedby a more aurate determination from the deay-width. Rewriting eq. (2), the ~� lifetime as a funtion of thestau and gravitino masses an be expressed to a good approximation ast~� ' 3:6 � 107 s � 100GeVm~� �m ~G �4 h m ~G100GeVi : (4)The osmologial prodution of gravitino dark matter proeeds essentially via two mehanisms: thermalprodution in 2-body QCD interations, e.g. gg ! ~g ~G or q~g ! q ~G, in the reheating phase following ination [4℄;and/or late deays of the next-to-lightest spartile, usually a slepton or neutralino, whih freezes out as usualand deays only after the big bang nuleosynthesis phase, the predition of whih should not be destroyed bythe hadroni deays [5℄. Comparing the alulated gravitino reli density with the observed dark matter densityputs onstraints on the NLSP and gravitino masses and on the parameters for supersymmetri models. Colliderexperiments o�er a unique possibility to detet metastable staus and to study the properties of gravitinos, whihotherwise annot be observed diretly in astrophysial experiments. Some phenomenologial investigations todetet long-lived staus and to measure their lifetime at the LHC and ILC are disussed in [6{8℄.In the present study the exellent potential of future ILC experiments and detetors will be explored to observeand detet metastable ~� 0s, measure preisely their mass and lifetime, and to determine in an independent waythe gravitino mass. In setion 2 the investigated physis senarios will be presented. Details on experimentalaspets, detetor requirements and event simulation will be given in setions 3 and 4. The experimental analysesand ase studies are desribed in setion 5. The results are disussed in setion 6, followed by onlusions.
2. Physics scenariosSeveral Susy benhmark models whih have been reently disussed in the literature are hosen for the asestudies. They represent di�erent supersymmetry breaking mehanisms and a variety of stau and gravitinomasses leading to di�erent experimental onditions. In general, the models are onsistent with osmologialonstraints, as laimed by the authors. Here they should just serve as valid examples of `typial' spetra. Thegravitino masses are somewhat arbitrary. However, most important, the results an be easily transformed toother senarios with di�erent stau and gravitino masses. The masses of the sleptons, light neutralinos andharginos, relevant for the benhmark models under study, are ompiled in table I.Gauge mediated symmetry breaking (GMSB) usually ours at rather low sales and a light gravitino isnaturally the LSP [9℄. Typial masses are of order eV to keV whih may, however, be extended in the GeVrange [10℄. The GMSB senario SPS 7 from the Snowmass points [11℄ is hosen as referene model. It isdesribed by the onventional parameters � = 40TeV, Mm = 80TeV, Nm = 3, tan � = 15 and sign� = +,where � is the universal soft Susy breaking sale, Mm and Nm are the messenger sale and index, tan � isthe ratio of the vauum expetation values of the two Higgs �elds, and sign� is the sign of the higgsino massparameter �. The gravitino mass is set arbitrarily to m ~G = 0:1GeV.In supergravity mediated symmetry breaking (SUGRA) the gravitino mass m3=2 is a free parameter and of thesame order as the other spartile masses [12℄. If the NLSP is required to be the harged ~� , then the ommonsalar massm0 in minimal versions has to be small and muh lower than the ommon gaugino massM1=2. In thesenario FS 600 of ref. [7℄ the mSUGRA parameters are m0 = 0GeV, M1=2 = 600GeV, A0 = 0GeV, tan � = 10and sign� = +, where A0 is the ommon trilinear oupling. The gravitino mass is hosen to be m ~G = 50GeV.The authors of the GDM series [8℄ require a tighter mSUGRA de�nition with uni�ed salar and gravitino massesm3=2 = m0. The parameters of GDM � are m0 = m3=2 = 20GeV, M1=2 = 440GeV, A0 = 25GeV, tan� = 15and sign� = +. The model GDM � is given by m0 = m3=2 = 100GeV, M1=2 = 1000GeV, A0 = 127GeV,tan � = 21:5 and sign� = +. The spetrum of GDM � di�ers from the previous one essentially only by a lightergravitino, thus m0 = m3=2 = 20GeV, M1=2 = 1000GeV, A0 = 25GeV, tan � = 23:7 and sign� = +.



