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Post LHC8 SUSY benhmark points for ILC physisHoward Baer1, Jenny List21University of Oklahoma, Norman, OK 73019, USA2DESY, Notkestra�e 85, 22607 Hamburg, GermanyDESY 13-120July 3, 2013We re-evaluate prospets for supersymmetry at the proposed International Linear e+e� Collider (ILC)in light of the �rst two years of serious data taking at LHC: LHC7 with � 5 fb�1 of pp ollisions atps = 7TeV and LHC8 with � 20 fb�1 at ps = 8TeV. Strong new limits from LHC8 SUSY searhes,along with the disovery of a Higgs boson with mh ' 125GeV, suggest a paradigm shift from previouslypopular models to ones with new and ompelling signatures. After a review of the urrent status of su-persymmetry, we present a variety of new ILC benhmark models, inluding: natural SUSY, radiatively-driven natural SUSY (RNS), NUHM2 with low mA, a fous point ase from mSUGRA/CMSSM, non-universal gaugino mass (NUGM) model, ~� -oannihilation, Kallosh-Linde/spread SUSY model, mixedgauge-gravity mediation, normal salar mass hierarhy (NMH), and one example with the reently dis-overed Higgs boson being the heavy CP -even state H. While all these models at present elude the latestLHC8 limits, they do o�er intriguing ase study possibilities for ILC operating at ps ' 0:25 � 1TeV.The benhmark points also present a view of the widely diverse SUSY phenomena whih might still beexpeted in the post LHC8 era at both LHC and ILC.1 Introdution1.1 MotivationSupersymmetry (SUSY) is a quantum spaetime symmetry whih predits a orrespondene between bosoniand fermioni �elds [1, 2, 3, 4℄. Supersymmetry is partiularly appealing for theories of partile physis in thatit redues salar �eld quadrati divergenes to merely logarithmi. This fat allows for an elegant solutionto the notorious gauge hierarhy problem, rendering the weak sale stable against quantum orretionsand allowing for stable extrapolations of the Standard Model (SM) into the far ultraviolet (E � Mweak)regime [5, 6℄. Thus, SUSY provides an avenue for onneting the Standard Model to ideas of grand uni�ation(GUTs) and/or string theory, and provides a route to uni�ation with gravity via loal SUSY, or supergravitytheories [7, 8, 9℄.While models of weak sale supersymmetry are theoretially ompelling, we note here that a variety ofindiret evidene from experiment has emerged whih provides support for the idea of weak sale SUSY:� Gauge oupling uni�ation: The values of the three SM gauge ouplings, measured at energy saleQ ' MZ at the CERN LEP ollider, when extrapolated to high energy sales via renormalizationgroup (RG) running in the Minimal Supersymmetri Standard Model (MSSM) [10℄, very nearly meetat a point around Q ' 2� 1016GeV [11, 12, 13℄. Uni�ation of gauge ouplings is predited by GUTsand string theories. Gauge oupling uni�ation is violated by numerous standard deviations under SMRG running. 1
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� Preision eletroweak measurements: Fits of preision eletroweak observables (EWPO) to SUSY modelpreditions �nd aord provided there exists a rather heavy SUSY partile mass spetrum [14℄. Mean-while, models suh as minimal tehniolor are highly stressed if not ruled out by EWPO.� Top quark mass and eletroweak symmetry breaking: The eletroweak salar potential is highly on-strained in SUSY theories ompared to the SM, and it is not immediately lear if eletroweak symmetryan be properly broken, yielding the required vetor boson and fermion masses while leaving the pho-ton massless. In top-down theories, the soft breaking Higgs mass m2Hu is driven to negative valuesby the large top quark Yukawa oupling, triggering an appropriate breakdown of EW symmetry, pro-vided that the top quark mass mt ' 150 � 200GeV [15, 16, 17, 18℄. The latest measurements �ndmt = 173:2� 0:9GeV [19℄.� Higgs mass: Reent data from the CERN LHC [20, 21℄ and Fermilab Tevatron [22℄ are onsistentwith disovery of a Higgs boson with mh = (125:5 � 0:5) GeV (ombined results), while exluding aSM-like Higgs boson over a vast mass range around this value. In the SM, the Higgs mass is a freeparameter, onstrained only by unitarity bounds [23℄; in SUSY theories, quarti salar terms are relatedto gauge ouplings so that mh is onstrained (within the MSSM, and inluding radiative orretions)to be mh <� 135GeV [24℄. The disovery of a light Higgs salar with mass just below this bound lendsredene to the MSSM as a viable e�etive �eld theory at the weak sale.� Dark matter: While none of the SM partiles have the right properties to onstitute old dark matterin the universe, SUSY theories o�er several andidates [25℄. These inlude the neutralino (a WIMPandidate), the gravitino or a singlet sneutrino. In SUSY theories where the strong CP problem issolved via the Peei-Quinn mehanism, there is the added possibility of mixed 1. axion-neutralino [26,27, 28℄, 2. axion-axino [29, 30, 31℄ or 3. axion-gravitino old dark matter.� Baryogenesis: The measured baryon to photon ratio � ' 10�10 is not possible to explain in the SM. InSUSY theories, three prominent possibilities inlude 1. eletroweak baryogenesis (now nearly exludedby limits on m~t1 and mh [32℄), 2. thermal and non-thermal leptogenesis [33℄, and 3. A�ek-Dinebaryo- or leptogenesis [34, 35℄.1.2 Some problems for SUSY modelsWhile the above laundry list is ertainly ompelling for the existene of weak sale SUSY in nature, weare faed with the fat that at present there is no evidene for diret superpartile prodution at highenergy olliders, espeially at the CERN Large Hadron Collider (LHC). The ATLAS and CMS experimentshave aumulated � 5 fb�1 of integrated luminosity from pp ollisions at ps = 7TeV in 2011 (LHC7), and� 20 fb�1 at ps = 8TeV in 2012 (LHC8). Reent analyses by the CMS experiment [36℄ using 11:7 fb�1of data at 8 TeV have now exluded m~g <� 1500GeV in the mSUGRA (also known as CMSSM) model forthe ase of m~q ' m~g , while values of m~g <� 1000GeV are exluded in the ase where m~q � m~g . Indeed, asreently as 2010 [37, 38℄, �ts of the mSUGRA model to a variety of observables inluding EWPO, (g � 2)�,B-meson deay branhing frations and neutralino old dark matter density predited SUSY to lie exatlyin this exluded range. In addition, if the Higgs boson at � 125GeV turns out to be the light CP -evenSUSY Higgs, then the minimal versions of gauge-mediated and anomaly-mediated SUSY breaking modelswill likely be ruled out [39℄, sine it is diÆult to obtain suh large values of mh in these models unless thespartile mass spetra exist with a lightest MSSM partile of mass greater than about 5 TeV [40℄.While the above results may seem disonerting, at the same time they were not unantiipated by manytheorists. Whereas SUSY theories solve a host of problems as mentioned above, they also bring with themonsiderable phenomenologial baggage [41℄. Some of these SUSY problems inlude the following:� The SUSY avor problem [42℄: In SUSY models based on gravity-mediation, it is generally expetedthat large avor-violating terms will our in the Lagrangian [43℄, giving rise to large ontributions tothe kaon mass di�erene, and avor violating deays suh as b! s or �! e. Solutions to the SUSYavor problem inlude 1. degeneray of matter salar masses, in whih ase a SUSY GIM mehanism2



suppresses avor violation [44℄, 2. alignment of squark and quark mass matries [45℄, or 3. deouplingmainly of �rst/seond generation salars (m~q;~̀ >� 5 � 50TeV) [46, 47, 48℄.1 Indeed, the SUSY avorproblem provided strong impetus for the development of GMSB and AMSB models, where universalityof salars with the same quantum numbers is automatially expeted.� The SUSY CP problem: In this ase, it is expeted in gravity mediation that CP -violating phases inthe soft SUSY breaking terms and perhaps � parameter will give rise to large eletron and neutron(and other) eletri dipole moments (EDMs). Solutions inlude dialing the CP -violating phases tozero, or deoupling with �rst generation salars beyond the few TeV level. Models suh as GMSB andAMSB are again not expeted to have omplex, CP -violating soft terms.� Proton deay in SUSY GUT theories: In SUSY GUT theories, the proton is expeted to deay toK+�� via olored Higgsino ~h exhange. The lifetime is expeted to our at levels below experimentallimits [49℄. Sine �p � m5p=m2~hm2~q , large squark masses an again suppress proton deay.� The gravitino problem [50℄: In models of gravity-mediation, the superhiggs mehanism generates SUSYbreaking by giving the gravitino a mass m3=2. The gravitino mass sets the sale for the visible setorsoft breaking terms, and so one expets spartile masses of order m3=2. However, thermal produtionof gravitinos in the early universe an lead to either 1. an overprodution of dark matter (here, thegravitinos would deay to the stable LSP, or even be the LSP), or 2. late-time deays of gravitinosat time sales >� 1 s after the Big Bang would lead to dissolution of the light nulei built up duringBig Bang nuleosynthesis (BBN). Solutions to the gravitino problem inlude 1. a rather low re-heattemperature TR <� 105GeV after ination so that thermal gravitino prodution is suppressed [51℄ (butsuh low TR values onit with some baryogenesis mehanisms suh as leptogenesis, whih seems torequire TR >� 109GeV), 2. a rather light gravitino with m3=2 � 1GeV, whih enhanes the goldstinooupling, or 3. a rather heavy gravitino m3=2 >� 5TeV, whih lowers the gravitino lifetime so that�3=2 <� 1 se, and gravitinos deay before BBN [52℄.While some proposed solutions solve individual problems listed above (e.g. alignment for the SUSY avorproblem, low TR for the gravitino problem, small phases for the SUSY CP problem), there is one solution{deoupling of �rst/seond generation matter salars{ whih goes a long way to solving all four.2 But what of�ne-tuning onstraints in SUSY models, whih seemingly require spartile masses near the weak sale [53, 54℄?1.3 Fine-tuning in supersymmetri modelsAs disussed previously, the most fundamental motivation for weak sale SUSY is that it provides a solutionto the gauge hiearhy problem (GHP). In SUSY models, the soft SUSY breaking parameters are intimatelylinked to the breakdown of eletroweak symmetry. This fat has motivated hope that the new SUSY matterstates should not be too far removed frpm the weak sale as typi�ed by the W , Z and h masses, � 100GeV.However, in the fae of inreasingly stringent LHC8 mass limits on superpartners, an awkward \LittleHierarhy" seems to be developing between the weak sale and the superpartner mass sale whih has ledmany to question whether the simple weak sale SUSY piture might be ruled out. This problem is oftenreferred to as the Litte Hierarhy Problem (LHP). In this subsetion, we will review two approahes toquantify the severeness of the LHP, as manifested by possibly unnatural anellations in building up the Z-or Higgs- boson masses.1.3.1 High-sale �ne-tuning measure �HS: minimizing large logsIn the SM, one may alulate the mass of the Higgs boson asm2hjphys = m2hjtree + Æm2hjrad (1)1 Some degree of alignment or degeneray would still be needed for the lower portion of this mass range.2In gravity mediation, it is expeted that the gravitino mass m3=2 sets the mass sale for the heaviest of the salars; in thisase, multi-TeV salar masses would proeed from a multi-TeV gravitino mass.3



