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Status of the inert doublet model and the role of multileptons at the LHCMihael Gustafsson�Servie de Physique Th�eorique, Universit�e Libre de Bruxelles,CP225, Bld du Triomphe, 1050 Brussels, BelgiumSara RydbekyDeutshes Elektronen-Synhrotron DESY, Notkestra�e 85, D-22607 Hamburg, GermanyLaura Lopez-HonorezzMax-Plank-Institut fuer Kernphysik, Saupferhekweg 1, 69117 Heidelberg, GermanyErik Lundstr�omThe Oskar Klein Centre, AlbaNova University Center, SE - 106 91 Stokholm, Swedenx(Dated: Marh 27, 2013)A possible feature of the inert doublet model (IDM) is to provide a dark matter andidate togetherwith an alteration of both diret and indiret ollider onstraints that allow for a heavy Higgs boson.We study the IDM in light of reent results from Higgs searhes at the Large Hadron Collider (LHC)in ombination with dark matter diret detetion limits from the XENON experiment. We ask underwhat onditions the IDM an still aommodate a heavy Higgs boson. We �nd that IDM senarioswith a Higgs boson in the mass range 160-600 GeV are ruled out only when all experimentalonstraints are ombined. For models explaining only a fration of the dark matter the limits areweakened, and IDMs with a heavy Higgs are allowed. We disuss the prospets for future detetionof suh IDM senarios in the four-lepton plus missing energy hannel at the LHC. This signal anshow up in the �rst year of running at ps = 14 TeV, and we present detetor-level studies for a fewbenhmark models.PACS numbers: 14.80.Cp, 95.35.+dI. INTRODUCTIONThe era for studying partile physis with the LHC atCERN is ongoing. Sine 2010, the experiments have beenolleting data from proton-proton ollisions at a enter-of-mass energy of 7 TeV. This has already enabled theexploration of new regimes of the urrent standard model(SM) as well as physis beyond the SM. One of the aimsis to establish or exlude the presene of a SM Higgsboson1. The latest publi Higgs searh results were pre-sented by the ATLAS and CMS ollaborations in Marh2012 [1, 2℄. These analyses exlude a SM Higgs boson�Eletroni address: mgustafs�ulb.a.beyEletroni address: sara.rydbek�desy.dezEletroni address: llopezho�mpi-hd.mpg.dexFormer aademi aÆliation.1The term Higgs boson will throughout the text be used for thephysial salar partile emerging from the eletroweak symmetrybreaking in the SM by the Brout-Englert-Higgs mehanism [F. En-glert and R. Brout, Phys. Rev. Lett. 13, 321 (1964); P.W. Higgs,Phys. Rev. 145, 1156 (1966)℄.

in the range 127� 600 GeV to the 95% on�dene level(CL). It is however important to keep in mind that newpartiles an both ontribute to the Higgs deay widthand alter its prodution ross setion. The exlusion lim-its on this range of Higgs boson masses might thus not bevalid for a Higgs boson that is SM-like in many respets,but whih also ouples to states beyond the SM. This isof partiular relevane to the present paper. Let us pointout that while both the ATLAS and CMS experimentshave started to see potential evidene for a partile signalat � 125 GeV, the signi�ane is not yet enough to laimdisovery and establish this to be aused by the Higgspartile itself. Moreover, there have been other, perhapsinteresting, exesses in the Higgs searhes; e.g. at the 2�level for a � 320 GeV partile mass in CMS [3, 4℄, whihwas then not on�rmed by the latest preliminary resultsfrom the ATLAS experiment [5℄.Beause of the nature of hadron olliders, the LHC hasobvious advantages in probing beyond the SM senariosthat inorporate strong quantum hromodynami (QCD)interations, suh as minimal low-energy supersymmetrymodels. So far the LHC searhes have found no evidenefor strongly interating beyond the SM partiles [6℄. No-
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2toriously, senarios without diret SM QCD interationsare expeted to give lower signals { although many ex-eptions, suh as resonanes (e.g. [7℄) or omposite statee�ets (e.g. [8, 9℄), may appear. From an empirial pointof view, there is a priori no need for new QCD inter-ating setors. Indeed, two of the major questions inpartile physis and osmology { the �ne-tuning problemin the SM Higgs setor (ommonly known as the \LEPparadox" or the hierarhy problem [10℄), and the darkmatter (DM) problem with a thermally produed weaklyinterating massive partile (WIMP) as one of the long-standing andidate solutions [11{15℄ { are not diretlyonneted to QCD properties.Given the latter point of view, we study the inert dou-blet model (IDM); a minimal extension of the SM whihontains one additional eletroweak salar doublet andhas the potential both to alleviate the mentioned �ne-tuning in the SM and to provide a DM andidate. TheIDM appeared already in the 1970s in [16℄, but reeivedmore attention after Barbieri et.al. [17℄ (see also [18℄)showed that the model ould provide both a DM an-didate by an imposed Z2 symmetry and allow for SM-like Higgs masses up to 600 GeV without ontraditingeletroweak preision data. These authors pointed outhow raising the Higgs mass ould alleviate the problemposed by the LEP paradox [17℄ and thus eliminate the�ne-tuning in the SM up to an energy sale of a fewTeV (see however [19℄). Regarding its DM andidate[20{22℄, many signatures have been studied and rangefrom potentially striking gamma-ray lines [21℄, osmi-ray and neutrino uxes [23, 24℄ to diret detetion sig-nals [20, 25, 26℄. The lak of onlusive beyond the SMsignals in these hannels and in the data from olliderexperiments [17, 21, 27, 28℄ has so far only partially on-strained the IDM parameter spae.We devote the �rst part of this paper to the questionof whether a large Higgs boson mass (& 160 GeV) anstill be aommodated within the IDM. Indeed, fairlylarge inert partiles-Higgs ouplings are needed in orderto elude the SM Higgs searhes at the LHC. The sameouplings are, however, severely onstrained by DM di-ret detetion searhes at XENON-100.The need for large salar ouplings leads us to the se-ond part of the paper, where we study a new potentialdisovery hannel for the IDM in the form of multileptonevents via heavy Higgs prodution at the LHC.Even if the piture of the Higgs being SM-like will be-ome learer as the LHC ontinues to run during 2012,the possibility and the nature of a modi�ed Higgs setormight remain an open question. After 2012, the LHCwill have a long shutdown in preparation for start-up inlate 2014 at the design enter-of-mass energy of 14 TeV.One the design luminosity is reahed, the experimentwill aumulate � 100 fb�1 per year, allowing probing ofthe Higgs setor and beyond SM physis in more detail.The prospets for deteting IDM signatures in the up-oming LHC data at 14 TeV has already been partly ex-plored. In [17, 27℄ the authors studied how inert partiles