3Table I: Spetra of sleptons, light neutralinos and harginos [masses in GeV℄ in Susy senarios with a gravitino LSP,masses of the �rst and seond generation are idential; the gravitino masses [GeV℄ used in the ase studies are given inthe last line 1 2 3 4 5 6 7~̀, ~�, ~G SPS 7 FS 600 GDM � GDM � GDM � ~�MSB P1 ~�MSB P3~�1 123.4 219.3 157.6 340.2 322.1 185.2 102.5~�2 264.9 406.5 307.2 659.2 652.2 341.5 356.9~�� 249.6 396.4 290.9 649.5 641.5 327.7 346.9~eR 130.9 227.2 175.1 381.4 368.5 192.9 109.5~eL 262.8 405.6 303.0 662.7 655.3 340.1 357.4~�e 250.1 397.6 292.8 658.1 650.7 328.0 247.4~�01 163.7 243.0 179.4 426.5 426.5 203.6 189.2~�02 277.9 469.6 338.2 801.9 801.5 385.5 263.8~��1 275.5 469.9 338.0 801.9 801.4 388.2 251.5~G 0.1 50 20 100 20 50 25In gaugino mediated symmetry breaking (~�MSB) the gravitino may be the LSP with a mass omparable to theother spartiles [13℄. In the senarios proposed by [14℄ a gravitino LSP an be aompanied by a stau, sneutrinoor neutralino NLSP, where the latter options are essentially unobservable. The spetra of the ~� NLSP modelsare determined by the parameters M1=2 = 500GeV, tan � = 10, sign� = + and the soft Higgs masses, hosenas m2~h1 = m2~h2 = 0TeV2 for point ~�MSB P1, and m2~h1 = 0TeV2, m2~h2 = 0:5TeV2 for point ~�MSB P3. Aninteresting feature of this partiular gaugino mediation senario is that a naive dimensional analysis provides alower bound on the gravitino mass of m3=2 >� 10GeV [15℄. In the present ase studies values of m ~G = 50GeVand m ~G = 25GeV are hosen for P1 and P3, respetively.The spartile spetra of table I are alulated from the original set of parameters using the programsSPheno [16℄ for models 1, 2 and SuSpet [17℄ for models 3 { 7.
3. Stau detection & measurement principlesThe programme to determine the properties of the metastable stau and to measure, independently, the massof the gravitino onsists of several parts:{ identify ~� by the harateristi heavy ionisation �dE=dx / 1=�2 in the TPC;{ determine ~� mass from two-body kinematis of e+e� ! ~�1~�1 prodution;{ follow low momentum ~� andidate until it stops inside detetor, reord ~� loation and time stamp t0;{ trigger deay ~� ! � ~G at ttrig unorrelated to beam ollision;{ assoiate vertex to previously reorded stopping point, get ~� lifetime t~� = ttrig � t0;{ measure � reoil spetra in alorimeter, get gravitino mass m ~G.The requirements on the detetor performane and operation will be disussed in the following.The detetor is taken from the Tesla tdr [18℄; a ross setion through one quadrant is displayed in �gure 1.This onept serves as a baseline for a future LDC detetor [19℄. In partiular the alorimeter layout anddepth may be taken as representative for various detetor designs disussed in the ILC ommunity. The mainharateristis of the detetor, relevant to the present study, are:{ A TPC with exellent traking performane, i.e. momentum resolution Æ(1=pt) < 2 � 10�4GeV�1 anddE/dx resolution < 5%.
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910 1810 2750 3060 R[gm �2℄Figure 1: View of one quadrant of the Tesla detetor [18℄, length units in mm; the amount of material integratedperpendiular and along the beam diretion is indiated by slightly larger (red) symbols as R [g m�2℄{ A highly segmented hadroni alorimeter (HCAL), 40 samplingswith 3�3 m2 lateral readout ells, leadingto energy resolutions of ÆEhad = 0:5pE=GeV � 0:04E for hadrons and ÆEem = 0:2pE=GeV � 0:02Efor eletromagneti showers.{ An instrumented iron ux return yoke equipped with several layers for muon detetion as well as foralorimetri measurements of hadron showers.The amount of absorber material integrated along the radial and longitudinal diretions, R [g=m2℄, an beread o� the detetor �gure 1. The range of a heavy, non-strongly interating harged partile of mass m, isonveniently expressed by R=m [g m�2GeV�1℄ and an be parametrised as a funtion of the saled momentump=m = � log10(R=m) = 1 + 2 log10(p=m) ; (5)with 1 = 2:087 and 2 = 3:227 for steel [20℄. Values of � below whih a heavy ~� an be stopped in the hadronalorimeter or instrumented iron yoke depend on the loation and angle of inidene. Typial ranges are listedin table II.