where Æm2hjrad = 16�2�2 and where � represents the uto� of quadratially divergent loop diagrams, whihprovides an upper limit to whih the SM is onsidered a valid e�etive �eld theory. The oeÆient  dependson the various SM ouplings entering partiular loop diagrams and here will be taken as  ' 1. We mayde�ne a �ne-tuning measure �SM � Æm2hjrad=(m2h=2) (2)whih ompares the radiative orretion to the physial Higgs boson mass. Requiring �SM <� 1 then requires� ' 1TeV: i.e., the SM should only be valid up to at most the TeV sale.Analogous reasoning has been applied to supersymmetri models [55℄. In the MSSM,m2h ' �2 +m2Hu jtree + Æm2Hu jrad (3)where Æm2Hu jrad ' �3f2t8�2 (m2Q3 +m2U3 +A2t ) ln ��2=M2SUSY� (4)and where � is again the uto� sale whih{ inspired by gauge oupling uni�ation{ may be taken as high asMGUT ' 2� 1016GeV or even the redued Plank mass MP and where M2SUSY ' m~t1m~t2 . One may againreate a �ne-tuning measure �KN � Æm2Hu=(m2h=2), following the work of Kitano and Nomura [56℄. Usingthis, it has been asserted that low eletroweak �ne-tuning (EWFT) requires rather light third generationsquarks: qm2~t1 +m2~t2 <� 600 GeV sin�p1 +R2t  log �TeV3 !�1=2��KN5 �1=2 ; (5)where Rt = At=qm2~t1 +m2~t2 . Taking � = 10 (i.e. ��1 = 0:1 or 10% EWFT) and � as low as 20 TeVorresponds to Natural SUSY (NS) [55, 57, 58℄:� m~ti ; m~b1 <� 600 GeV,� m~g <� 1:5� 2 TeV.The last of these onditions arises beause the gluino enters the top-squark radiative orretions Æm2~ti �(2g2s=3�2)m2~g�log�. Setting the log to unity and requiring Æm2~ti < m2~ti then impliesm~g <� 3m~ti , orm~g <� 1:5�2GeV for � <� 10. Taking � as high as MGUT leads to even tighter onstraints: m~t1;2 ;m~b1 <� 200GeV andm~g <� 600GeV, the latter almost ertainly in violation of LHC spartile searh onstraints. Sine (degenerate)�rst/seond generation squarks and sleptons enter the Higgs potential only at the two loop level, these anbe muh heavier: beyond LHC reah and also possibly heavy enough to provide a (partial) deouplingsolution to the SUSY avor and CP problems [46℄. The NS models in the post-LHC8 period su�er fromthree phenomenologial problems arising from the very light top and bottom squarks: 1. large SUSYontributions to BF (b ! s), 2. small radiative orretions to mh, thus making it diÆult to generatemh ' 125GeV at least within the MSSM and 3. there is so far no sign of light stops or sbottoms despiteintensive searhes at LHC8.To bring the KN �ne-tuning measure into loser aord with the measure desribed below, we rede�ne itin terms of m2Z=2 instead of in terms of m2h=2, so that �HS ' Æm2Hu=(m2Z=2), where HS stands for \high-sale". The quantity �HS is a rather severe measure of EWFT in that it doesn't aount for possibleorrelations amongst HS parameters whih may lead to built-in anellations between m2Hu(�) and Æm2Hu .As an example, the boundary ondition m2Hu(� = MGUT) = m0 { as in the mSUGRA/CMSSM model {leads to large anellations in m2Hu(Mweak) in what has beome known as the fous point (FP) region [59℄.In the FP region, it is argued that the redued EWFT in the m0 diretion allows for squark/slepton massesfar in exess of the values expeted from �HS.The lesson is that we must remember that HS models suh as mSUGRA, NUHM2 et. are nothing more thane�etive �eld theories, albeit ones that are valid up to energy sales Q .MGUT. In this lass of models, thesoft parameters merely serve to parametrize our ignorane of their true origin within some more fundamentaltheory. In the ultimate theory where the soft SUSY breaking parameters (and other parameters) are derived4



quantities, then orrelations between soft parameters may exist whih allow for large anellations betweenm2Hu(�) and Æm2Hu [60℄; in this ase, the weak sale value value of m2Hu beomes more relevant to �ne-tuningdisussions.1.3.2 Weak-sale �ne-tuning and the Little Hierarhy ProblemA more onservative EWFT measure has been advoated in Ref's. [61, 62, 63℄. Minimization of the MSSMsalar potential, inluding radiative orretions, leads to the well-known relationm2Z2 = m2Hd +�dd � (m2Hu +�uu) tan2 �tan2 � � 1 � �2: (6)Noting that all entries in Eq. 6 are de�ned at the weak sale, the eletroweak �ne-tuning parameter�EW � maxi jCij =(m2Z=2) ; (7)may be onstruted, where CHd = m2Hd=(tan2 � � 1), CHu = �m2Hu tan2 �=(tan2 � � 1) and C� = ��2.Also, C�uu(k) = ��uu(k) tan2 �=(tan2 � � 1) and C�dd(k) = �dd(k)=(tan2 � � 1), where k labels the variousloop ontributions inluded in Eq. 6. Complete one-loop expressions for the �uu and �dd using the Coleman-Weinberg e�etive potential approah are given in the Appendix of Ref. [63℄.Thus, �EW measures the largest weak sale ontribution to the Z mass. Model parameter hoies whihlead to low values of �EW are those whih would naturally generate a value of mZ ' 91:2GeV. If any rangesof model parameters provide low �EW, then one answers the fundamental question of the LHP: how an itbe that mZ and mh ' 100GeV while gluino and squark masses lie at the TeV or beyond energy sale?In order to ahieve low �EW, it is neessary that jm2Hu j, �2 and j�uuj all be nearby to m2Z=2 to within afator of a few [61, 63℄. This implies the following:1. j�j is favored to be in the 100� 300GeV range (the loser to mZ the better).2. jm2Hu jweak ' (100 � 300)2GeV2. Suh a small value of mHu(Mweak) only ours in the FP regionof mSUGRA, i.e. at very large m0. In non-universal Higgs models (NUHM2), m2Hu an be drivenradiatively to small negative values at any m0 and m1=2 values.3. To minimize the largest of radiative orretions �uu(~t1;2), large stop mixing A0 ' �1:6m0 is required.The large mixing both softens the top-squark radiative orretions while raising mh up to the �125GeV level.The measure �EW listed above is reated from only weak sale MSSM parameters; it ontains no informationabout any possible high sale origin of the soft parameters. In this sense, low �EW aptures a minimal,non-negotiable EWFT required of even high sale SUSY models.Constrained models suh as mSUGRA, mGMSB and mAMSB have all been found to be highly �ne-tunedunder �EW. However, models like NUHM2 allow for �EW as low as 5� 10 to be generated. For suh ases,the Little Hierarhy is not a Problem: the neessary ondition for low EWFT using �EW is that only j�j,mHu(Mweak) and the various �uu need be lose to the mZ ; mh sale.The low �EW models are typi�ed by the presene of light higgsinos m~��1 ; m~�01;2 ' 100� 300GeV. Also, topsquark masses an be signi�antly heavier than in NS models, with m~t1 ' 1� 2TeV and m~t2 ' 2� 4TeV.Likewise, gluino masses tend to be bounded by about 5 TeV lest they ontribute too muh to uplifting thetop squark masses. The spetrum of higgsinos is highly ompressed amongst themselves: in models withgaugino mass uni�ation, the higgsino mass gaps are typially � 10� 30GeV, sine jM3j . 5TeV requiresalso upper limits on M1 and M2. If gaugino mass uni�ation is relaxed, then M1 and M2 an be heavier,leading to even smaller mass gaps as low as the GeV range. But even for � 10 � 30GeV mass splittings,the higgsino deays give rise to very soft visible energy release whih makes their detetion at LHC verydiÆult. Also, sine m~g ' 1� 5TeV, m~t1 ' 1� 2TeV and m~t2 ' 2� 4TeV, these olored SUSY partiles5