a�et SM Higgs searhes, by the opening of additionaldeay hannels, as well as the disovery potential in thedilepton and missing energy hannel. A more ompre-hensive study of this dilepton hannel was done in [29℄,followed by a trilepton study [30℄. None of these studiesexplore the possibility to detet the inert doublet modelin the almost bakground-free multilepton (� 4 leptons)plus 6ET hannel. Here we argue that it is natural tostudy the tetralepton hannel in addition to the dilep-ton and trilepton hannels. This has atually been donefor many other popular models, e.g. in supersymmetry[31{35℄ and extra dimension [36, 37℄ models.The inert doublet ontains four new partile states.The more massive states may be pair produed in pro-ton ollisions and subsequently asade deay (in one ortwo steps) down to the lightest inert partile state, whihremains stable due to the onserved Z2 parity. In eahdeay step, an eletroweak gauge boson is produed andan deay into one or two harged leptons. If the lighteststable inert partile is eletrially neutral, it will on-tribute to the missing transverse energy (6ET ), and up tosix harged leptons an be diretly produed from theW� and Z boson that partiipated in the asade deay.We show that the (� 4l + 6ET ) hannel is an interest-ing test of the IDM and an provide an early disoveryhannel of the IDM when the LHC runs at 14 TeV.In Se. II and III we set up the IDM framework and thetheoretial, experimental and observational onstraintsthat will be imposed on the model. In Se. IV we an-swer our �rst question, namely under what onditionsa heavy SM-like Higgs an survive the reent and om-plementary onstraints from the LHC and XENON. InSe. V we turn to our seond aim, to disuss the multi-lepton signal at the LHC in suh senarios. We performdetailed event simulations for a set of IDM benhmarkmodels and the SM bakground and desribe our analy-sis tools in Se. VI. Our results and disovery prospetsfor IDM in the tetralepton+ 6ET hannel are presented inSe. VI E, and in Se. VII we summarize and onlude.II. THE INERT DOUBLET MODELThe IDM onsists of the SM, inluding the standardHiggs doublet H1, and an additional Lorentz salar inthe form of an SU(2)L doublet H2. An extra unbrokenZ2 symmetry is introdued, under whih H2 is taken tobe odd (H2 ! �H2) whileH1 and all other SM �elds areeven. This Z2 symmetry protets against the introdu-tion of new avor hanging neutral urrents and guaran-tees the absene of diret Yukawa ouplings between theinert states and the SM fermions (hene the name inertdoublet model). The symmetry also renders the light-est partile state of H2 stable. If neutral, the latter anprovide a good DM andidate. The new kineti gaugeterm takes the usual form, D�H2D�H2, and the mostgeneral renormalizable CP onserving potential for the



3IDM salar setor isV = �21jH1j2 + �22jH2j2 + �1jH1j4 + �2jH2j4+ �3jH1j2jH2j2 + �4jHy1H2j2 + �5Re[(Hy1H2)2℄; (1)where �2i and �i are real parameters.Four new physial partile states are obtained in thismodel: two harged states, H�, and two neutral states,H0 and A0. After standard eletroweak symmetry break-ing, the masses of the salar partiles (inluding the SM-like Higgs mass mh) are given by:m2H0 = �22 + (�3 + �4 + �5)v2 � �22 + �H0v2;m2A0 = �22 + (�3 + �4 � �5)v2 � �22 + �A0v2;m2H� = �22 + �3v2;m2h = �2�21 = 4�1v2; (2)where v � 177 GeV is the vauum expetation valueof the Higgs �eld H1. In the following, we hoose H0to be the lightest inert partile, and hene the potentialDM andidate. Notie that the roles of A0 and H0 areequivalent in the IDM and our onlusions would remainunhanged if we had hosen A0 to be the DM andidate.A onvenient set of parameters to desribe the full salarsetor are the four salar masses fmH0 ;mA0 ;mH� ;mhg,the self-oupling �2 and �H0 � �3 + �4 + �5.III. CONSTRAINTS ON IDMThere are several theoretial, experimental and obser-vational onstraints on the model that have to be on-sidered. For all the models in this study we onsistentlyimpose:� the requirements for vauum stability [38, 39℄,� that alulations should be within the perturbativeregime (with �i < 4�) [17, 39℄2,� unitarity onstraints (the absolute value of the eigen-values of the S matrix are required to be � 1/2 forsalar-to-salar satterings, inluding the longitudi-nal parts of the gauge bosons) [40{45℄3,� onsisteny with eletroweak preision tests(EWPT) (99% CL) [47℄,� onsisteny with partile ollider data from LEP(�95% CL) [17, 27, 28, 48℄,2The onstraint in Eq. 17 of referene [17℄, that poses a suÆ-ient ondition not to a�et their naturalness arguments for theIDM, is not inluded. Applying it does not hange our onlu-sions, although it would rejet the models in our sans whih havemH0 & 120 GeV and orret reli density 
H0 � 
CDM.3See also [46℄, where the authors studied the onstraints from uni-tarity on the IDM.

� a reli abundane of H0 in agreement with theWMAP measured 
CDMh2 = 0:1109 � 0:017 (3�)[49℄,� onsisteny with diret DM searhes by XENON(90% CL) [50, 51℄,� onsisteny with indiret DM searhes. We in-lude the 95% CL gamma-ray onstraints by Fermi-LAT (assuming Navarro-Frenk-White pro�les) [52{54℄. No other indiret detetion probes are onsid-ered here as these either give signi�antly weakerlimits or are assoiated with too large astrophysialunertainties.IDMs with large Higgs masses an potentially alleviatethe �ne-tuning present in the SM and thus address theLEP paradox [17℄. While we hoose not to impose anyexpliit naturalness onstraints here, we will extensivelyomment on this in Appendix A.For a review of many of the onstraints on IDM werefer to [39℄. We have implemented the above list of on-straints, as desribed in the given referenes, into our ownomputer ode. We stress the importane of ombiningall these bounds sine, as we will see, their omplemen-tarity beomes a powerful tool in onstraining the IDM.We will present results of random sans over the wholeviable IDM parameter spae that is of interest for ourstudy (from a few GeV to hundreds of GeV). More pre-isely, the free parameters were taken to be the threemasses of the inert salars, the Higgs mass and the ou-pling �L. We sanned over the ranges:5 GeV � mH0 � 170 GeV;mH0 � mA0 � 800 GeV;max(mH0 ; 70 GeV) � mH� � 800 GeV;100 GeV � mh � 900 GeV10�5 � j�Lj � 4�:One these parameters were hosen randomly, the valueof �2 was �xed to its minimal value satisfying the on-straints from vauum stability. The resulting IDMs wereonfronted with the onstraints listed in this setion andonly models passing the full set of onstraints were on-sidered as viable.A random san is always inomplete in overing all pos-sible models. By a ombination of random sans, simpleMarkov hain Monte Carlo searhes (following [57℄) andphysial insight into where models ould be expeted tobe found, we believe that we have been able to over allrelevant parts of the parameter spae for our results withmore than 100 000 models. For example, earlier studies[56, 60℄ have already shown that expanding the san tolargerH0 masses is not relevant if H0 should onstitute aWIMP DM andidate. This is at least true forH0 massesbelow 500 GeV, and higher masses are not relevant forthe urrent LHC searhes. It is worth noting that thispart of the IDM gives well isolated regions in all our pre-sented quantities. In pratie, no viable IDMs were found