4. Event generationEvents are generated with the program Pythia 6.3 [21℄ whih inludes initial and �nal state QED radiationas well as beamstrahlung [22℄. The detetor simulation is based on the detetor proposed in the Tesla tdr [18℄



5Table II: Aeptane ranges of maximal � at whih heavy ~� 0s an be absorbed in the HCAL or instrumented iron yokeof the ILC detetor m~� � (HCAL) � (Yoke)125 GeV 0:41� 0:46 0:52 � 0:59250 GeV 0:33� 0:37 0:42 � 0:48375 GeV 0:29� 0:33 0:37 � 0:41and implemented in the Monte Carlo program Simdet 4.02 [23℄.The analysis of Susy senarios with a gravitino LSP is quite di�erent from onventional supersymmetrimodels. The metastable ~� NLSP will be deteted before it leaves or will be absorbed in the detetor. Thus,there is a very lean signature without missing partiles (exept neutrinos from deays): the observed partilemomenta are balaned but their moduli don't sum up to the ms energy�����Xi ~pi ����� ' 0 and Xi pi < ps :These features are very distint from Standard Model bakground whih an be eÆiently rejeted. They alsoallow the spartile prodution and deay hains to be reonstruted from the omplete event kinematis. EahSusy event ontains two ~� 0s whih an be readily identi�ed as highly ionising traks and their passage throughthe detetor an be aurately followed. The loation of stopping ~� 0s may be determined within a volume of afew m3.The deay ~� ! � ~G is triggered by an isolated, high energy hadroni or eletromagneti luster in the HCAL(threshold Eh;em > 10GeV), by a hadroni shower in the yoke (Eh > 10GeV) or by an energeti � originating inthe HCAL or yoke (E� > 10GeV), ourring at any time not orrelated to beam ollisions. The main bakgroundis expeted to ome from osmi rays and an be rejeted by exluding deay verties in the outermost detetorlayers or signals being initiated by muons from outside. Further exellent bakground disrimination is providedby requiring the deay vertex to oinide with a previously reorded ~� stopping point. The � deay modesontributing to the analysis are the leptoni 3-body deays � ! ����� (17.4%) and � ! e�e�� (17.8%), andthe hadroni deays � ! ��� (11.1%), � ! ��� ! ���0�� (25.4%) and � ! 3��� ! ���+���� + ���0�0��(19.4%).The � reoil energy gives aess to the gravitino massE� = m~�2  1� m2~Gm2~� ! for m2� � m2~� : (6)The sensitivity to low gravitino masses dereases rapidly, e.g. for m ~G = 0:1m~� and m~� preisely known theenergy E� , whih is also the maximum energy of the observable � deay produts, has to be measured with apreision well below one perent.
5. Experimental analyses – case studiesA big advantage of the ILC is that the entre of mass energy an be adjusted in order to ontrol the spartileprodution and the number of staus trapped in the detetor. A range-out in the alorimeter is preferred formeasuring the kinematis of ~� deays and thus the gravitino mass, while all staus stopped somewhere in thedetetor an be used for determining the lifetime. Low momentum ~� 0s with a suitable � fator an be produedeither diretly or via asade deays from light sleptons, e.g. ~eR ! e� ~�1, or neutralinos, ~�01 ! � ~�1. However,all these proesses | ~�1~�1, ~eR~eR, ~�R~�R and ~�01~�01 | rise only slowly above kinemati threshold with rosssetions � / �3, thus providing relatively low rates. Obviously, hoosing ~�1~�1 pair prodution as the only soure