may be too massive to be revealed in LHC SUSY searhes. However, the spetrum of light higgsinos shouldbe easily visible to a linear e+e� ollider operating with ps >� 2j�j.1.4 Remainder of this reportThe remainder of this report is geared towards presenting a new set of supersymmetry benhmark modelssuitable for ILC investigations, while maintaining onsisteny with the latest indiret and diret onstraintson supersymmetri models, espeially taking into aount what has been learned from reent LHC searhes.In Se. 2, we briey summarize urrent indiret onstraints on SUSY models, and also disuss the urrentstatus of SUSY dark matter. In Se. 3, we present a summary of the most reent results from LHC searhesfor SUSY and disovery of the Higgs boson. In Se. 4, we present a variety of new post LHC8 benhmarkpoints for ILC studies. These new benhmarks reet a movement away from previous studies within themSUGRA/CMSSM model. Some models have been seleted due to their theoretial motivation (e.g. naturalSUSY and its relatives), while others have been seleted for their diversity of phenomenology whih may beexpeted at ILC. In Se. 5, we present a brief summary and outlook for physis prospets at the ILC.2 Indiret onstraints on SUSY modelsIn this setion, we review briey indiret onstraints on SUSY models from the measurement of the anomalousmagneti moment of the muon, rare B-deay branhing frations along with an updated disussion of therole of dark matter in SUSY models.2.1 (g � 2)� statusThe magneti moment of the muon a� � (g�2)�2 was measured by the Muon g � 2 Collaboration [64℄and has been found to give a 3:6� disrepany with SM alulations based on e+e� data [65℄: �a� =ameas� � aSM� [e+e�℄ = (28:7 � 8:0) � 10�10. When � -deay data are used to estimate the hadroni vauumpolarization ontribution rather than low energy e+e� annihilation data, the disrepany redues to 2:4� ,orrensponding to �a� = ameas� � aSM� [� ℄ = (19:5� 8:3)� 10�10.The SUSY ontribution to the muon magneti moment is [66℄ �aSUSY� � m2��Mi tan�M4SUSY where i = 1; 2 standsfor eletroweak gaugino masses andMSUSY is the harateristi spartile mass irulating in the muon-muon-photon vertex orretion: here, m~�L;R , m~�� , m~�+i and m~�0j . Attempts to explain the muon g � 2 anomalyusing supersymmetry usually invoke spartile mass spetra with relatively light smuons and/or large tan�(see e.g. Ref. [67℄). Some SUSY models where m~�L;R is orrelated with squark masses (suh as mSUGRA)are now highly stressed to explain the (g� 2)� anomaly. In addition, sine naturalness favors a low value ofj�j, tension again arises between a large ontribution to �aSUSY� and naturalness onditions. These tensionsmotivate senarios with non-universal salar masses. Of the benhmark senarios disussed in the following,some feature light smuons whih raise (g � 2)� to its experimental value, while others are ompatible withthe Standard Model predition.2.2 b! sThe ombination of several measurements of the b! s branhing fration by the Heavy Flavor AveragingGroup (HFAG) [68℄ �nds that BF (b ! s) = (3:55� 0:26)� 10�4. This is somewhat higher than the SMpredition [69℄ of BF SM(b ! s) = (3:15 � 0:23) � 10�4. SUSY ontributions to the b ! s deay rateome mainly from hargino-top-squark loops and loops ontaining harged Higgs bosons, and so are largewhen these partiles are light and when tan� is large [70℄. Most SUSY model preditions for BF (b ! s)6



deay assume minimal avor violation (MFV); if this assumption is relaxed, then additional avor-setorontributions to BF (b! s) an our.2.3 Bs ! �+��Reently, the LHCb ollaboration has disovered an exess over the bakground for the deay Bs !�+�� [71℄! They �nd a branhing fration of BF (Bs ! �+��) = 3:2+1:5�1:2 � 10�9 in aord with the SMpredition of (3:2� 0:2)� 10�9 [72℄. In supersymmetri models, this avor-hanging deay ours throughpseudosalar Higgs A exhange [73, 74℄, and the ontribution to the branhing fration from SUSY is pro-portional to (tan�)6m4A . Thus, the deay is most onstraining at large tan� ' 50 (as ours in Yukawa-uni�edmodels) and at low mA ' 100� 200GeV.2.4 Bu ! �+��The branhing fration for Bu ! �+�� deay is alulated [75℄ in the SM to be BF (Bu ! �+�� ) =(1:10 � 0:29) � 10�4. This is to be ompared to the value from the HFAG [68℄, whih �nds a measuredvalue of BF (Bu ! �+�� ) = (1:67 � 0:3) � 10�4, somewhat beyond { but not disagreeing with { the SMpredition. The main ontribution from SUSY arises due to tree-level harged Higgs exhange, and is largeat large tan� and low mH+ .2.5 Dark matterDuring the past several deades, a very ompelling and simple senario has emerged to explain the preseneof dark matter in the universe with an abundane roughly �ve times that of baryoni matter. The WIMPmirale senario posits that weakly interating massive partiles would be in thermal equilibrium with theosmi plasma at very high temperatures T >� mWIMP. As the universe expands and ools, the WIMPpartiles would freeze out of thermal equilibrium, loking in a reli abundane that depends inversely on thethermally-averaged WIMP (o)-annihilation ross setion [76℄. The WIMP \mirale" ours in that a weakstrength annihilation ross setion gives roughly the measured reli abundane provided the WIMP mass isof the order of the weak sale [77℄. The lightest neutralino of SUSY models has been touted as a protypialWIMP andidate [78, 79, 80℄.While the WIMP mirale senario is both simple and engaging, it is now lear that it su�ers from severalproblems in the ase of SUSY theories. The �rst of these is that in general SUSY theories where the lightestneutralino plays the role of a thermally produed WIMP, the alulated reli abundane 
�h2 is in fattypially 2 � 4 orders of magnitude larger than the measured abundane 
measCDMh2 = 0:115� 0:002 [81, 82℄in the ase of a bino-like neutralino, and 1� 2 orders of magnitude lower than measurements in the ase ofwino- or higgsino-like neutralinos [83℄. In fat, rather strong o-annihilation, resonane annihilation or mixedbino-higgsino or mixed wino-bino annihilation is needed to obtain the measured dark matter abundane.Eah of these senarios typially requires onsiderable large �ne-tuning of parameters to gain the measureddark matter abundane [84℄. The ase where neutralinos naturally give the measured CDM abundane iswhen one has a bino-like neutralino annihilating via slepton exhange with slepton masses in the 50�70GeVrange: suh mass values were long ago ruled out by slepton searhes at LEP2 [85℄.The seond problem with the SUSY WIMP mirale senario is that it neglets the gravitino, whih is anessential omponent of theories based on supergravity. Gravitinos an be produed thermally at high ratesat high re-heat temperatures TR after ination. If m ~G > mLSP, then gravitino deays into a stable LSP anoverprodue dark matter for TR >� 1010GeV. Even at muh lower TR ' 105 � 1010GeV, thermal produtionof gravitinos followed by late deays (sine gravitino deays are suppressed by the Plank sale) tend todissoiate light nulei produed in the early universe, thus destroying the suessful piture of Big Bangnuleosynthesis [52℄. 7



The third problem is that the SUSY WIMP senario neglets at least two very ompelling new physis e�etsthat would have a strong inuene on dark matter prodution in the early universe.� The �rst of these is that string theory seems to require the presene of at least one light (� 10�100TeV)moduli �eld [86℄. The moduli an be produed at large rates in the early universe and deay at times� 10�1 � 105 s after the Big Bang. Depending on their branhing frations, they ould either feedadditional LSPs into the osmi plasma [87℄, or deay mainly to SM partiles, thus diluting all relispresent at the time of deay [88℄.� The seond negleted e�et is the strong CP problem, whih is deeply rooted in QCD phenomenol-ogy [89℄. After more than three deades, the most ompelling solution to the strong CP problem isthe hypothesis of a Peei-Quinn axial symmetry whose breaking gives rise to axion partiles withmass � 10�6 � 10�9 eV [90℄. The axions an be produed non-thermally via oherent osillations(CO) [91, 92, 93℄, and also would onstitute a portion of the dark matter. In SUSY theories, the ax-ions are aompanied by R-odd spin- 12 axinos ~a and R-even spin-0 saxions s [94℄. Thermal produtionof axinos and CO-prodution of saxions an either feed more dark matter partiles into the osmiplasma, or injet additional entropy, thus diluting all relis present at the time of deay. Theoretialpreditions for the reli abundane of dark matter in these senarios are available but very model-dependent. In the ase of mixed axion-neutralino dark matter, it is usually very diÆult to lower astandard overabundane of neutralinos, but it is also very easy to bolster a standard underabundanee.g. by deay-produed neutralino reannihilation at temperatures below standard freeze-out [28, 95℄.This latter ase may lead one to onsider SUSY models with a standard underabundane of wino-likeor higgsino-like neutralinos as perhaps the more ompelling possibility for CDM. In the ase of mixedaxion-neutralino CDM, it an be very model-dependent whether the axion or the neutralino dominatesthe DM abundane, and ases where there is a omparable admixture of both are possible.The upshot for ILC or LHC physis is that one shouldn't take dark matter abundane onstraints on SUSYtheories too seriously at this point in time.2.5.1 Status of WIMP dark matter searhesAs of spring 2013, a variety of diret and indiret WIMP dark matter detetion searhes are ongoing.Several experiments { DAMA/Libra, CoGent, Cresst and CDMS { laim exess signal rates beyond expetedbakgrounds. These various exesses an be interpreted in terms of a 5-10 GeV WIMP partile, although thefour results seem at �rst sight inonsistent with eah other. It is also possible that muon- or nulear-deayindued neutron bakgrounds { whih are very diÆult to estimate { ontribute to the exesses. Numeroustheoretial and experimental analyses are ongoing to sort the situation out. A WIMP partile of severalGeV seems hard to aommodate in SUSY theories (but see e.g. Ref. [96℄).There also exist exesses of positrons in osmi rays above expeted bakgrounds, �rst observed by thePamela ollaboration [97℄, and later by the Fermi-LAT [98℄ and AMS [99℄ experiments. While this exessould be understood in terms of very massive WIMPs of order hundreds of GeV, it is unlear at presentwhether the positrons arise from exoti astrophysial soures suh as pulsars [100, 101℄ or simply from raremis-identi�ation of osmi protons. A further possible indiret WIMP signal is the 130GeV gamma rayline seen in some portions of Fermi data [102℄. This ould be interpreted as �� !  whih ours via abox-diagram in SUSY. While intriguing, this signal seems inompatible with SUSY in that one would alsoexpet a muh larger ontinuum distribution of photons from diret WIMP annihilation, whih doesn't seemto appear.A variety of other diret WIMP searh experiments have probed deeply into WIMP-model parameter spae,with no apparent exesses above SM bakground. At this time, the best limits ome from the XENON100experiment [103℄, whih exludes WIMP-proton sattering ross setions of �(�p) >� 2� 10�9 pb at 90%CLfor mWIMP ' 100GeV. The XENON100, LUX and CDMS experiments seem poised to deisively probethe SUSY parameter spae assoiated with well-tempered (mixed bino-higgsino) dark matter [104, 105℄ (asours for instane in fous point SUSY of the mSUGRA model) in the urrent round of data taking.8