4with mh & 700 GeV, mH0 & 150 GeV, mA0 . 50 GeVor j�H0 j & 7.The DM reli density alulations have been performedby DarkSUSY [57℄ interfaed with FormCal [58℄. Thisode was originally developed in [21℄, but has now beenupdated to also inlude three-body �nal states (as in[55℄). Also, an upgrade of mirOMEGAs [59℄ inludingannihilation into three-body �nal states [55℄ has beenused for the sans.IV. IDM IN LIGHT OF XENON AND THE LHCHIGGS SEARCHDark matter diret detetion and the LHC's SM Higgssearhes are known to be omplementary in onstrainingHiggs portal DM models [61{69℄. Diret detetion ex-periments pose upper limits on the DM oupling to theHiggs. This in turn restrits the Higgs deay rate intothe invisible DM states, whih makes it more diÆult forsuh models to esape the bounds oming from LHC'sHiggs partile searhes.The onstraints on singlet salar DM from ombiningXENON-100 and the LHC SM Higgs searhes were e.g.studied in [62℄ for a wide range of Higgs masses. Let usemphasize that the latter analysis did not assume any ex-pliit mehanism for evading EWPT onstraints, whihwould otherwise onstrain the SM Higgs mass to be be-low roughly 160 GeV. By ontrast, the IDM provides suha mehanism and an easily aommodate Higgs massesup to at least 600 GeV while still being in agreementwith EWPT. Another di�erene to the singlet salar DMmodel is that the IDM's \dark" setor is omposed ofmore than one partile state. The additional states po-tentially provide new ontributions to the deay width ofthe SM-like Higgs boson, along with additional proessesrelevant for the determination of the DM reli density.A. Constraints from diret detetion DM searhesFigure 1 shows how XENON [50, 51℄ onstrains theIDM models that have a reli density in agreement withWMAP. These onstraints assume a loal H0 density of�0 = 0:3 GeV/m�3 and a standard Maxwellian velo-ity distribution. The spin-independent ross setion forIDMs is alulated as in [17℄:�SIH0-p = m4n�2H0f24�(mn +mH0)2m4h ; (3)where the form fator is taken to be f = 0:3 [20, 62, 70℄,and mn is the target nuleon mass. The loop induedontribution estimated in [17℄ is also inluded, but it isvery small.This leaves a viable mass range roughly between 45and 80 GeV for the DM andidate H0. The rangean be extended up to � 150 GeV with a few mod-els marginally surviving the urrent XENON-100 bound
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FIG. 1: Diret detetion signal for IDMs in agreement withWMAP data. The rosses represent IDM models that passall our imposed onstraints from Se. III (not inluding LHConstraints). The upper 95 % CL bounds from XENON-100[51℄ and XENON-10 [50℄ are shown by the solid lines. Thepoints labeled A1-C4 show the sattering ross setion for ourbenhmark models. As explained in Se. VI, the B models anonly pass the onstraints after taking systemati unertaintiesinto aount, and the C models aount only for a fration ofthe DM density.[56℄. The low mass region below . 10 GeV is exludedboth by XENON-10 [50℄ and by Fermi-LAT gamma-rayonstraints [53, 71℄.4 We will, however, inlude low H0masses in parts of the following disussion for illustrativepurposes, although they are exluded one we impose allour onstraints.A viable large H0 mass region above �500 GeV alsoexists [60℄, but is not of interest for the present study.Suh heavy IDM states would for kinematial reasonsnever alter the width of the Higgs boson (with a massbelow 1 TeV) and therefore the LHC onstraints applyexatly as in the SM. Suh heavy IDM states will alsobe very diÆult to probe diretly at the LHC. On top4Conerning a low mass WIMP, there is a debate as to what extentthe exlusion limits from diret detetion results are reliable (seee.g. [72℄). In order to be onservative, we ould therefore hoosenot to inlude the XENON-10 upper bounds. At the same time, wenote that the WIMP signal onstraints from the Fermi-LAT dataon gamma-rays from e.g. dwarf galaxies [53, 71℄ also exlude thislow H0 mass region of the IDM. We therefore take the viewpointthat a light H0 below 10 GeV is not a viable WIMP andidatewithin the urrent standard senario [39℄.



5of that, in order to get the orret reli density and toomply with EWPT, only small Higgs masses an be on-sidered [60℄.B. Constraints from Higgs boson searhesThe latest results are based on analyses of � 5 fb�1of integrated luminosity. The CMS experiment set thestrongest (preliminary) onstraints on large Higgs massesuntil Marh 2012, exluding a SM Higgs boson over themass range 127-600 GeV to 95% CL, when all searhhannels are ombined (4:6�4:7 fb�1 of integrated lumi-nosity) [4℄. At that time, ATLAS presented their (pre-liminary) limits on large Higgs masses using up to 4.9fb�1 [1℄. The CMS ollaboration also updated their lim-its in some hannels for 4:6� 4:8 fb�1 [2℄. We will hereuse both the experiments' urrent best exlusion limitson a Higgs signal �=�SM. Here �=�SM denotes the signalrate in units of the expeted SM Higgs prodution rosssetion �SM. The 95% CL upper limits, for all hannelsombined but for eah experiment individually, will beused. In Figure 2 the exluded signal strength, as a fun-tion of the Higgs boson mass, is shown as the blue (gray)region. The exlusion region represents the strongest ofthe two limits from the CMS (dotted line) and the AT-LAS (dashed line) experiments.1. Redution of the Higgs signal in the IDMIn the IDM, the new ontributions to the SM-like Higgswidth �h an have a signi�ant impat on the LHCHiggs searhes by e�etively reduing the Higgs produ-tion ross setion into SM partiles. Sine H0 is neutraland stable, the Higgs deays into H0 pairs will nees-sarily ontribute to an invisible width. However, let usemphasize that the Higgs an also deay into A0 and H�pairs whih would further inrease the Higgs width. Thelatter proesses give rise to the prodution of (o�- or on-shell) Z andW bosons that an make them partly visiblein the Higgs searh hannels.Nevertheless, the exlusion limits on the Higgs massrange ould very well be evaded within the IDM. Theproesses h ! H0H0, h ! A0A0 and h ! H+H� en-hane the Higgs deay width by:��IDM = v216�mh "�2H0 �1� 4m2H0m2h �1=2++ �2A0 �1� 4m2A0m2h �1=2 + 2�23�1� 4m2H�m2h �1=2# ; (4)where �H0 ;A0;3 are given in Eq. (1) and (2).In the narrow-width approximation, the signalstrength �=�SM, or equivalently the redution fator R,

for produing SM partiles x�x is given byR = �IDM(pp! h) Br(h! x�x)IDM�SM(pp! h) Br(h! x�x)SM (5)= �SM�SM +��IDM �SMh!x�x +P� ���h!�y��SMh!x�x ;where the sum runs over � = A0; H� and �SM is thetotal deay width of the Higgs in the SM. In the laststep we use the fat that the Higgs prodution and deayrates into SM partiles x�x are unhanged to �rst order5(�SMh!SM = �IDMh!SM). �� denotes the eÆieny with whihA0A0 andH+H� may ontribute to the urrent x�x Higgssearh. This eÆieny may be expeted to be low due tothe fat that the �nal states will ontain extra invisibleH0 states and therefore, in priniple, have di�erent har-ateristis than the pure SM x�x �nal states.This means that for the whole range of Higgs masses,even if exluded within the SM, the LHC limits ouldpotentially be evaded within the IDM.In the next subsetion we will argue that, for the mod-els of interest for our study, Higgs deay into all IDMpartiles will e�etively be invisible. In that ase theredution fator in Eq. (5) redues toRons = �SM�SM +��IDM : (6)In general, the IDM ontribution ould, in priniple, alsoenhane ertain SM Higgs signatures, depending on thespei� model and searh hannel. However, the e�etof suh a ontribution would only give stronger exlusionlimits on large Higgs masses than in the SM. Taking R =Rons is thus the most onservative hoie when it omesto determining to what extent the IDM is exluded andtherefore the one that we will adopt in the following.2. Higgs searhes and the IDMThe WW and ZZ searh hannels are the most ef-fetive ones in the searh for heavy Higgs bosons, andbelow we list their most sensitive subhannels. We quotethe exluded SM Higgs masses, as this indiates wherethe searhes ould be sensitive enough to exlude Higgsmasses in the IDM.� h ! ZZ(�) ! 4l with l = feletron, muong. Bythese lepton hannels alone, the CMS experimentexluded at 95% CL SM Higgs boson masses inthe ranges 134-158, 180-305 and 340-465 GeV [3℄.At the same on�dene level, ATLAS exluded theranges 134-156, 182-233, 256-265 and 268-415 GeV5For an e�et at the loop level, see e.g. the study in [73℄ of the hannel.
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If H0 constitutes 10% of the local DM (c)FIG. 2: Left: The solid lines show, for di�erent H0 masses, the lowest limits on the Higgs prodution rates �=�SM thatthe IDM an have at the LHC and still be ompatible with XENON-100 data. These limits orrespond to when none ofthe produed IDM states ontribute to a signal in the LHC's Higgs boson searhes, i.e. R = Rons. The onstraint from athermal freeze-out alulation of H0 has not been applied yet, and H0 is assumed to make up the loal DM density. All otheronstraints, EWPT and LEP limits in partiular, are taken into aount. The dark (blue) region is exluded by the urrentHiggs searh results from the LHC. Thus, only the white regions above the lines remain allowed in the IDM. Right: All linesassume an H0 mass of 70 GeV. The upper (red) line assumes that H0 partiles provide all the loal DM, the dark (blue)line below is after systemati unertainties (see text) are inluded to diminish the diret detetion onstraints, while the lower(green) line applies when assuming that H0 ontribute only 10% to the loal DM density.[5℄. An important requirement in all these searhesis that at least one same-avor opposite-sign leptonpair has an invariant mass in a window around theZ mass.� h ! ZZ ! 2l2�. In this hannel, the events arerequired to ontain a minimum amount of missingtransverse energy and the lepton pair is required toform an on-shell Z boson. The CMS ollaborationwas able to use this hannel alone to exlude SMHiggs masses in the range 270-440 GeV at 95 %CL [74℄, and the orresponding range exluded byATLAS is 320-560 GeV [75℄.� h! ZZ ! 2l2q. This searh requires the invariantmass of the jet pair to orrespond to an on-shellZ boson. ATLAS exludes SM Higgs masses inthe ranges 300-310 and 360-400 GeV at the 95%CL [76℄, while CMS ould not exlude SM Higgsprodution ross setions by the use of this hannelalone [77℄.� h ! WW ! l�l�. In this hannel, the events arerequired to ontain at least two leptons of oppo-site sign and missing transverse energy. Cuts onthe transverse mass, reonstruted from the leptonpair together with the missing transverse energy,are also applied. The CMS exludes at 95% CL aSM Higgs mass in the range 129-270 GeV [78℄, andATLAS the range 130-260 GeV [79℄.