6is not optimal. A more eÆient reation, if kinematially aessible, is the assoiated seletron produtione+e� ! ~eR~eL ! e� ~�1 e~�01, whih inreases muh faster as � / � near threshold [24℄. Note, suh a thresholdbehaviour also applies to e�e� ! ~eR~eR prodution [25℄.For the present studies the ollider energies are not always optimised. Instead, the often proposed `standard'energies of 500GeV (models 2, 3, 7) and 800GeV (models 4, 5) are assumed, as well as some speial settingsaround 420GeV (models 1, 6). The integrated luminosities are moderate and hosen suh as to enable areasonable measurement of the ~� deay spetra. The results obtained may be easily saled to apply to di�erentrunning onditions, event statistis and detetor eÆienies.The experimental analysis and tehniques will be disussed representatively in some detail for the GDM �senario. For the other benhmark models the main features and results will be presented in a more ompatform. All results are summarised in table III.
5.1. mSUGRA scenario GDM �The assumptions for the ase study of the GDM � senario onsist of the observables m~� = 157:6GeV,t~� = 2:6 � 106 s, m ~G = 20GeV and the experimental onditions of ps = 500GeV entre of mass energy,L = 100 fb�1 integrated luminosity, and �SUSY = 300 fb as inlusive ~� prodution ross setion.The saled momentum distribution � of ~� 0s produed in various reations is shown in �gure 2 a. Themajority of partiles, oming from diagonal slepton and neutralino pairs and peaking around � ' 1, will leavethe detetor. One observes, however, a seond peak at low � <� 0:5 whih stem from asade deays of ~eR~eLprodution and whih may be stopped inside the detetor, see � ranges in table II. One expets Nhal~� = 4100and Nyoke~� = 1850 ~� 0s trapped in the alorimeter and yoke, respetively.The stau mass measurement is based on the kinematis of proli� pair prodution e+e� ! ~�1~�1, see magentaurve in �gure 2 a, to be identi�ed as a pair of ollinear, non-interating partiles with momenta p~� < ps=2 = E~� ,i.e. well below the beam energy. Determining the mean value of the ~� momentum with an auray ofhp~� i = 192:4� 0:2 GeV leads to a preise ~� mass ofm~� = 157:6� 0:2 GeV :The stau lifetimemeasurement is based on the deays of ~� 0s whih have been stopped in the detetor. Requir-ing an isolated energeti luster above a threshold of 10GeV or a muon above 10GeV originating somewhereinside the sensitive �duial volume of the alorimeter or yoke, results in the deay time distribution shown in�gure 2 . A �t to the spetrum gives a ~� lifetime oft~� = (2:6� 0:05) � 106 s ;orresponding to roughly one month. The relation between stau lifetime and gravitino mass as a funtion ofstau mass is graphially presented in �gure 2 d. For the present ondition the lifetime inreases as t~� � m2~Gand rises signi�antly faster for m ~G >� 0:25m~� , reahing 108 s for a 75GeV gravitino. Comparing with otherphysis senarios one also observes that the lifetime an get very long for light ~� 0s and small mass di�erenesand, for a �xed gravitino mass, beomes shorter the heavier the stau.A diret gravitino mass measurement an be performed by exploiting the � reoil of the deay ~� ! � ~G, seeeq. (6) and disussion in set. 4. The upper endpoints of the energy spetra whih oinide with the primary �energy E� = 77:5GeV, are diretly related to the masses involved. The leptoni 3-body deay � ! e�� is notvery useful due to the soft spetrum peaking at low values. The hadroni 2-body deay � ! �� produes a atspetrum, where the upper edge is, however, strongly diluted due to resolution e�ets and limited statistis.Well de�ned upper edges are provided by the hadroni deays to heavier �nal states � ! �� and � ! ����.The energy distribution of both deay modes, de�ned as `� jets', is shown in �gure 2 b. In order to illustrate thesensitivity to the gravitino mass simulations assuming the nominal value of m ~G = 20GeV and values shifted



7b)m~� = 158GeVm ~G = 20GeV
� jet Ejet [GeV℄

a)GDM �~�1~�1~eR~eR;L~�R~�R~�01~�01 p~�=m~� = �
ps = 500GeV

d))
Figure 2: a) Saled momentum spetrum p=m = � of ~� prodution with ontributions from ~�1~�1 (magenta), ~eR~eR;L(yan), ~�R~�R (yellow) and ~�01 ~�01 (green); b) � reoil spetrum of the deay ~�1 ! � ~G with Ejet of � ! ��� + 3���ompared with simulations assuming m ~G = 20GeV (red histogram), 10GeV (blue) and 30GeV (magenta); ) ~� lifetimedistribution; d) ~� lifetime versus ~G mass for various Susy senarios representing di�erent ~� masses. Statistis orrespondto GDM � senario, L = 100 fb�1 at ps = 500GeVby �10GeV are shown as well. A �t to the 'jet' energy spetrum, using either an analytial formula for theendpoint or a omplete simulation, yields a gravitino massm ~G = 20� 4GeV : (7)Taking all results together one an test the gravitational oupling of the stau to the gravitino and aess thePlank sale, respetively Newton's onstant. Inserting the expeted values and auraies on m~� , t~� and m ~Gin eq. (3) one �nds for the supergravity Plank saleMP = (2:4� 0:5) � 1018 GeV ;where the error is dominated by the preision on the gravitino mass measurement.The gravitino mass an be dedued more preisely from the ~� mass and lifetime, if the gravitational ouplingis assumed and the marosopi value of MP is used in the deay-width of eq. (2). The resulting gravitino massis m ~G = 20� 0:2GeV, where the error is dominated by the lifetime measurement.