2.5.2 Gravitino dark matterIt is possible in SUSY theories that gravitinos are the lightest SUSY partile, and ould �ll the role of darkmatter. In gravity-mediation, the gravitino is expeted to have mass of order the weak sale. In this ase,late deays of thermally produed neutralinos into gravitinos are often in onit with BBN onstraints.If the gravitinos are muh lighter, well below the GeV sale, then their goldstino oupling is enhanedand BBN onstraints an be evaded. This senario tends to our for instane in gauge-mediated SUSYtheories. The simplest GMSB senarios now appear in onit with the LHC disovery of a Higgs bosonwith mh ' 125GeV [39, 40℄. We will, however, present an example of a non-minimal GMSB model whih isompatible with the Higgs mass measurement.3 LHC resultsIn this setion, we present a very brief summary of the status of LHC searhes for SUSY Higgs bosons andfor SUSY partiles as of mid 2013.3.1 Impat of Higgs searhes3.1.1 SM-like Higgs salarAfter the disovery of a new boson in summer 2012 by the ATLAS [21℄ and CMS experiments [20℄, the analysisof the full LHC7 and LHC8 data sets showed that it is indeed a Higgs boson with roughly SM-like signalstrengths in various hannels [106, 107℄. Its mass has been determined to 125:7� 0:3(stat.)�0:3(syst.) GeVby CMS, while ATLAS �nds 125:5� 0:2(stat.)+0:5� 0:6(syst.) GeV. In addition the Tevatron experimentsreported a 3� exess in the searh for the SM Higgs boson in the W=Z + b�b hannel [22℄.Although the observed Higgs boson looks SM-like, the signal strengths in the various hannels have urrentlystill large unertainties of 30 to 100% and therefore easily leave room for deviations of up to 10 or 20% asthey typially appear in the MSSM.3.1.2 Non-standard Higgs bosonsSearhes by ATLAS and CMS for H; A! �+�� now exlude a large portion of the mA vs: tan� plane [108,109℄. In partiular, the region around tan� ' 50, whih is favored by Yukawa-uni�ed SUSY GUT theories,now exludes mA < 500GeV. For tan� = 10, the range 120 GeV < mA < 220GeV is exluded in the mmaxhsenario withMSUSY = 1TeV. ATLAS and CMS also searhed for harged Higgs bosons produed in deaysof top quarks. Both experiments exlude harged Higgs masses between 90 and about 150GeV for tan� ' 20(and in the ase of ATLAS also for tan� below 4) in the mmaxh senario withMSUSY = 1TeV [110, 111℄. Fortan� ' 10, no harged Higgs mass is exluded beyond the LEP limit of 80:0GeV [112℄.3.1.3 Impat of Higgs searhes on SUSY modelsA Higgs mass of mh ' 125GeV lies below the value of mh ' 135GeV whih is allowed by alulations withinthe MSSM. However, suh a large value of mh requires large radiative orretions and large mixing in the topsquark setor. In models suh as mSUGRA, trilinear soft parameters A0 ' �2m0 are thus preferred, andvalues of A0 ' 0 would be ruled out [113, 114℄. In other onstrained models suh as the minimal versionsof GMSB or AMSB, Higgs masses of 125GeV require even the lightest of spartiles to be in the multi-TeVrange [40℄, as illustrated in Figure 1. 9
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m0 =10 TeVFigure 1: Value of mh in mGMSB and in mAMSB versus � and m3=2 from [40℄.In the mSUGRA/CMSSM model, requiring a Higgs mass of about 125GeV pushes the best �t point inm0 and m 12 spae into the multi-TeV range [113℄ and makes global �ts of the model to data inreasinglydiÆult [115, 116℄. This has provided motivation for extending the MSSM with gauge singlets [117, 118℄ orvetor-like matter [119℄ both of whih allow for somewhat heavier values of mh.While the experimental unertainty of the mass has shrunken to about 0:5GeV, a onsiderable theoretialunertainty needs to be taken into aount when omparing this number to Higgs mass preditions alulatedfrom SUSY parameters. We therefore onsider Higgs masses in the range of 122�128GeV to be in agreementwith urrent observations.Although the interpretation of the 125GeV partile as the light, CP -even Higgs boson h is the most obviousone, it is not the only possibility. With the urrent preision on the signal strengths and the urrent limitson the heavy Higgs bosons and SUSY partiles, the heavy CP -even Higgs boson, H , ould be SM-like andthe one observed at the LHC [114, 120, 121, 122℄.3.2 Review of spartile searhes at LHC3.2.1 Gluinos and �rst/seond generation squarksThe ATLAS and CMS ollaborations have searhed for multi-jet+EmissT events arising from gluino and squarkpair prodution in 20 fb�1 of data taken at ps = 8TeV [123, 124℄. In a simpli�ed squark-gluino-LSP model,they exlude up to m~g <� 1:4TeV in the limit of very heavy squark masses, while m~g <� 1:7TeV is exludedfor m~q ' m~g . Here, m~q refers to a generi �rst generation squark mass sale, sine these are the ones whoseprodution rates depend strongly on valene quark PDFs in the proton.If the gluino deays dominantly via third generation squarks, the gluino mass limits are somewhat weaker,typially in the range of 1:0 to 1:2TeV, again depending on the exat deay hain [125, 126, 127, 128, 129, 130℄.Similar limits have been found for the ase of intermediate harginos [123℄.It has been shown that these limits get onsiderable weaker if not all squarks are mass degenerate or in aseof ompressed spetra. In the latter ase, the best sensitivity is often obtained from mono-jet searhes [131℄,and limits on squark masses an redue to as low as 340GeV.10



3.2.2 Sbottom and StopMotivated by naturalness, ATLAS and CMS reently put a lot of emphasis on the searh for diret produtionof third generation squarks. They searhed for top squarks deaying to t~�01 [132, 133, 134℄, as well as for~t1 ! bW ~�01 [135℄, ~t1 ! b~�+1 [133, 135, 136, 134℄ and ~b1 ! bZ ~�01=tW ~�01 [137℄. In the easiest ase, namelyfor mass di�erenes so large that m~t1 > mt +m~�01 , stop masses up to about 700GeV and ~�01 masses up to200GeV have been probed. However the resulting exlusions leave substantial unovered territory at lowerstop masses, where espeially the regions near m~t1 = mt +m~�01 and m~t1 = mb +mW +m~�01 are diÆult.The exlusions for ~b1 ! b~�01 also apply to top squark pair prodution in ase of ~t1 ! b~�+1 and the ~��1 deaysto soft, nearly invisible partiles, as would be expeted in natural SUSY due to the small mass di�erenebetween the higgsinos. However, these exlusions depend strongly on the assumptions for the hargino andLSP masses. For instane, for m~��1 = 150GeV and m~�01 between about 80 and 140GeV, no stop mass isexluded for the ~t1 ! b~�+1 deay. Stop-LSP mass di�erenes smaller than approximately 40GeV have notbeen probed at all sofar.In the ontext of GMSB with the ~�01 as higgsino-like NLSP and a gravitino ~G LSP, ATLAS searhed fordiret top squark pair prodution, followed by ~t1 ! b~�+1 or, when kinematially allowed, also t~�01. Based on2 fb�1, they probe top squark masses up to 600GeV [138℄. This limit relies on the GMSB spei� deay ofthe ~�01 into Z ~G, espeially on two (same avour, opposite sign) leptons onsistent with the Z mass.3.2.3 EletroweakinosDiret prodution of neutralinos, harginos and sleptons does not rely on oloured SUSY partners to bewithin reah. However the ross-setions at the LHC are signi�antly lower than for squark and gluinoprodution, so that the obtained limits are onsiderably weaker. The dominant eletroweak produtionmehanism at the LHC is ~�02 ~�+1 prodution, whih has been searhed for by ATLAS based on the full 8TeVdataset [139, 140, 141℄, and by CMS based on roughly half the 8TeV data [142℄.The sensitivity of LHC searhes for this mode depend stongly on the details of the SUSY spetrum, so thatthe strongest loophole-free limits on the hargino mass are still the limits of m~��1 > 103:5GeV for massdi�erenes larger than 3GeV and m~��1 > 92:4GeV for smaller mass di�erenes down to 60MeV obtainedfrom LEP data [143℄. All LHC searhes assume that ~�02 and ~��1 are mass-degenerate, but have a sizablemass di�erene of at least 40 to 60GeV to the ~�01, whih is the typial pattern in the ase of a bino-likeLSP. The strongest limits are obtained when assuming that the lighter set of sleptons, inluding the thirdgeneration, is mass degenerate and ful�lls m~l = (m~��1 �m~�01)=2, whih maximizes the lepton momenta andthus the aeptane. In this ase, hargino masses from 100 to 650GeV are exluded for m~�01 = 60GeV. Forhigher LSP masses, the limit does not reah down to the LEP limit. CMS also studied the ase where theslepton masses are either at 5% or 95% of the hargino-LSP mass di�erene, whih leads to a weakening ofthe limits due to less favourable lepton momentum distributions.Both ollaborations also studied the ase of only the ~� (and in ase of ATLAS the � -sneutrino) appearing inthe deay hains with a mass halfway between hargino and LSP masses [142, 141℄, and ~e and ~� being moreheavy. In the most optimisti ase, i.e. for m~� = m~�� = (m~��1 �m~�01)=2, hargino masses up to 350GeV anbe probed for a massless LSP. For m~�01 = 100GeV, no hargino masses are exluded beyond the LEP limit.This means that in the partiularly interesting ase of a small ~� -~�01 mass di�erene, as is e.g. required toobtain a suÆiently low dark matter reli density via ~� -oannihilation, the hargino mass is not onstrainedbeyond the LEP results.Finally, also the possibility that all sleptons are heavier than the hargino has been studied. In this ase,hargino and neutralino deay via real or virtual W and Z (or Higgs) bosons, depending on the massdi�erenes. ATLAS [140℄ and CMS [142℄ exlude hargino masses up to about 300 to 350 for LSP massesbelow 70GeV. Above m~�01 = 120GeV, no hargino masses have been exluded.11