Higgs deays into H0 would be invisible, but mightit also be the ase that deays into A0 and H� esapedetetion in the above searh hannels?The deay hannel h ! A0A0 would give rise to twoZ bosons and ould be visible in the above ZZ searhhannels. It would however only give a visible ontribu-tion if (mA0 �mH0) is large enough to produe on-shellZ bosons via the deay A0 ! H0 + Z.6In the WW ! 2l2� Higgs searh hannel, the �nalstate is required to inlude two opposite-sign leptons andmissing energy. The h ! A0A0 and h ! H+H� pro-dution, with the subsequent deays A0 ! H0 + Z andH� ! H0+W�, ould pass these requirements and onean imagine that this ould ontribute to a signal in thissearh hannel. Let us therefore take a loser look at thispossiblity, to see if the ontribution ould be signi�ant.So far this hannel only exludes SM Higgs masses in therange 130-270 GeV, and we therefore expet that it isonly within this same mass range that Higgs bosons anbe exluded in the IDM. This statement is motivated bythe use of uts on the transverse mass, that sets the SMHiggs mass for whih the limit applies. This `transverse6Even in the ase of on-shell Z's, the harateristis of the �nal statesare altered by the presene of H0's giving rise to 6ET . In the ZZ !4l hannel this would lead to a smearing of the 4l invariant massspetrum, thereby evading a peak searh, but ould potentiallyontribute to the observation of a less onstraining broad exess.



7mass' variable orresponds to the Higgs boson mass inthe SM and should roughly do so also in the IDM. Thisentitles the use of the same �=�SM limit for the Higgs inthe IDM as in the SM.In this spei� mass range, Higgs deays into A0A0 andH�H� will however never ontribute to theWW ! 2l2�Higgs searh hannel. This is beause for mh . 160 GeVthe LEP limits [28, 48℄ already exlude almost all in-ert partiles A0 and H� with masses less than 80 GeV,whih are the only masses that ould have been kinemat-ially aessible for these Higgs deays. The exeption,with lightermA0;H0 , ours only when the mass splittingmA0 �mH0 is very small, and the �nal-state fermionsare then too soft to ontribute. Moreover, in the re-gion 160 GeV <mh < 270 GeV it turns out that IDMswhih aount for all the DM are exluded irrespetive ofwhether the A0 and H� states are invisible to the Higgssearhes or not (see Figure 2).This means that for many models, in partiular thosethat have a mass di�erene (mA0 � mH0) too small toprodue Z bosons on shell, the IDM ontributions to theHiggs width an be treated as invisible in the urrentLHC searhes for heavy Higgs bosons. Our argumentsfor suh a treatment were based on the hannels impor-tant for the searhes in the high mh region, while for lowHiggs masses, other hannels ould be more important.Nevertheless, we will apply the same assumption to allour models as this will not alter our disussion.C. Constraints on IDM from LHC andXENON-100 ombinedFigure 2 shows the LHC Higgs exlusion limit togetherwith IDMs that have the largest invisible Higgs widthpossible and still pass XENON-100 diret detetion on-straints. As we an onlude from the above disussion,all the inert states resulting from Higgs deay an be re-garded as e�etively invisible when the mass di�erene(mA0 �mH0 ) is less than mZ , i.e. R = Rons. In Fig-ure 2, we present lines for when we take R = Rons forsome representative mH0 masses.One mH0 and mh are �xed, Eq. (3) and the XENON-100 exlusion limit on �SI determine the largest availablevalue of �H0 , and onsequently ��h!H0H0 . The largestvalues of �A0 and �3, driving the two other ontribu-tions to ��IDM in Eq. 4, an be found numerially underthe imposition of all the other IDM onstraints listed inSe. III. The only exeption is that we do not yet imposethat H0 aounts for the total WMAP DM reli abun-dane. Instead, we immediately assume that the loalH0density provides the observed DM density that is relevantfor the onstraints on DM diret and indiret detetion.This is in order to keep the disussion more general atthis stage, and not inlude onstraints from the freeze-outproess ourring in the early Universe. We notie thatthe LEP and EWPT bounds give the most ruial lim-its to onstrain �A0 and �3 after the XENON bound has
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FIG. 3: All the points orrespond to IDMs giving rise to a DMreli density in agreement with WMAP. Small (grey) pointsrepresent models that neither pass the LHC Higgs searhesnor XENON-100 onstraints, diamonds (in blue) representmodels that pass LHC and large (green) points represent mod-els that pass XENON-100 onstraint individually. Squares (inred) represent models that pass the onstraints from both theLHC and XENON-100 experiments. All the other onstraintsof Se. III have also been taken into aount.been imposed. Together with the XENON and LHC on-straints, they are eÆient in exluding IDMs with heavyHiggs masses.We see that even without inluding the reli densityalulations, the XENON and LHC Higgs searhes, iftaken at fae value, exlude most of the IDM senariowith large Higgs masses. Only two exeptions appear {see the left plot in Figure 2.First, we have the low mass WIMP, with e.g. mH0 = 8GeV, whih ould give rise to large Higgs deay branhingratio into H0. As disussed in Se. IVA, this ase is al-ready exluded by XENON-10 and Fermi-LAT data andis presented for illustration only. The seond exeptionarises in the large mass region for mH0 � 80� 150 GeV,whih might still be viable for the largest Higgs masses.However, if we take into aount also the onstraint fromhaving the DM andidate, H0, as a thermal reli, this re-gion is no longer allowed. This is learly seen in Figure 3where the reli density alulation has been inluded. Weare thus able to exlude the so-alled 'new viable region'of IDM found in [56℄ even before diret detetion exper-iments have fully probed this regime of the IDM. There-fore none of these exeptions provides good models.Also the possibility to have models with Higgs massesabove 600 GeV still remains. The LHC has only pre-sented bounds on �=�SM for Higgs masses below 600GeV, and we an therefore not use this quantity di-