8It is a unique feature of gravitino LSP senarios that the Plank sale an be diretly measured in mirosopipartile experiments by studying the properties of the NLSP and its deay. A further interesting test to revealthe nature of the gravitino as the supersymmetri partner of the graviton would be to determine the spin.This is in priniple possible by studying orrelations in the radiative deay ~� ! � ~G [3℄, see also set. 6.Experimentally this is quite hallenging, beause it requires to distinguish single photons from �0 deays, andin addition the expeted rates are lower by two orders of magnitude.
5.2. mSUGRA scenario GDM �Due to the heavy sleptons in model GDM � a higher entre of mass energy of ps = 800GeV and anintegrated luminosity of L = 1ab�1 is hosen. The � distribution of the produed ~� 0s (inlusive ross setion�SUSY = 5 fb) is shown in �gure 3 a. It exhibits the typial behaviour of slepton prodution lose to threshold:a pronouned peak at � ' 0:6 from ~�1~�1 pairs and another enhanement around 0.3 from ~eR and ~�R asadedeays, resulting in 1350 (850) trapped ~� 0s in the hadron alorimeter (yoke). The analyses of the momentumspetrum yields a ~� mass of m~�1 = 340:2 � 0:2GeV. From the deay time distribution one gets the lifetimet~� = (1:8 � 0:06) � 106 s. The � jet energy spetrum of the ~� deay, shown in �gure 3 b, extends over a widerange. The edge of the endpoint energy, being less pronouned than in the previous example, an be used to geta diret gravitino mass measurement of m ~G = 100� 10GeV. This value may be ompared with the gravitinomass m ~G = 100� 2GeV alulated from the stau mass and lifetime.Note: If higher energies were aessible at the ILC, then data taking at ps = 900GeV, i.e. just above ~�01~�01threshold, inreases the number of trapped ~� 0s by a fator of 1.5 in the GDM � senario. b)m~� = 340GeVm ~G = 100GeV

� jet Ejet [GeV℄
a)GDM �~�1~�1~eR~eR~�R~�R p~�=m~� = �

ps = 800GeV
Figure 3: a) Saled momentum spetrum p=m = � of ~� prodution with ontributions from ~�1~�1 (magenta), ~eR~eR (yan)and ~�R ~�R (yellow); b) � reoil spetrum of the deay ~�1 ! � ~G with Ejet of � ! ��� + 3��� ompared with simulationsusing m ~G = 100GeV (red histogram), 80GeV (blue) and 120GeV (magenta). GDM � senario, L = 1000 fb�1 atps = 800GeVThe GDM � senario has an almost idential spartile spetrum and di�ers essentially only by the lowergravitino mass of m ~G = 20GeV. This auses a muh shorter lifetime, but, more importantly, the � reoil energyspetrum is not really sensitive to the gravitino mass (m ~G=m~� = 0:06) and an only be used to set an upperlimit.