3.2.4 SleptonsReently, ATLAS and CMS obtained also �rst results on slepton pair prodution [139, 142℄. For LSP massesbelow 30GeV, they reah down to the LEP limits and extend up to 300GeV for left-handed and up to230GeV for right-handed seletons and smuons. For higher LSP masses, the LHC exlusions do not onnetto the LEP limit, and leave an untouhed orridor orresponding to mass di�erenes to the LSP below about70GeV. It should be noted that this untouhed orridor is in the only region where the onditions of thissimpli�ed model an be realised without giving up gaugino mass uni�ation at the GUT-sale. No sleptonmasses are exluded for LSP masses above 90GeV (150GeV) in the ase of right-handed (left-handed)sleptons.4 Impliations for ILC and benhmark pointsThe results from the previous setions, when summarized, yield the following grand piture:� Squarks and gluinos: Ironially, the strongest LHC limits on spartile masses apply to the �rstgeneration squarks and gluinos, while these are the most remotely onneted to the determination ofthe eletroweak sale, and to the weak boson masses. So while m~g >� 1:5TeV for m~q ' m~g , these limitshardly a�et naturalness: e.g. �EW < 30 allows for m~g as high as � 3 � 5TeV and �rst generationsquarks are basially unonstrained so that m~q values into the tens of TeV regime are ertainly allowed.� Eletroweakinos: The masses of the eletroweakinos { onstrained by LEP2 to havem~��1 > 103:5GeV{ are now also just beginning to be onstrained by LHC8 data (subjet to ertain model assumptions).Some onstrained senarios inlude 1. models with the gaugino mass uni�ation assumption suh thatsub-TeV gluinos or �rst/seond generation squarks would be produed strongly and then asade-deayinto eletroweakinos, 2. in onjution with light sleptons with m~̀L < m~̀R where m~��1 ;~�02 > m~̀> m~�01and 3. diret ~��1 ~�02 prodution with deay to trileptons [144℄ with a not-too-smallm~��1 ;~�02 �m~�01 massgap. In models with light higgsinos, as motivated by eletroweak naturalness, the m~�01 , m~�02 and m~��1an very well be below 300GeV due to their ompressed spetrum: suh events are diÆult to see atLHC due to prodigious QCD and EW bakgrounds. Several of the senarios proposed below exhibitsuh a pattern for the light eletroweakinos. The heavier eletroweakinos, urrently unonstrained byLHC8 searhes, may be visible at LHC14 in models with light higgsinos via same-sign diboson pro-dution [145℄: pp ! ~��2 ~�04 ! (W� ~�02) + (W� ~��1 ) + EmissT . The proposed benhmarks over variousoptions in this respet.� Sleptons: The most important indiation for light sleptons is still (g � 2)�. They are only nowbeginning to be onstrained diretly [146℄ by LHC8 data. If a ommon matter salar mass m0 at theGUT-sale is assumed, then the stringent LHC8 bounds on �rst and seond generation squarks alsoimply rather heavy sleptons. Most of the senarios below have heavy sleptons and thus do not explainthe (g � 2)� anomaly. If non-universality of matter salars is assumed, then the slepton masses areompletely unonstrained and all sleptons ould still lie within reah of the ILC, as illustrated by theSTC and NMH benhmarks desribed below: both these senarios allow for perfet mathes to theobserved (g � 2)� value. In natural SUSY { while the �rst two slepton generations are expeted to beheavy { the ~�1 an still be quite light in aord with the required light top and bottom squarks.� Third generation squarks: Diret limits on the third generation squarks from LHC8 are beominginreasingly severe and are tightly onstraining natural SUSY senarios (although not radiatively-drivennatural SUSY). However, if the ~t1� ~�01 mass gap is small, as expeted in stop o-annihilation senarios,then the top squark ould very well be in the regime expeted from naturalness and be aessible toILC searhes. The natural SUSY benhmark and the STC benhmark desribed in Subsetions 4.1and 4.6 give examples with light ~t1 and possibly ~b1 and ~t2.12



� SUSY Higgses: The SM-like properties of the newly disovered 125GeV Higgs salar suggests thatthe other SUSY Higgses should be rather heavy. Nevertheless, we present in setion 4.3 a NUHM2senario with light A, H and H� and in setion 4.10 a ase where the heavy CP -even Higgs bosonhas mH ' 125GeV. Also, the STC benhmark features heavy Higgses whih should be observable ata 1TeV e+e� ollider.Based on these observations, we propose a set of benhmark points whih an be used to illustrate theapabilities of the ILC with respet to supersymmetry, and for future optimization of both mahine anddetetor design. The suggested points all lie outside the limits imposed by LHC8 searhes. Some of thesesenarios might be disoverable or exluded by upoming LHC14 searhes, while others will be extremelydiÆult to detet at LHC even with 3 ab�1 of data at ps = 14TeV. The spetra for all benhmarks areavailable online [147℄ in the SUSY Les Houhes Aord format. All �gures of the spetra have been obtainedwith PySLHA [148℄.4.1 Natural SUSY (NS)Natural SUSY (NS) models are haraterized by [57, 58, 149℄:� a superpotential higgsino mass parameter � <� 100� 300GeV,� a sub-TeV spetrum of third generation squarks ~t1, ~t2 and ~b1,� an intermediate sale gluino m~g <� 1:5� 3TeV with mA <� j�j tan� and� multi-TeV �rst/seond generation matter salars m~q;~̀' 10� 50TeV.The last point o�ers at least a partial deoupling solution to the SUSY avor and CP problems.The suggested model parameter spae whih preserves gauge oupling uni�ation is given by [149℄:m0(1; 2); m0(3); m1=2; A0; tan�; �; mA : (8)Here, we adopt a NS benhmark point as alulated using Isasugra 7.83 [150℄ with parameters m0(1; 2) =13:35TeV, m0(3) = 0:76TeV, m1=2 = 1:38TeV, A0 = �0:167TeV, tan� = 23GeV, � = 0:225TeV andmA = 1:55TeV. The resulting mass spetrum is listed in Table 1 and displayed in Figure 2 for all spartiles(left), and for masses below 500GeV only (right).
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Figure 2: Left: Full spetrum of the natural SUSY benhmark. Right: Zoom into the spetrum below500GeV.Generi NS models with sub-TeV third generation squarks have diÆulty generating 1. mh = 125GeV, 2.BF (b ! s) and 3. evading LHC top/bottom squark searhes. In this ase, some additional ontributions13



to mh or a liberal allowane on theory error would be needed for the Higgs mass along with additionalavor-violating ontributions to reonile BF (b! s) with measurement.Due to their small mass di�erenes, the higgsino-like light eletroweakinos will tend to look like missingtransverse energy to the LHC. The next heavier partile is the ~t1. Sine the mass di�erene m~t1 �m~�01 isless than the top mass, the deay ~t1 ! b~��1 dominates, thus making the signature for ~t1 pair produtiontwo aollinear b-jets plus missing transverse energy. The relatively ompressed mass di�erene m~t1 �m~��1 =51GeV allows for evasion of LHC8 top squark searh limits.For ILC, the spetrum of higgsino-like ~��1 , ~�01 and ~�02 will be aessible for ps >� 400� 600GeV via ~�+1 ~��1pair prodution and ~�01 ~�02 mixed prodution, albeit with a mass gap m~��1 �m~�01 ' m~�02 �m~�01 ' 9GeV:thus, visible energy released from deays will be small. Speialized uts allowing for ILC detetion of lighthiggsinos with small mass gaps have been advoated in Ref's [151℄ and [152℄; there it is also demonstratedthat ILC will be able to measure the values of � and M2 and show that j�j < M2.In the ase of very small mass gaps, a hard ISR photon radiated from the initial state may help to lift thesignal out of the substantial bakground of photon{photon indued proesses. The experimental performaneof this ISR reoil method has been evaluated reently in full simulation of the ILD detetor in ontext ofradiative WIMP / neutralino prodution [153, 154℄. The ross-setions are typially in the few tens of fbregion [155℄ and thus should be detetable in the lean ILC environment. Similar signatures have also beeninvestigated in the ontext of AMSB for the TESLA TDR [156℄.As ps is inreased past 600� 800GeV, then also ~t1�~t1, ~�� �~�� and ~�1�~�1 beome suessively aessible. Thisbenhmark model an be onverted to a model line by varying the GUT-sale third generationmass parameterm0(3) or by varying �. The light Higgs mass mh an be pushed as high as � 124GeV if larger values ofm0(3) and jA0j are seleted [149℄.4.2 Radiatively-driven natural SUSY (RNS)Models of RNS are motivated by trying to minimize �EW while maintaining gauge oupling uni�ation andradiative EWSB due to the large top squark mass. Low �EW is obtained by 1. requiring � ' 100�300GeV(lower is more natural), 2. m2Hu should run to just small negative values at the weak sale and 3. largemixing in the top squark setor. The large mixing suppresses the radiative orretions �uu(~t1) and �uu(~t2)while inreasing mh to 125GeV [61, 63℄. Thus, these models are typi�ed by the requirement that � alonebe small [157, 155℄ sine the third generation squarks an be far heavier than generi NS models withm~t1;2 ' 1 � 4TeV. The RNS model an be realized within the struture of the 2-parameter non-universalHiggs mass (NUHM2) model: m0; m1=2; A0; tan�; �; mA : (9)Here, we adopt a benhmark point with parametersm0 = 5TeV,m1=2 = 0:7TeV, A0 = �8:3TeV, tan� = 10with � = 0:11TeV and mA = 1TeV. The spetrum is given in Table 1. With �EW = 16, we have 6.2%EW �netuning in mZ . The resulting mass spetrum is listed in Table 1 and displayed in Figure 3 for allspartiles (left), and for masses below 500GeV only (right).RNS models are very diÆult to detet at LHC. In ontrast to natural SUSY, the third generation salarsare also beyond 1TeV. While the higgsino-like light harginos and neutralinos are produed at large rates,the very low energy release from their deays will be hard to detet above bakground levels, making themall look like missing transverse energy. If m~g <� 1:8TeV, then gluino asade deays should be visible atLHC; however, for RNS models, m~g an range as high as 5 TeV while maintaining �EW <� 30 [63℄. Aunique signature for RNS at LHC14 is same-sign diboson prodution arising from wino pair prodution:pp! ~��2 ~�04 ! (W� ~�02) + (W� ~��1 ) [145℄.The ILC turning on at energy ps >� 250GeV should already be able to detet and distinguish ~�+1 ~��1 and~�01 ~�02 prodution as in the NS benhmark model. The small mass gap, angular distribution and polarizationdependene of the signal ross setions may all be used to help establish the higgsino-like nature of the light14
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Figure 3: Left: Full spetrum of the RNS benhmark. Right: Zoom into the spetrum below 500GeV.~��1 , ~�02 and ~�01. In addition, the ~�03 is aessible in mixed prodution with the lighter neutralinos already atps >� 850GeV.Phenomenologially similar senarios { whih are even more minimal in the sense that the ~�03 and the ~t1 arein the multi-TeV regime as well { have been suggested by Br�ummer and Buhm�uller [158℄. We will disussone example in setion 4.8.4.3 NUHM2 benhmark with light A, H and H�This benhmark point, onstruted within the 2-parameter non-universal Higgs model (NUHM2), providesa model with relatively light A, H and H� Higgs bosons while the remaining spartiles are beyond urrentLHC reah. We adopt parameters m0 = 10TeV, m1=2 = 0:5TeV, A0 = �16TeV, tan� = 7 with � = 6TeVand mA = 275GeV. With suh a light H+, then tH+ loop ontributions to BF (b ! s) are large andnon-minimal avor violation in the b-setor would be needed.The resulting mass spetrum is listed in Table 1 and displayed in Figure 4 for all spartiles (left), and formasses below 500GeV only (right).
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Figure 4: Left: Full spetrum of the NUHM2 benhmark. Right: Zoom into the spetrum below 500GeV.The only olored spartiles aessible to the LHC are the gluinos with m~g = 1:46TeV, while most squarkslive at around m~q ' 10TeV. The gluino deays are dominated by ~g ! ~�01t�t and ~g ! (~��1 ! ~�01W�)tb, andthus will require dediated analyses for high multipliity �nal states or boosted tehniques for identifyingW - or t-jets. The signal pp ! ~�+1 ~�02 ! Wh + EmissT ! `�` + b�b+ EmissT should ultimately be observable at15