8retly to exlude models with suh large Higgs masses.The EWPT and unitarity onstraints, however, limitthe Higgs mass to be below � 700 GeV (also the triv-iality/perturbativity bound would disfavor larger Higgsmasses [80, 81℄). As an be seen from Figure 3, when thethermal reli density alulation has been inluded, theDM mass range mH0 � 45� 80 GeV with a very heavyHiggs in the range 600-700 GeV is still an allowed region.In Figure 3 we present the result of a random san inthe mDM 2 [15�170℄ GeV parameter spae of the IDMgiving rise to an H0 reli abundane in agreement withWMAP [49℄ at the 3� level. All the onstraints fromSe. III are now inluded. The plot illustrates in themh �mH0 plane the IDMs that pass the onstraints setby XENON-100, the LHC Higgs searhes and WMAP.We see that many models pass either the diret dete-tion or the LHC Higgs bounds individually. In the heavyHiggs region there are no surviving models, exept forthe region mh & 600 GeV and mH0 � 45� 80 GeV (seealso the plots in Figure 2). We thus onlude that in or-der to have an IDM that makes up all the DM and has aSM-like Higgs boson in the 160-600 GeV mass range, atleast one of our imposed onstraints has to be relaxed.D. Aommodating a heavy Higgs bosonand DM in the IDMOne of the original motivations for studying the IDMwas that it ould alleviate the LEP paradox in the SMby allowing for a heavier Higgs partile while staying inagreement with EWPT. We have shown above that on-straints from diret detetion in ombination with theSM Higgs searh essentially rule out large Higgs massesup to � 600 GeV in the IDM.In this setion, we investigate the assumptions thatould be relaxed in order to allow for a large range ofhigh Higgs masses (mh > 160 GeV) within the IDM.In partiular, we will allow for larger values of �H0 bysuppressing the bound that derives from diret dete-tion searhes. In that way, models with larger invisibleHiggs branhing ratios will beome available, whih on-sequently give lower signal strengths in the LHC Higgssearhes. This is illustrated in the right panel of Figure 2.The bound on �H0 an be suppressed in two ways:1. by assuming that the DM from IDM does not a-ount for the entire DM abundane: the green linein the right panel of Figure 2 assumes that H0 on-stitutes only 10% of the loal DM density �0. Thissuppresses the onstraint on �SIH0�p by the samefator.2. by onsidering systemati unertainties in diretdetetion: the dark blue lines in the right panelof Figure 2 take into aount a smaller form fa-tor f = 0:26 [62, 82℄, a smaller loal DM density�0 = 0.2 GeV/m�3 [83℄, and, in addition, inlude

a minor e�et of 10% weakening of the XENON-100 ross setion limits due to unertainties in theloal WIMP veloity distribution [83℄. Conerningthe loal DM density, there have been reent im-proved measurements onstraining it to the range�0 = 0:3� 0:1 GeV/m�3 [84℄ (see also [85℄).These reonsiderations weaken the onstraints on �H0 ,and IDMs with mh & 500 GeV ould be allowed. Alsomh around 320 GeV ould be allowed if only the LHConstraints from CMS are onsidered. However, the pre-liminary analysis reently presented by ATLAS [1℄ doesnot show any exess around mh = 320 GeV as CMSdoes, but instead puts very strong onstraints in the 300to 450 GeV mass range. There are also unertainties re-lated to the absolute alibration of ross setion limitsat the LHC on �=�SM. We hoose here not to take intoaount suh potential additional unertainties.If H0 partiles onstitute only a fration of the DMdensity they would more easily pass diret detetion on-straints (now resaled by 
CDM=
H0) while having alarger �H0 oupling, and then be able to evade the LHCHiggs limits. It then remains to be shown if suh modelsexist that have suh a low reli density while not ex-eeding the other onstraints in Se. III. The possiblemehanisms for this in the IDM are as follows 7:� Annihilation via h at the resonane (mH0 � mh=2):In the ase of a heavy Higgs boson, the resonaneould only our when mH0 & 80 GeV and an-nihilations into gauge bosons already provide aneÆient annihilation mehanism.� Coannihilations (mH0 � mA0 or mH0 � mH� ):This is relevant for small mass di�erenes whenmA0;H�=mH0 . 1:1. For large Higgs masses, theEWPT also requires that (mH� �mA0)� (mA0 �mH0 ) is positive [17℄. This means thatmH� > mA0and that the mass di�erene between the two neu-tral inert salars has to be small. For the tetralep-ton searh hannel that we will investigate in thenext setion, this has the impliation that the lep-tons from the deay A0 ! H0 are too soft to bedeteted at the LHC.� Annihilation to WW;ZZ and t�t (mH0 & mW ):Strong annihilation hannels into gauge bosons be-ome kinematially available already for mH0 justbelow mW , mZ or mt.7Models with annihilation dominantly into fermions have h�vi /�2H0 , and are already in the region exluded by diret detetionsearhes. This an be seen in Figure 1, where mH0 . 40 GeV or-responds to models having annihilations into fermions only. In thatframework, inreasing �H0 would not alter the bounds from diretdetetion searhes. Indeed, these bounds derive from the quan-tity �SI�
H0 / �2H0=h�vi whih is unhanged under a resalingof �H0 .



9Although all three of the above mehanisms ould beviable, we will in the next setion only onsider modelswhere the reli density is suppressed by the last type ofmehanism. This is beause we want to investigate thebest prospets for deteting the IDM in the tetraleptonhannel at the LHC, and the simplest senario to onsideris then when the WW annihilation hannel regulates theDM abundane.We will also onsider benhmark models that give areli density in agreement with 100 % of the observedDM. However, for these models systemati unertaintiesfor the diret detetion searhes have to be inluded, asdesribed above, to make them pass all onstraints.V. THE MULTILEPTON SIGNALThe inert salars an only be produed in pairs, sineeah inert partile has negative Z2 parity ontrary to theSM partiles. At tree-level, the relevant hard proessesproduing �nal states with four leptons or more, are viathe gauge bosons and the Higgs boson:q�q0 ! W� ! A0H� (7)q�q0 ! Z==h! H+H�: (8)The tree-level ontribution to q�q0 ! h! A0A0 is negligi-ble but at loop level, gluon fusion into Higgs is importantfor A0A0 and H+H� prodution.After the inert partiles are produed, they will as-ade deay through the proesses:H� ! � H0W�A0W� ; and A0 ! H0Z (9)or H� ! H0W� ; and A0 ! � H�W�H0Z ; (10)depending on whether H� or A0 is the most massiveinert state. The gauge bosons will, with their respetivebranhing ratios, deay into fermions, f , aording toW� ! f�� and Z ! f�f�: (11)Figure 4 illustrates these prodution and deay hains.Our fous will be on the prodution of four or more lep-tons, l (whih in this ontext refers only to eletrons andmuons), where the SM bakground is expeted to be verylow.The ross setions and deays widths will be alu-lated using MadGraph/MadEvent [86℄, and their stream-lined interfae with Pythia [87℄ and PGS [88℄ to simu-late hadronization and detetor response. To be able togenerate signal events in pratie, we split the proessesinto separable steps, in order to diminish the phase spaefrom the otherwise up to ten-body �nal-state proesses.In the �rst step the inert states are produed on shell,as in Eqs. (7)-(8). In the following steps, i.e. Eqs. (9)-(10), the inert salar partiles are also taken to be on