9
5.3. mSUGRA scenario FS 600The model FS 600 is investigated at a ms energy ps = 500GeV, lose to threshold pair prodution of themoderately heavy sleptons and neutralinos. A larger integrated luminosity is needed in order to ahieve similarauraies as for the other mSUGRA benhmarks. The results of the analysis are given in table III. It isworth noting that operating the ILC at a slightly higher energy of 520 GeV leads to higher ross setions anda signi�ant inrease by a fator of 1.5 for the rate of trapped ~� 0s.
5.4. Gauge mediated symmetry breaking scenario SPS 7The SPS 7 senario has a relatively light spartile spetrum and is investigated assuming ps = 410GeV andL = 100 fb�1, with a large ross setion of �SUSY = 420 fb for inlusive ~� prodution. As an be seen in the �distribution of �gure 4 a, most ~� 0s leave the detetor. There is, however, a large signal at � ' 0:4 from ~eR~eLprodution just above threshold, whih ontributes to the sample of 10000 (4900) trapped ~� 0s in the alorimeter(yoke). The analysis of the ~� momentum spetrum yields m~�1 = 124:3� 0:1GeV and from a �t to the deaytime distribution one obtains t~� = 209:3� 2:4 s. These values an be used to derive a very aurate gravitinomass of m ~G = 100 � 1MeV assuming a gravitational oupling, see �gure 2 d. The � reoil energy spetrum,shown in �gure 4 b, is not sensitive to suh low gravitino masses and an only serve to give an upper limit ona diret measurement of m ~G < 9GeV at 95% on�dene level. b)m~� = 124GeVm ~G = 0:1GeV

� jet Ejet [GeV℄
a)SPS 7~�1~�1~eR~eR;L~�R~�R~�01~�01 p~�=m~� = �

ps = 410GeV
Figure 4: a) Saled momentum spetrum p=m = � of ~� prodution with ontributions from ~�1~�1 (magenta), ~eR~eR;L(yan), ~�R~�R (yellow) and ~�01 ~�01 (green); b) � reoil spetrum of the deay ~�1 ! � ~G with Ejet of � ! ��� + 3���ompared with simulations using m ~G = 0GeV (red histogram) and 10GeV (blue). SPS 7 senario, L = 100 fb�1 atps = 410GeVIn the present ase one does not pro�t from the alorimetri information to asses the gravitino mass diretlyand relies entirely on the stau properties. One may a�ord to run at higher energy, thereby shifting the �spetrum of �gure 4 a to larger values. For example, running the ILC at the `anonial' energy ps = 500GeVredues the ~�1~�1 rate by 10% and the sample of trapped ~� 0s by a fator of two, degrading the preision on the~� lifetime to 2%.Note: The relative preision on the ~� lifetime measurement does not depend on the gravitino mass, shouldit be muh lighter as often assumed in gauge mediated supersymmetry models. Tehnially, there may be alimitation to measure very short lifetimes below a milliseond. In the present method the ~� deay is requiredto our unorrelated to any beam ollision, whih essentially means outside a time interval of �t = 1ms for



10a whole bunh train, repeating at a rate of 5Hz. As an illustration, in the SPS 7 senario a ~� lifetime of 5msorresponds to a gravitino mass of 0:5MeV.
5.5. Gaugino mediated symmetry breaking scenarios P3The model P3 is investigated at ps = 500GeV and assuming L = 100 fb�1. The inlusive ~� ross setion of�SUSY = 470 fb provides large rates, as an be seen in the � spetrum of �gure 5 a. The main ontributionsto the sample of stopped ~� 0s ome from ~�01 ~�01 and ~eR~eL prodution, one expets about 3900 and 3700 partilesin the alorimeter and yoke, respetively. From the kinematis of ~�1~�1 prodution one gets a ~� mass of m~�1 =102:5 � 0:2GeV. A �t to the ~� lifetime distribution yields t~� = (4:2 � 0:1) � 107 s. A diret measurement ofthe gravitino mass using the � reoil energy spetrum of ~� ! � ~G, as displayed in �gure 5 b, provides a valueof m ~G = 25� 1:5GeV. Alternatively, one derives a gravitino mass of m ~G = 25� 0:3GeV from the ~� lifetimemeasurement.Note: The number of trapped ~� 0s in the alorimeter an be inreased by a fator of 1.8 when running at aslightly lower ms energy ps = 480GeV. b)m~� = 103GeVm ~G = 25GeV