LHC14 [159℄. The Higgs bosons, apart from the light CP -even one, an most probably not be observed atthe LHC in this low tan� and mA region [160℄.At the ILC with ps ' 0:5TeV, we expet e+e� ! Ah; ZH to our at observable rates. As ps risesbeyond 600GeV, AH and H+H� prodution beomes aessible while mixed ~�01 ~�02 pair prodution, thoughaessible, is suppressed. At 1TeV, ~��1 and ~�02 pairs will be produed in addition. Due to heavy sleptons andthe sizable mass gap between ~��1 ; ~�02 and the ~�01, one expets eletroweakino deays to realW� and Z bosons,very similar to the \Point 5" benhmark studied in the Letter of Intents of the ILC experiments [161, 162℄.4.4 mSUGRA/CMSSMLarge portions of mSUGRA model parameter spae are now ruled out by diret searhes for gluino andsquark prodution at LHC8. In addition, if one requires mh ' 124� 126GeV, then even larger portions ofparameter spae are exluded: m1=2 < 1TeV (orresponding to m~g < 2:2TeV) for lowm0 and m0 < 2:5TeV(orresponding to m~q < 2:5TeV) for low m1=2 [113℄. These tight onstraints rule out almost all of the o-annihilation and A-funnel annihilation regions [113, 40℄. The HB/FP region moves to very largem0 >� 10TeVsine now jA0j must be large to aommodate the rather large value of mh. Some remaining dark matterallowed parameter spae thus remains.An example is provided by an mSUGRA benhmark point with m0 = 10TeV, m1=2 = 0:8TeV, A0 =�5:45TeV and tan� = 15. The masses are shown in Table 1 and in Figure 5 for all spartiles (left), and formasses below 500GeV only (right).
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Figure 5: Left: Full spetrum of the mSugra benhmark. Right: Zoom into the spetrum below 500GeV.At this point, m~g = 2130GeV and m~q ' 10TeV so olored spartiles may be beyond LHC14 reah. Themost promising signature for the LHC may again be pp! ~�+1 ~�02 !W �h� +EmissT .However, � ' 234GeV and so m~��1 = 248GeV, m~�02 = 247GeV and m~�01 = 229GeV. Thus, this point{although still �ne-tuned in the EW setor (with �EW = 321 due to m~t1;2 ' 6� 8TeV){ would allow ~�+1 ~��1and ~�01 ~�02 prodution at ILC with ps = 0:5TeV. The ~�01 would be of mixed bino-higgsino variety and the~��1 � ~�01 mass gap is just 19 GeV. When inreasing ps towards 1TeV, the heavier neutralinos beomeaessible in mixed prodution and ~�03 pair prodution.4.5 Non-universal gaugino masses (NUGM)In supergravity, gaugino masses arise from the Lagrangian term (using 4-omponent spinor notation)LGF = �14eG=2�f�AB�ĥ�j ��ĥ!h �G�1�jk Gk��A�B (10)16



where fAB is the holomorphi gauge kineti funtion with gauge indies A; B in the adjoint representation,�A are four-omponent gaugino �elds and the ĥm are hidden setor �elds needed for breaking of supergravity.If fAB � ÆAB , then gauginomasses are expeted to be universal at the high energy sale where SUSY breakingtakes plae. However, in general supergravity, fAB need only transform as the symmetri produt of twoadjoints. In general, gaugino masses need not be universal at any energy sale, giving rise to models withnon-universal gaugino masses (NUGM).For a NUGM benhmark, we selet a model with m0 = 3TeV, A0 = �6TeV, tan� = 25 and � > 0. Weselet gaugino masses at the GUT-sale asM1 = 0:3TeV,M2 = 0:25TeV andM3 = 0:75TeV. The spetrumis listed in olumn 6 of Table 1 and displayed in Figure 6 for all spartiles (left), and for masses below500GeV only (right).With m~g ' 1:8TeV and m~q ' 3TeV, the model is learly beyond LHC8 reah for gluinos and squarks. Themodel should be testable in future LHC searhes, not only in the standard jets plus missing Et analyses,but also via searhes tailored for very high multipliity �nal states and using b-jet tagging [163℄, sine thegluino almost exlusively deays via ~g ! ~t1t followed by ~t1 ! ~�01t. In addition, the prodution hannelpp! ~��1 ~�02 !WZ +EmissT may be testable in the near future [164℄.
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Figure 6: Left: Full spetrum of the NUGM benhmark. Right: Zoom into the spetrum below 500GeV.The rather light spetrum of eletroweak gauginos with m~��1 ' 1:6m~�01 ' 216GeV allows for hargino pairprodution at ILC followed by ~��1 ! ~�01W deay, yielding a W+W�+ 6E signature. The ~�01 ~�02 and ~�02 ~�02prodution hannels tend to be suppressed, but may o�er additional searh avenues albeit at low rates.4.6 A ~�-oannihilation senario (STC)In many onstrained SUSY models where slepton and squark masses are orrelated at some high energysale, relatively light sleptons with mass � 100� 200GeV are forbidden. However, if we invoke the greaterparameter freedom of the pMSSM, then spetra with light sleptons and heavy squarks an easily be generated.In fat, these models have a motivation in that they o�er eÆient dark matter annihilation mehanisms ifthe ~�1 is light enough, while they at the same time naturally reonile the measured (g � 2)� anomaly(whih favors light smuons) with the measured b! s branhing fration (whih favors rather heavy thirdgeneration squarks).In the pMSSM [165, 166℄, one inputs weak sale values of the following parameters: 1. m~g ; �;mA; tan�, 2.mQ;mU ;mD;mL;mE for eah of the three generations, 3. gauginomassesM1 andM2 and 4. third generationtrilinears At; Ab and A� . This gives a 19 dimensional parameter spae if �rst and seond generation salarmasses are taken as degenerate, or else a 24 dimensional parameter spae for independent �rst, seond and17