FIG. 4: Feynman diagrams ontributing to pp! 4l + 6ET inthe IDM.shell while keeping the virtuality of the gauge bosonsfully general. As a hek of the validity of this approx-imation, we note that the inert partiles' resonanes forour benhmark models are indeed narrower than gaugebosons'. In all ases, the width of the A0 is small, of theorder 10�4� 10�5 GeV, due to the small mass di�ereneto H0:8 The width of H� varies more, but is still smallerthan the W width for all our models exept one, whihanyway has mass di�erenes that allow both W and theinert state to be on shell simultaneously. Moreover, themost important ontribution will ome from diret pro-dution of A0 pairs, and the models for whih the produ-tion of H� gives a signi�ant ontribution to the signaloinides with large enough �mH�A0 = mH� �mA0 toallow A0 to be on shell in Eq. (9).A. Prodution of inert salars via gauge �eldsIn this subsetion, we disuss the general expetationsof the � 4 lepton signal strength from inert salars pro-dued via gauge bosons. Some of the ontributing di-agrams are shown in the �rst three panels of Figure 4.As the gauge ouplings are �xed, the prodution rosssetions of the heavier inert states are fully determinedby their masses, and their deay patterns by their masssplittings: �mH�H0 = mH� �mH0 ; (12)�mH�A0 = mH� �mA0 ; (13)�mA0H0 = mA0 �mH0 : (14)8This does not, however, make A0 suÆiently long lived to give riseto displaed verties.
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Via gauge bosonsFIG. 5: Cross setions � into four or more leptons fromH+H� and H�A0 prodution via gauge bosons (in units of10 logarithms of � in fb). Here mH0 = 70 GeV. This ontri-bution to the ross setion is independent of the Higgs mass.The proesses in Eq. (7)-(8) an give rise to �nalstates with four or more leptons if the mass hierarhyis mH0 < mA0 < mH� , and this is the mass hierarhywe will onsider in this setion. For large Higgs masses(mh & 160 GeV), the EWPT onstraints require H� tobe the heaviest state and the mentioned mass hierarhyis then just a onsequene of H0 being the DM andi-date. Apart from that, the Higgs mass has no impat onour results in this setion.As we will see, even for optimal parameter values, thegauge-mediated ontribution to a four-lepton signal inthe IDM will not be enough to render the model de-tetable. Here we merely study under what onditionsthe ontribution from gauge mediated prodution an be-ome non-negligible, and we will turn to the more signif-iant ontribution from gluon fusion in the next setion.As our interest is in the detetion of leptons, thebranhing ratios A0 ! H0`+`� and H� ! A0l�� areimportant. For very small mass splittings �mA0H0 theBr(A0!H0`+`�) an be large, but give rise to leptonsthat are too soft to be isolated. For inreased mass split-ting, deay modes into the more massive quarks open up,and the branhing ratio into leptons dereases, approah-ing 6.7% whih is the result for an on-shell Z boson. Asmall �mA0H0 also gives larger Br(H�! A0W�) as alarge mass splitting would kinematially favor deay intoH0; espeially ifW beomes on shell. Again a small massshift beomes weighed against the ability to produe hardenough leptons for detetion. For a �xed �mA0H0 , in-reasing mH� will typially inrease Br(H�!A0), butat the ost of lowering the prodution ross setion ofheavier H�.
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Via the Higgs bosonFIG. 6: Cross setions � into four or more leptons from A0A0and H+H� prodution via the Higgs salar h (in units of 10-logarithms of � in fb). In this plot mH0 = 70 GeV, �22 = 0andmH� = 220 GeV. Only Higgs prodution via gluon fusionis inluded.In Figure 5 we show the ross setion for the gaugemediated ontribution to the prodution of four or moreleptons. We alulate the tree-level ross setions withMadGraph/MadEvent and apply a orretive fator, a so-alled K-fator, of 1.2 to ahieve agreement with the NLOresults in [89, 90℄.B. Prodution of inert salars via SM HiggsThe SM Higgs prodution at LHC is dominated bygluon fusion { dominantly indued by the loop of a top-quark oupled to the Higgs boson [91℄. The ouplingsof inert partiles to the Higgs an then give a signi�antontribution to the prodution of four leptons throughthe proesses gg ! h! A0A0; H+H�: (15)In the A0A0 hannel one obtains four leptons in the�nal states independently of the values of mH� andBr(H� ! A0). This proess is shown in the last dia-gram of Figure 4. The signal strength will, apart frommH0 and mA0 , also depend on mh and �H0 . Unlike theproesses onsidered in the previous setion, the study ofthis proess is strongly related to the SM Higgs searhand to the searh for DM in diret detetion experiments.Given mH0 and mh, diret detetion data onstrains theoupling �H0 between H0 and the Higgs boson, whihfor a given mass mA0 also limits the size of the Higgs



11Benhmark mh mH0 mA0 mH� �22 �min2 �H0 �A0 �H� �vtot=3�body �v=Z �SI � 
H0
CDM 
H0h2IDM-A1 300 72.0 110 210 722 0 0 0.22 1.3 1.5 / 1.5 7.9 / 8.0 4 � 10�5 0.108IDM-A2 500 71.8 110 230 722 10�7 �10�3 0.22 1.6 1.5 / 1.5 7.9 / 8.0 5 � 10�5 0.111IDM-B1 320 77.5 105 152 �1:6 � 104 0.080 0.70 0.86 1.3 1.1/ 0.83 2.8 / 2.5 16 0.110IDM-B2 550 76.0 140 220 �6:0 � 104 0.38 2.1 2.5 3.4 1.2 / 0.95 3.7 / 3.7 18 0.113IDM-C1 320 91.0 120 190 �6:5 � 104 1.3 2.3 2.5 3.2 210 / 0 15 / 62 0.13 0.00105IDM-C2 280 81.0 130 190 �3:5 � 104 0.50 1.3 1.7 2.3 16 / 14 2.8 / 13 8.1 0.00979IDM-C3 550 92.0 140 230 �1:6 � 105 2.7 5.4 5.7 7.2 19 / 0 0.38 / 3.6 7.5 0.0106IDM-C4 550 85.9 140 230 �6:0 � 104 0.38 2.1 2.5 3.8 23 / 0 6.1 / 10 1.4 0.0110TABLE I: Benhmark models. Masses in units of GeV and �2 (not diretly relevant) is taken to its, by vauum stability,minimal allowed value �min2 . Annihilation ross setions, at relative impat veloity v ! 10�3, are in units of 10�26 m3/s for�vtot;3�body and in units of 10�29 m3/s for �v;Z. Spin-independent ross setions �SI in units of 10�45 m2.oupling to A0�A0 = �H0 + m2A0 �m2H0v2 : (16)To generate gg ! A0A0; H+H� events we make useof MadGraph/MadEvent's implementation of the Higgs ef-fetive theory, where the Higgs boson ouples diretly togluons. The e�etive oupling between the Higgs bosonand the gluons depends on the Higgs mass and we maththe ross setions obtained with MadGraph/MadEvent tothe next-to-next-to-leading order results for Higgs pro-dution via gluon fusion in the SM [92℄9.At the largest Higgs masses the vetor boson fusionould also start to beome relevant, but we are onserva-tive in the sense that we do not inlude suh, or other sub-dominant, Higgs prodution ontributions to our IDMsignal. In Figure 6 we show the IDM ross setion tofour or more leptons by the Higgs mediated interationsin Eq. (15). C. BakgroundThe requirement of leptons in the �nal state enablesa signal to be extrated from the otherwise huge QCDbakground at hadron olliders. In order to simulate theSM bakground in the � 4l+ 6ET hannel, we inlude thefollowing SM proesses:V V V , ZZ, t�tZ, t�t, b�bZ and t�tt�t,where V =W;Z are allowed to be o� shell.Out of the ontributions to V V V , WWZ is the mostdominant ontribution to our bakground and is the onewe inlude in our analysis. We do not simulate V V V Vproesses, whih are expeted to be subdominant [93℄.9In fat, the default e�etive operator implementation in Mad-Graph/MadEvent-4.4.32 is not well suited for large Higgs masses.The deviation is as muh as a fator 4.0, 4.6, 8.0 and 7.2 formh = 300; 320; 500; 550, respetively, ompared to the results in[92℄.