� jet Ejet [GeV℄
a)~�MSB P3~�1~�1~eR~eR;L~�R~�R~�01~�01 p~�=m~� = �Figure 5: a) Saled momentum spetrum p=m = � of ~� prodution with ontributions from ~�1~�1 (magenta), ~eR~eR;L(yan), ~�R~�R (yellow) and ~�01 ~�01 (green); b) � reoil spetra of the deay ~�1 ! � ~G with Ejet of � ! ��� +3��� omparedwith simulations assuming m ~G = 25GeV (red histogram), 20GeV (blue) and 30GeV (magenta). ~�MSB P3 senario,L = 100 fb�1 at ps = 500GeVThe senario P3 yields a lifetime of about 1.3 years. Taking instead a larger gravitino mass of m ~G = 50GeV,as proposed by the authors of [14℄, the lifetime inreases by almost an order of magnitude, and it may bediÆult to observe all aumulated ~� 0s during the operation of an experiment. Assuming a measurement periodof three years will provide a lifetime of t~� = (3:9� 0:7) � 108 s, orresponding to 12.4 years. The relative errorgrows faster than expeted from the redued statistis (fator 4 less deays) when observing only a fration ofthe lifetime. Of oarse, this has also onsequenes for the measurement of the deay spetra.The ~�MSB P1 senario is haraterised by somewhat heavier spartiles and is investigated at ps = 420GeV,just above threshold prodution of sleptons and the lightest neutralino. Again, the event statistis allow mea-surements to be performed at the per mill to per ent level, see table III.
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6. Discussion of resultsIf kinematially aessible, metastable staus are opiously produed at the ILC. They are easy to detetand their properties, like mass and lifetime, and the deays into gravitinos an be studied in great detail. Theresults of the various ase studies of the supersymmetry models and the assumed experimental onditions aresummarised in table III. The ommon features of all spetra onerning the ahievable auraies of the basimeasurements are: (i) the ~� mass an be measured at the per mill level by exploiting the 2-body kinematisof ~�1~�1 pair prodution in the traking detetor; (ii) the ~� lifetime an be determined within a few per entby observing the deays ~� ! � ~G triggered in the alorimeter and/or iron yoke; and (iii) the ~G mass an beaessed diretly with a preision of order 10% (degrading rapidly for m ~G=m~� <� 0:1) by measuring the � reoilspetra of the ~� deays in the alorimeter.Table III: Expeted auraies on the determination of ~� and ~G properties for various Susy senarios: stau mass m~� ,stau lifetime t~� , gravitino mass mE�~G from � reoil energy spetra and gravitino mass mt~�~G dedued from ~� lifetime.Experimental onditions in the last olumns: entre of mass energy ps, inlusive ~� prodution ross setion �~� ~�X ,integrated luminosity L, number of trapped ~� 0s in hadron alorimeter Nhal~� and instrumented yoke Nyoke~�m~� [GeV℄ t~� [s℄ mE�~G [GeV℄ mt~�~G [GeV℄ ps [GeV℄ �~� ~�X [fb℄ L [fb�1℄ Nhal~� Nyoke~�1 SPS 7 124:3� 0:1 209:3� 2:4 < 9 0:1� 0:001 410 420 100 10000 49002 FS 600 219:3� 0:2 (3:6� 0:1) 106 50 � 9 50 � 0:7 500 20 250 2100 42003 GDM � 157:6� 0:2 (2:6� 0:05) 106 20 � 4 20 � 0:2 500 300 100 4100 18504 GDM � 340:2� 0:2 (1:8� 0:06) 106 100� 10 100� 2 800 5 1000 1350 8005 GDM � 322:1� 0:2 (6:9� 0:3) 104 20 � 25 20 � 0:4 800 9 1000 1050 18506 ~�MSB P1 185:2� 0:1 (9:1� 0:2) 106 50 � 3 50 � 0:6 420 27 200 3700 41007 ~�MSB P3 102:5� 0:2 (4:2� 0:1) 107 25 � 1:5 25 � 0:3 500 470 100 3900 3700These expetations are based on moderate integrated luminosities, the event rates to be aumulated duringone to three years of data taking at the ILC under nominal onditions. Although the ~� deays are treated ina parametrised form the results should be reliable within a fator of two. A detailed detetor simulation maylead to a redution of the data samples due to aeptane uts, quality riteria and resolution e�ets. However,the losses may be ompensated and the event statistis an be onsiderably inreased by optimising the beamenergies (see set. 5) and making use of the beam polarisations. For instane, the prodution ross setions forlight sleptons, ~�1~�1, ~eR~eR and ~�R~�R, are enhaned by a fator (1+Pe�)(1�Pe+) ' 2:9 when using right-handedpolarised eletrons of degree Pe� = +0:8 and left-handed polarised positrons of Pe+ = �0:6.Conerning the expeted ILC detetor performane with respet to deteting metastable ~� 0s there is, however,a aveat. At present, it is envisaged to operate the LDC alorimeters in a pulsed mode [19℄. In order to opewith the heat prodution of the eletronis, it is foreseen that the ampli�ers and read out hannels of thedetetor parts will be swithed on and read out just during one bunh train for 2 ms, and then be swithed o�to wait for the next bunh train ourring 200 ms later; i.e. the detetor is inative for most of the time. Suhan operation is designed for usual, beam orrelated physis senarios, but learly has to be revised if one wantsto observe the deays of metastable partiles. For the iron yoke instrumentation it does not really seem to beneessary to apply a power pulsing. A quasi-ontinuous read-out of all hannels above a ertain threshold overthe so far 'idle' time gap of 198 ms appears possible, replaing the ~� deay trigger by software analysis [26℄.Thus a lifetime measurement will be feasible in any ase, may be at the expense of a lower event rate restritedto ~� 0s trapped in the yoke. The goal to also inrease the duty yle of the hadron alorimeter substantiallyhas to be pursued in future R&D detetor developments. Sine a diret measurement of the gravitino mass isextremely important, it will be assumed in the following disussion that the tehnial problems will be solvedand the alorimeter will be permanently sensitive with essentially no dead-time.