PMQ NS RNS NUHM2 mSUGRA NUGMm0(1; 2), m0(3) 13.35, 0.76 5.0 10.0 10.0 3.0m1=2 / M1;M2;M3 1.38 0.7 0.5 0.8 0.3,0.25,0.75A0 -0.167 -8.3 -16.0 -5.450 -6.0tan� 23 10 7 15 25� 0.225 0.11 6.0 0.234 2.36mA 1.55 1.0 0.275 9.62 3.27mh 0.121 0.125 0.123 0.124 0.125mH 1.56 1.0 0.278 9.69 3.29mH� 1.55 1.0 0.286 9.69 3.29m~g 3.27 1.79 1.46 2.13 1.835m~��1;2 0.233, 1.18 0.113, 0.610 0.474, 5.9 0.248, 0.70 0.216, 2.36m~�01;2 0.224, 0.232 0.101, 0.118 0.237, 0.471 0.229, 0.247 0.131, 0.215m~�03;4 0.616, 1.18 0.319, 0.620 5.9, 5.9 0.371, 0.72 2.36, 2.36m~uL;R 13.58, 13.59 5.1, 5.3 9.9, 10.2 10.0, 10.1 3.30, 3.31m~t1;2 0.284, 0.914 1.22, 3.55 4.53, 7.57 5.80, 8.17 1.11, 2.29m ~dL;R 13.6, 13.6 5.1, 5.1 9.9, 9.9 10.0, 10.1 3.30, 3.31m~b1;2 0.793, 1.25 3.6, 5.0 7.58, 9.85 8.15, 9.88 2.30, 2.99m~eL;R 13.4, 13.3 5.1, 4.8 10.1, 9.67 9.99, 9.99 3.0, 3.0m~�1;2 0.43, 0.53 4.7, 5.1 9.61, 10.1 9.78, 9.89 2.60, 2.81
std~�0 h2 0.007 0.008 39 0.02 1085h�vi � 1025 [m3=s℄ 5.5 2.3 0.0005 1.5 2.0�10�7�SI(~�0p)� 109 [pb℄ 2.4 8.4 0.005 10.0 0.0004aSUSY� � 1010 0.04 0.07 0.008 0.04 0.45BF (b! s)� 104 1.8 3.3 4.6 3.05 2.95BF (BS ! ���)� 109 4.3 3.8 4.0 3.8 3.9BF (Bu ! ��� )� 104 1.3 1.3 1.2 1.3 1.3�EW 23 16 8782 321 1360�HS 657 9810 31053 2:4� 104 3529Table 1: Input parameters and mass spetrum and rates for post LHC8 benhmark points 1�5. All massesand dimensionful parameters are in TeV units. All values have been obtained with Isasugra.third generations.3 As an example, we speify the \STC" benhmark with the following parameters, allgiven at a sale of 1TeV:� Higgs setor parameters:tan(�) = 10, � = 400GeV, mA = 400GeV,� trilinear ouplings: At = Ab = A� = �2:1TeV,� gaugino mass parameters:M3 = 2TeV, M2 = 210GeV (yields M1 = 100GeV via GUT relation),� slepton mass parameters:mL(1; 2; 3) = 205GeV, mE(1; 2; 3) = 117:5GeV,� squark mass parameters:mQ(1; 2) = mD(1; 2) = mU (1; 2) = 2TeV, mQ(3) = 1:5TeV, mU (3) = 500GeV, mD(3) = 800GeV.Sine M1 and M2 follow the GUT relation, there are e�etively 12 independently hosen parameters. Theresulting spartile masses, whih have been obtained with SPheno [167, 168℄, along with low energy and3 Alternatively, the SU(3) gaugino mass M3 may be substituted for the physial gluino mass as an input.18



osmi observables obtained from Miromegas [169℄, are listed in Table 2 and displayed in Figure 7 for allspartiles (left), and for masses below 500GeV only (right).
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Figure 7: Left: Full spetrum of the STC benhmark. Right: Zoom into the spetrum below 500GeV.The total SUSY ross-setion at the LHC is about 1:5 pb at 8TeV and doubles to 3 pb at 14TeV. The totalSUSY ross-setion is dominated by eletroweakino prodution, whih ontributes about two thirds of therate, followed by ~t1 pair prodution. The ross-setion for light squark prodution is a few fb. Thus, withmasses around 2TeV, the gluino and the partners of the light quarks are beyond urrent LHC limits, alsosine the gluino deays dominantly via ~t1t or ~b1b. Although light sleptons are present, the urrent limits ondiret eletroweakino prodution [170℄ do not over this ase due to the small mass di�erene between the~�1 and the ~�01, whih leads to soft � leptons in the hargino and neutralino deays instead of the searhedfor high pt eletrons and muons.At LHC14, a lear deviation from the SM would be observed in this senario, but it is subjet to futurestudy whih of the numerous ontributing spartiles ould be identi�ed.At the ILC, all sleptons and the lighter eletroweakinos would be observable ps <� 500GeV. Espeially theseletron pair prodution ross-setion would be huge. In addition, the light top squarks as well as the heavyHiggs bosons and heavy eletroweakinos would be aessible at ILC with ps ' 1TeV. It has be shown ina similar senario that masses and ross-setions in the stau-setor, as well as the stau-polarisation, an bemeasured to a few perent at less [171℄.Due to the large number of prodution proesses open already at ps ' 500GeV, whih often yield longasades [172℄, STC is atually an experimentally hallenging senario for ILC. Therefore, it is an ideal asestudy to demonstrate the separation of many losely spaed new matter states with all the tools o�ered byILC, inluding threshold sans and di�erent beam polarization on�gurations, but also taking into aountrealisti assumptions on the beam energy spetrum, aelerator bakgrounds and detetor resolutions.At a enter-of-mass energy of 1TeV or above, the separation of the heavier eletroweakinos as well as of thenearby ~t1 and the heavy Higgs states will provide additional experimental hallenges.4.7 Kallosh-Linde (KL), G2MSSM, spread SUSY benhmarkWhile minimal anomaly-mediation seems on shaky ground due to its predition of a light Higgs salarmh <� 120GeV, other similar models have emerged as perhaps more ompelling. One of these models { byKallosh and Linde (the KL model [173, 174℄) { attempts to stabilize stringy moduli �elds via a generalizationof the KKLT method [175℄ utilizing a raetrak superpotential. The moduli in this theory end up superheavyand allow for the haoti inationary senario to emerge in supergravity models. In this lass of models, thevarious salar �elds have a mass of the order of the gravitino mass, with m3=2 ' 100TeV. The gauginos,however, remain below the TeV sale, and adopt the usual AMSB form. This model is also typial of19



\spread supersymmetry" [176℄. Another stringy model by Aharya et al. [177℄ known as G2MSSM alsopredits multi-TeV salars. In the G2MSSM, the gauginos are again light, typially with M2 � M1 ' M3so that again a model with light wino-like ~��1 and ~�01 emerges.
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Figure 8: Left: Full spetrum of the KL benhmark. Right: Zoom into the spetrum below 500GeV.To model these ases, we adopt the NUHM2 model, but with non-universal gaugino masses, with parametershosen as m0 = 25TeV, m1=2 = 200GeV, A0 = 0, tan� = 10 with � = mA = 2TeV. We then set GUT-salegaugino masses to the AMSB form given by M1 = 1320GeV, M2 = 200GeV and M3 = �600GeV.The spetrum is listed in Table 2 and displayed in Figure 8 for all spartiles (left), and for masses below500GeV only (right). The wino-like ~�01 state is the lightest MSSM partile with massm~�01 = 200:07GeVwhilethe wino-like lightest hargino has massm~��1 = 200:4GeV.We also have a bino-like ~�02 withm~�02 = 616:5GeVand a gluino with m~g = 1788GeV. All matter salars have mass near the 25 TeV sale, and so deouple.The light Higgs salar has mass mh = 125GeV.In this ase, gluino pair prodution may barely be aessible to LHC14 with of order 100 fb�1 of data [178℄.At ILC, the deay produts from hargino deay will be extremely soft. However, the wino-like harginois then quasi-stable, ying of order entimeters before deay, leaving a highly ionizing trak (HIT) whihterminates upon deay into very soft deay produts. Chargino pair prodution ould be revealed at ILC viainitial state radiation of a hard photon, and then identi�ation of one or more HITs, or stubs. In addition,if ps is inreased to � 1TeV, then ~�01 ~�02 prodution opens up, although rates are expeted to be small. Inthis ase, one expets ~�02 !W ~��1 or ~�01h to our.4.8 Br�ummer-Buhm�uller (BB) benhmarkBr�ummer and Buhm�uller have proposed a model wherein the Fermi sale emerges as a fous point withinhigh sale gauge mediation [158℄. The model is inspired by GUT-sale string ompati�ations whih fre-quently predit a large number of vetor-like states in inomplete GUT multiplets whih may serve asmessenger �elds for gauge mediated SUSY breaking whih is implemented at or around the GUT-sale.By adopting models with large numbers of messenger �elds, it is found that the weak sale emerges quitenaturally from the salar potential as a fous point from RGE running of the soft terms. The soft SUSYbreaking terms reeive both gauge-mediated and gravity-mediated ontributions. The gauge-mediated on-tributions are dominant for most soft masses, while the A-terms and � may be forbidden by symmetry. Thesuperpotential higgsino mass term � emerges from gravitational interations and is expeted to be of orderthe gravitino mass � ' m3=2 ' 150�200GeV. The spetrum whih emerges from the model tends to ontaingluino and squark masses in the several TeV range so that the model is ompatible with LHC onstraints.States aessible to a linear ollider would inlude the higgsino-like light harginos ~��1 and neutralinos ~�01;2.For ILC studies, we adopt the benhmark model with messenger indies (N1; N2; N3) = (46; 46; 20), aharateristi gauge-mediated soft mass per messenger pair mGM = 250GeV, tan� = 48 and weak sale20



values of � = 167GeV and mA = 4:05TeV. This results in a spetrum whih is mostly on the multi-TeVsale, with only the four higgsinos in ollider range. The relevant low-sale gaugino mass parameters areM1 = 5:3TeV and M2 = 9:5TeV.
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Figure 9: Left: Full spetrum of the BB benhmark. Right: Zoom into the spetrum below 500GeV.The spetrum, generated from SoftSusy [179℄, is listed in Table 2, along with low energy and osmi observ-ables obtained from Miromegas [169℄. Figure 8 displays the masses for all spartiles (left), and for massesbelow 500GeV only (right).Although the mass splitting between the Higgsinos is below 1GeV, it is expeted that they an be observedat the ILC and their masses and ross-setions measured at the perent-level.4.9 Normal salar mass hierarhy (NMH)Models with a normal salar mass hierarhy (m0(1) ' m0(2)� m0(3)) [180℄ are motivated by the attemptto reonile the > 3� disrepany in (g � 2)� (whih requires rather light sub-TeV smuons) with the lakof a large disrepany in BF (b ! s), whih seems to require third generation squarks beyond the TeVsale. The idea here is to require a high degree of degeneray amongst �rst/seond generation sfermions inorder to suppress the most stringent FCNC proesses, while allowing third generation sfermions to be highlysplit, sine FCNC onstraints from third generation partiles are relatively mild. The normal mass hierarhyfollows in that �rst/seond generation salars are assumed muh lighter than third generation salars, atleast at the GUT-sale. Renormalization group running then lifts �rst/seond generation squark masses tohigh values suh that m~q ' m~g . However, �rst/seond generation sleptons remain in the several hundredGeV range sine they have no strong oupling.Here, we adopt a NMH benhmark point with independent salar and gaugino masses at the GUT-sale. Weadopt the following parameters: m5(3) ' m10(3) = 5TeV, m1=2 = 0:63TeV, A0 = �8:5TeV, tan� = 20,� > 0 with mL(1; 2) = 0:21TeV, mE(1; 2) = 0:387TeV and mQ(1; 2) = mU (1; 2) = mD(1; 2) � m10(1; 2) =0:8TeV. We also take GUT-sale gaugino masses as M1 = 0:56TeV, M2 = 0:63TeV and M3 = 0:75TeV.The spetrum generated using Isasugra 7.83 with non-universal soft terms is listed in Table 2 and displayedin Figure 8 for all spartiles (left), and for masses below 500GeV only (right).We �nd m~�01 ' 246GeV, m~eR ' m~�R = 252GeV, m~�e;�L ' 302GeV and m~eL ' m~�L = 512GeV, as well asmh ' 125GeV. In the olored setor, m~g = 1:77TeV with m~q ' 1:6TeV, so the model is ompatible withLHC8 onstraints, but should be testable at LHC14. The �rst and seond generation squarks deay mainlyinto ~��1 + jet, followed by ~��1 ! ~�ll ! ~�01�ll, or alternatively into ~�02+ jet, followed by ~�02 ! ~�l�l ! ~�01�l�l.Thus, squark pair prodution will give only 2 jets, either aompanied by just missing transverse energy orby 1 or 2 leptons. The gluino deays mostly into �rst or seond generation squarks plus an additional jet.21