We expet to be able to eÆiently redue these bak-grounds in order to disriminate the signal: ZZ pro-dution is the dominant soure of hadronially quiet 4levents, but without invisible partiles in the �nal statesit an be eÆiently removed by a ut on missing trans-verse energy. For IDMs produing leptons from o�-shellZ bosons, the SM bakgrounds inluding on-shell Z anbe further disriminated by reonstruting the invariantmass of same-avor, opposite-sign lepton pairs. The t�tZand t�tt�t bakgrounds an also be redued by vetoing btagged jets, whih should leave most of the IDM signalevents. For the low bakground levels in the four-leptonhannel, a signi�ant ontribution ould ome from fakeleptons. This is diÆult to properly take into aount ina study based on Monte Carlo simulation, and should beestimated from experimental data. We omment furtheron this in our disussion of systemati unertainties inSe. VID. VI. ANALYSISIn order to study the signal expetations for IDM atthe detetor level, we de�ne a set of benhmark modelsin Table I. The models are divided into three subsets:� The A models are onstruted to test how strongthe signal an be when inert states are produed viagauge interations, and the diret detetion signalwill be very weak. These models do, however, giveinvisible Higgs branhing ratios that are too lowto pass the urrent LHC onstraints on a heavyHiggs, and are therefore ruled out but kept here forillustration of the strength of the gauge-mediatedprodution.� TheBmodels represent IDM senarios that explainall of the observed DM. They only pass all on-straints if we add the systemati unertainties tothe XENON-100 limits, as disussed in Se. IVD.Models with a Higgs mass above 600 GeV (whereno Higgs searh limits have been presented) shouldmore easily pass all onstraints. Suh models



12Benhmark �pp!H+H� �pp!H+A0 �pp!H�A0 BrH�!A0 �4lIDM-A1 18.56 54.00 29.19 0.191 0.11IDM-A2 13.36 42.65 22.68 0.293 0.12IDM-B1 69.43 123.8 70.51 0.071 0.095IDM-B2 16.23 36.36 19.12 0.008 0.003IDM-C1 27.63 62.44 34.05 0.013 0.008IDM-C2 27.20 56.25 30.47 0.002 0.001IDM-C3 14.05 32.71 17.06 0.079 0.003IDM-C4 13.77 32.71 17.05 0.070 0.022TABLE II: Cross setions for proesses where the interation is mediated via gauge bosons Z= or W , in units of fb.Benhmark �gg!A0A0 �gg!H+H� �4l Br(h! 2H0+2A0+H+H�)IDM-A1 88.25 7.46 0.40 (0 + 0:84 + 0) = 0:84%IDM-A2 4.66 138.0 0.32 (0 + 0:09 + 3:6) = 3:7%IDM-B1 783.4 1198 4.1 (5:9 + 7:7 + 13) = 27%IDM-B2 194.6 386.7 0.90 (4:3 + 5:7 + 15) = 25%IDM-C1 2844 162 13 (32 + 30 + 0) = 62%IDM-C2 1981 39.55 9.0 (27:4 + 19:4 + 0) = 47%IDM-C3 483.0 558.8 2.5 (15 + 16 + 28) = 59%IDM-C4 194.5 366.1 1.1 (4:5 + 5:7 + 15) = 25%TABLE III: Cross setions for proesses where the interation is via the Higgs boson, in units of fb.should be able to give similar 4l+ 6ET signal featuresas IDM-B2. However, a weaker signal is expetedsine the prodution ross setion of inert stateswill be smaller one �H0 is adjusted to pass the di-ret detetion onstraint (unless we again allow forsystemati unertainties as for IDM-B2).The model IDM-B1 has a Higgs boson mass of 320GeV, motivated by the exess seen by the CMSexperiment around this value. This possibility was,however, ruled out by the new ATLAS limits [1℄that were presented during the preparation of thismanusript (see Figure 2).� The C models are illustrative examples of modelsthat pass all onstraints, but have a reli densitythat explains only a fration of the observed totalold DM ontent. They are hosen suh that IDM-C1 and IDM-C3 just pass the XENON-100 on-straint, but have some margin to the LHC Higgsbound. IDM-C2 and IDM-C4 instead just evadeurrent Higgs searhes at the LHC, but have largermargins to the XENON-100 limits.The models IDM-C2, IDM-C3 and IDM-C4 give areli DM ontribution of 10% to 
CDM, and IDM-C1 gives 1% of 
CDM.

All the benhmark models pass all the other experimen-tal and theoretial onstraints listed in Se. III.10 In ourdetetor-level study, we take these as our representativeIDM models for a tetralepton signature with a heavy SM-like Higgs boson. In Table II and III, we list the models'properties relevant for the four-lepton signal.These models may well show up in upoming datafrom XENON-100 and LHC. The expeted performaneof LHC is an integrated luminosity of up to � 15 fb�1olleted by end of 2012 with an upgrade to 8 TeV for therest of this year. The inrease in sensitivity in the SMHiggs searhes is about a fator 1.6 due to the integratedluminosity being 3 times larger and a fator about 1.2due to the inreased energy [94℄. A fator up to aboutp2 ould also ome from ombining the ATLAS and CMSdata. This means that all our benhmark models, exeptpossibly IDM-C3, should be reahed by exlusion limitsfrom LHC Higgs searhes by the end of 2012. Detetionof the Higgs bosons in any of our benhmark models, atthe 5� level, would however require more integrated lu-minosity, and suh Higgs bosons would most likely notbe revealed before the LHC run at 14 TeV.The ross setion sensitivity of XENON-100 will alsoimprove by an order of magnitude by the end of 2012[95, 96℄. This is enough to start to probe all our benh-10The high Higgs mass in ombination with large ouplings atuallyrenders the IDM-C3 model marginally in violation of the, somewhatarbitrary, hoie for the tree-level unitarity limit given in Se. III.



13mark models, exept for the IDM-C1 and possibly IDM-C4 model (and of ourse the IDM-A models). Theplanned XENON-1T is expeted to improve the sensi-tivity by more than an order of magnitude [95, 96℄.We therefore onsider the omplementary four-leptonplus missing energy hannel as a potential step to furtherpin down or disover an IDM signal.A. Event generationWe generate signal and bakground events with theMadGraph/MadEvent-4.4.32 pakage. From a user spei-�ed proess,MadGraph reates Feynman tree-level ampli-tudes (inluding e�etive operators and using a HELAS[97℄ implementation for the heliity amplitude alula-tions) for all relevant hard subproesses. One eventsare generated with MadEvent they are passed to Pythia[87℄ for hadronization and deay. The events are thenpassed to the Pretty Good Simulator PGS [88℄ to mimithe detetor response.For eah bakground and signal proess, we generateevents orresponding to an integrated luminosity of atleast 10 times the integrated luminosity for whih wemake preditions. In a few ases, however, we werelimited by omputer power, and for the IDM-A mod-els and the SM bakgrounds we have generated eventsorresponding to at least 3000 fb�1, exept for b�bZ andt�t prodution for whih we have generated 220 fb�1 and160 fb�1, respetively.B. SettingsWe onsider proton-proton ollisions at 14 TeV, us-ing the standard teq6l1 for the parton distribution fun-tions [98℄. In Pythia, we inlude initial- and �nal-stateradiation but not multiple interations. For our PGSsettings we hoose the options that mimi the ATLASdetetor with a luster �nder one size of �R = 0:4for jet reonstrution, and keep the other parameters asthey are given by default in pgs ard ATLAS.dat inMad-Graph/MadEvent-4.4.32.For the ases where we generate events inluding jetmathing (see Se. VID), we use the so-alled MLMsheme [99, 100℄ with the minimum KT jet measure forthe phase spae separation between partons set to 20GeV.The lepton isolation riteria are an important part ofthe lepton objet de�nition in order to distinguish themfrom leptons that ould have originated in jets. For ele-trons, PGS does this by default by requiring that thetransverse alorimeter energy in a (3�3) ell grid aroundthe eletron, exluding the ell with the eletron, hasto be less than 10% of the eletron's transverse energyand that the summed pT of traks within a �R = 0:4one around the eletron, exluding the eletron, is lessthan 5 GeV. To mimi the ATLAS detetor response,