12An independent measurement of the gravitino mass is of prime importane. Applying eq. (3) one an deter-mine the supergravity Plank sale from the NLSP deay with an auray of order 10 �%. A value onsistentwith the marosopi sale of gravity, i.e. Newton's onstant GN = 6:7 � 10�39GeV�2, would be a deisivetest that the gravitino is indeed the superpartner of the graviton. At the same time the measurement of thegravitino mass an be used to yield the supersymmetry breaking sale F = p3MP m3=2, see eq. (1), whih isan important parameter to unravel the nature of the supersymmetry breaking mehanism.From the ~� mass and lifetime measurements one an ompute the gravitino mass assuming that the ~� deayours with gravitational oupling aording to eq. (2). The expeted auray is again of order per ent.This interpretation may be plausible, however, it an only be justi�ed, if there is additional information whihon�rms the gravitino LSP assignment.For too light gravitinos a diret mass measurement may not be possible, leaving the nature of the LSP open.An alternative option may be a spin 1=2 axino ~a as lightest supersymmetri partile [27℄. In suh a senario the~� lifetime is not related to the axino mass and, depending on the parameters, may vary between some 0.01 seand 10 hours, omparable to the expetations of gauge mediated and gravity mediated Susy breaking models.A method to di�erentiate between these two senarios is to study the radiative three-body deays ~� ! � ~Gand ~� ! �~a. The branhing ratios are suppressed by two orders of magnitude and expeted to be slightlylarger for the axino LSP, the exat values depend on the seleted phase spae to identify an isolated photon.More promising is to investigate  � � orrelations of the deay topology. In the ase of gravitino LSP thephotons are preferentially emitted ollinear with the � and have a soft, Bremsstrahlung like energy spetrum. Asimilar on�guration also ours for the axino LSP, however, there is in addition a substantial rate of energetiphotons, E ! m~�=2, emitted opposite, bak-to-bak to the � diretion. Suh a signature would learly allowto distinguish between the interpretations as axino LSP or as gravitino LSP. Experimentally the analysis ofradiative ~� deays is quite ambitious beause one has to disriminate a single photon against the photons from�0 deays as well as against the hadrons in hadroni � deays. The expeted low event rates will be furtherredued by eÆient seletion riteria. Hene, large statistis data samples are required, whih may be providedby the ILC.
7. ConclusionsIt has been shown in detailed analyses that future ILC experiments have a rih potential to study Susysenarios where the gravitino ~G is the lightest supersymmetri partile and a harged stau ~� is the long-lived,metastable next-to-lightest supersymmetri partile. Preise determinations of the ~� mass and lifetime andof the ~G mass appear feasible, provided the proposed detetors will operate at a reasonable duty yle. Aalorimetri measurement of the gravitino mass from the � reoil spetra of the deay ~� ! � ~G gives aess tothe gravitational oupling, i.e. to the Plank sale, in a mirosopi partile experiment and thus provides aunique test of supergravity. Furthermore these observations will put stringent onstraints on an interpretationof the gravitino as dark matter andidate, being undetetable in astrophysial searh experiments, and willallow its reli density to be to omputed reliably.Aknowledgements. I want to thank W. Buhm�uller and P. M. Zerwas for many valuable disussions andomments on the manusript.
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