mass STC KL BB NMH LMHtan� 10 10 48 20 6.2� 0.4 2.0 0.160 3.1 1.7mA 0.400 2.0 4.05 5.36 .110mh 0.124 0.125 0.127 0.125 .103mH 0.401 2.013 4.04 5.34 .127mH� 0.408 2.014 4.05 5.40 .134m~g 2.0 1.79 9.91 1.77 1.58m~��1;2 0.206, 0.425 0.200, 2.05 0.167, 9.52 0.535, 3.1 .211, 1.7m~�01;2 0.096, 0.206 0.200, 0.616 0.167, 0.168 0.246, 0.533 .095, .211m~�03;4 0.408, 0.424 2.05, 2.05 5.30, 9.51 3.06, 3.07 1.70, 1.70m~uL;R 2.0, 2.03 24.8, 25.3 11.1, 8.87 1.62, 1.61 1.54, 1.54m~t1;2 0.416, 1.53 16.4, 20.9 6.25, 9.57 2.07, 3.82 1.34, 1.64m ~dL;R 2.03, 2.03 24.8, 24.8 11.1, 8.49 1.62, 1.16 1.54, 1.54m~b1;2 0.795, 1.51 20.8, 24.7 6.90, 9.57 3.84, 4.93 1.51, 1.54m~eL;R 0.213, 0.128 25.3, 24.4 7.73, 4.60 0.511, 0.252 1.50, 1.50m~�1;2 0.107, 0.219 24.3, 25.2 2.87, 7.30 4.65, 4.85 .126, 1.50
std~�0 h2 0.115 0.0025 0.003 0.12 0.115h�vi � 1025 [m3=s℄ 0.021 19 2.9 0.001 0.000012�SI(~�0p)� 109 [pb℄ 1.12 0.04 0.013 0.0005 9.3aSUSY� � 1010 25.6 0.0002 0.008 25.6 0.43BF (b! s)� 104 3.2 3.2 3.3 3.2 5.2BF (Bs ! ���)� 109 3.4 3.8 3.1 3.8 4.4BF (Bu ! ��� )� 104 1.1 1.3 1.2 1.3 1.1�EW 38 962 275 2263 710�HS 38 1:3� 105 1073 8295 710Table 2: Mass spetrum and rates for post LHC8 benhmark points 6� 10. All masses and dimensionfulparameters are in TeV units. All values are obtained from Isasugra for KL and NMH, while for STC, BBand LMH SPheno, SoftSusy and Miromegas have been used.Sine the ~�02 deays invisibly, the only sign of diret ~��1 ~�02 prodution will be a single lepton from the the~��1 deay plus missing transverse energy.The model does indeed reonile (g� 2)� with BF (b! s) sine �aSUSY� ' 26� 10�10 and BF (b! s) =3:15 � 10�4. Also, the thermal neutralino abundane is given as 
~�01h2 ' 0:11 due to neutralino-sleptono-annihilation. An ILC with ps >� 500GeV would be needed to aess the ~eR�~eR and ~�R�~�R pair prodution.These reations would give rise to very low energy di-eletron and di-muon �nal states whih would behallenging to extrat from two-photon bakgrounds. However, sine it has been demonstrated that massdi�erenes of this size are manageable even in the ase of � leptons from ~� deays [171℄, it should be feasiblealso in ase of eletrons or muons. Sine ~� ! �+ ~�01, sneutrinos would deay invisibly, although the reatione+e� ! ~�L�~�L may be a possibility. The lak of ~�+~�� pair prodution might give a hint that nature isdesribed by a NMH model.4.10 Low mH senario (LMH)For this benhmark, we assume that the 125GeV partile is heavy CP -even Higgs boson H of the MSSM.We adopt the reently proposed low mH benhmark senario for the Higgs setor [181℄: mA = 110GeV,MSUSY = 1:5TeV, M2 = 200GeV, X �MSt = 2:9MSUSY, Ab = A� = At, m~g = 1:5TeV, M~l3 = 1TeV.22
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5 ConlusionsAt �rst sight, it may appear very disonerting that after one full year of data taking at LHC8, with � 20 fb�1per experiment, no sign of supersymmetry is yet in sight. On the other hand, the disovery of a light higgssalar with mass mh ' 125GeV lends indiret support to SUSY: while mh an theoretially inhabit a ratherlarge range of values of up to 800GeV in the Standard Model, the simplest supersymmetri extensions ofthe SM require it to lie below � 135GeV. A light SUSY Higgs of mass � 125 GeV seems to require topsquark masses m~ti >� 1TeV along with large mixing: thus, the emerging overall view of the SUSY landsapeseems more onsistent with a super-TeV spartile mass spetrum than with a sub-TeV spetrum, at leastas far as gluinos and squarks are onerned. In addition, the 125 GeV Higgs signal puts a high degree ofstress, as measured by SUSY naturalness, on many popular onstrained models suh as CMSSM, mAMSBand mGMSB. In the ase of the MSSM, the Higgs signal may favor gravity-mediated SUSY breaking modelssine these naturally aommodate large mixing in the top squark setor.While some pre-LHC analyses (based on global �ts of SUSY to a variety of data whih may have beenoverly skewed by the (g � 2)� anomaly) had predited a very light spartile mass spetrum, the preseneof a multi-TeV spetrum of at least �rst/seond generation matter salars was not unantiipated by manytheorists. The basis of this latter statement rests on the fat that a deoupling of �rst/seond generationmatter salars either solves or at least greatly ameliorates: the SUSY avor problem, the SUSY CP problem,the SUSY GUT proton deay problem and{ in the ontext of gravity mediation where the gravitino masssets the sale for the most massive SUSY partiles{ the gravitino problem.Suh a deoupling spetrum need not be inonsistent with eletroweak �ne-tuning arguments. Minimizationof large log ontributions to mh implies a SUSY spetrum inluding three third generation squarks withmass less than about 500 GeV: these are the so-alled natural SUSY models. While intriguing, suh aspetrum seems phenomenologially disfavored by the BF (b ! s), by the rather high value of mh, andby lak of top/bottom squark signals at LHC8. On the theory side, minimization of large logs may betoo harsh a �netuning restrition sine it neglets possible orrelations amongst high sale parameters (asin fous point SUSY) whih lead to natural anellations leading to low m2Hu at the weak sale. Themore onservative eletroweak �netuning measure implies models with: low j�j <� 300GeV, third generationsquarks with m~t1;2;~b1 � 1 � 4TeV and m~g � 1 � 5TeV. Sine �rst/seond generation matter salars don'tenter the eletroweak salar potential, these spartiles an indeed exist in the 10-50 TeV regime { as requiredby deoupling { without a�eting �ne-tuning. These radiatively-driven NS models allow for heavier thirdgeneration squarks while explaining how it is that the W; Z and h masses all lie near the 100 GeV sale.We have presented here four di�erent models with the required small superpotential higgsino mass �: NS,RNS, fous point SUSY and a non-minimal GMSB model suggested by Br�ummer and Buhm�uller (BB). Thespetra from these small � models an be diÆult to detet at LHC sine the harateristi light higgsinoshave a highly ompressed mass spetrum. In eah of these ases, however, an ILC would easily disover thepredited light higgsino states. In suh ases, the ILC would be a higgsino fatory, in addition to a Higgsfatory!We also presented several benhmark models onsistent with LHC and other onstraints whih predit somevaried phenomenology. The NUHM2 point ontains heavy matter salars but with A and H Higgs bosonswhih would also be aessible to ILC. The non-universal gaugino mass (NUGM) model allows for harginopair prodution at ILC followed by ~��1 !W ~�01 deay, leading to W+W�+ 6E events. We also presented onebenhmark point onsistent with Kallosh-Linde/spread SUSY/G2MSSM models. In this ase, matter salarshave massesm~q;~̀' m3=2 � 25TeV, but gaugino masses follow the AMSB pattern, with the ~��1 and ~�01 beingnearly pure wino, with m~��1 �m~�01 ' 0:33GeV mass gap. If the mass gap is small enough, then harginosan y a measureable distane before deay. It might be possible to detet e+e� ! ~�+1 ~��1  ! + soft debrisinluding possible highly ionizing traks whih terminate into soft pions. We presented pMSSM and NMHmodels with light harginos and sleptons whih are in aord with the (g � 2)� anomaly, mh ' 125GeVand with a standard neutralino reli abundane 
std~�01 h2 = 0:11. The ILC-relevant part of the spetrum forbenhmark STC is very similar to the well-studied SPS1a senario [182℄ (or its variant SPS1a'). Finally,24
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