we also ignore eletrons with a pseudorapidity � within1:37 � j�j � 1:52 [90℄. For muons, that are not isolatedby default in PGS (and we do not make use of the lean-ing sript that is the default inMadGraph/MadEvent), werequire the summed pT in a �R = 0:4 one around them,exluding the muon itself, to be less than 10 GeV to de-�ne them as isolated. For eah lepton we also require aminimum distane of �R = 0:4 from the nearest leptonor jet (as reonstruted by PGS).C. CutsIn order disriminate an IDM signal from SM bak-ground events, we perform uts sequentially on the de-tetor simulator's reonstruted partile data.To illustrate our uts, we show in Figure 7 the eventdistributions after eah ut. The plots inlude two ofour benhmark models together with the total SM bak-ground and two of its main subproess ontributions inthis tetralepton + 6ET hannel. These are the uts spe-i� to our IDM study:� First, we require four or more isolated leptons. Inorder to make lepton isolation and event triggeringin the four-lepton hannel robust, we will require aleading lepton with pl1T � 20 GeV and that eah ofthe additional leptons have pl2;3;4T � 10 GeV.� In order to redue the ZZ bakground eÆiently,we require the missing transverse energy (6ET ) ineah event to be larger than 25 GeV, as illustratedin the (upper left) panel of Figure 7.� We rejet events with any pair of same avor andopposite sign (SF-OS) leptons among the � 4 lep-tons with an invariant mass that falls within therange of the Z resonane, 75 GeV< ml+l�inv <105 GeV. We refer to this as our Z veto. The (up-per right) panel in Figure 7 shows the distributionof events by the pair of SF-OS leptons giving aninvariant mass losest to 91 GeV.� The t�tZ bakground an be fairly eÆiently dis-riminated against by requiring no b tagged jets inthe event, as illustrated in the (bottom left) panelof Figure 7. Beause of the displaed verties fromb quarks, the bakground from t�t and b�bZ ouldbe further disriminated against by using a ut onthe impat parameter for muons [101℄. Suh an im-provement is beyond the sope of this paper, sineit annot be done within the standard PGS detetorsimulation that we use.� In the (bottom right) panel of Figure 7, we show thedistribution of events in the minimal SF-OS dilep-ton invariant mass (minimal sine eah event hasat least four leptons, and may ontain more thanone pair of SF-OS leptons). This invariant mass isexpeted to be low for our benhmark models, as
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t�tZZZ+ZWWFIG. 7: Top left: Missing transverse energy distributions in events with four isolated leptons. Top right: The invariant massof SF-OS lepton pairs after the ut on 6ET has been applied. Bottom left: Distribution of b tagged jets, after the ut on 6ETand Z veto. Bottom right: Invariant mass distribution for the SF-OS lepton pair produing the minimal suh value per event,after all other uts have been performed. The shaded grey regions indiate the uts on eah quantity.the Z deays o� shell, and we require the minimalinvariant mass to be < 50 GeV.For the signal events, the position of the peak in the SF-OS dilepton invariant mass distributions is slightly belowthe mass di�erene �mA0H0 in a given model. The largeutuations in the minimal invariant mass distribution ofthe total SM bakground (bottom right panel of Figure 7)ome from the low statistis of our t�t sample; only six t�tevents are left after the uts, �ve of whih lie in the 15-25GeV bins. This makes it diÆult to say something aboutthe distribution of this spei� bakground ontribution.What we an see is that if the t�t events ould be vetoedin some way, for example using the impat parameterfor muons mentioned above, then the SF-OS dileptoninvariant mass distribution an be used as a signature tolearly distinguish our models from the bakground.

A harateristi of our benhmark models is that thesignal leptons originate in o�-shell Z bosons. Thereforeour signal eÆieny is sensitive to the isolation riteriaand the minimum pT requirements on the leptons. Mod-els with larger �mA0H0 , whih allow A0 to deay to on-shellZ, would be more diÆult to detet sine in this asethe signal annot be distinguished from the bakgroundusing the Z veto.D. Soures of systemati unertaintiesSystemati unertainties in our 4l + 6ET signal studyare due to limited statistis in some of our bakgroundsamples, sensitivity to lepton eÆienies and fake-leptonontributions to the bakground.In our statistial analysis we �x the signal and bak-



15Proess nl � 4 6ET ut Z veto nb = 0 ml+l�min utWWW 0.0049 0.0025 0.0025 0.0025 0 (< 0:0025)WZ(j) 3.4 2.2 0.24 0.24 0 (< 0:059)ZZ(j) 2900 23 0.59 0.53 0.46t�tW (j) 1.1 1.1 0.80 0.47 0.19t�tZ(j) 150 140 13 6.3 3.5t�tt�t(j) 0.62 0.61 0.41 0.14 0.038TABLE IV: Cross setions for bakgrounds that require fakeleptons to produe four �nal-state leptons (the WWW,WZproesses). We also test if our bakgrounds are sensitive toinluding jet mathing. None of these e�ets seem importantif ompared to the values used in our �nal analysis presentedin Table V (where jet mathing is not inluded). We haverequired four isolated leptons and add the respetive uts foreah olumn suessively. Results are presented in units of10�2 fb. We have inluded K fators of 1.6 for ZZ(j), 1.9 forthe WZ(j) [102℄ and 1.4 for t�tZ [103℄.ground ross setion expetations to our average resultsbut, as mentioned in Se. VIA, generation of enough b�bZand t�t events were limited by omputer power. We trustthat our uts remove any ontribution from b�bZ, but thet�t ontribution gives an unertainty in our bakgroundestimation. Our t�t sample onsists of only �ve eventsafter all uts, and for a Poisson distribution the upperexpetation value is 9.3 events at 90% CL Taking thisupper value as the average t�t result instead would in-rease our total bakground ross setion with only 30%(and a similar relative inrease in the expeted neededluminosities to disover the signals).The lepton eÆieny is low for our models omparedto the SM bakground. This is beause the leptons in themodel events originate in o�-shell Z boson deay, and oursignal preditions are thus sensitive to the lepton isola-tion and pT requirements. For omparison, if we use ourplT requirements and derease the lepton eÆienies, as in[108℄, both the signal and the SM bakground ross se-tions are redued by about 50%. Beause of the inreaseof pile-up e�ets as the experiment reahes design lumi-nosity, the isolation riteria might have to be loosenedand the pT requirement raised in ompensation. For ourstudy, a raise to pl2;3;4T > 15 GeV would leave only 32%of the total bakground (ompletely remove the ontri-bution from t�t), while still leaving 20%-60% of the signalin our benhmark models.Sine the bakground in this hannel is low, we ouldbe very sensitive to the ontribution from fake leptons.In order to make use of PGS's ability to generate fakeeletrons, we show in Table IV the results of our uts ap-plied on some SM proesses that naively give three lep-ton �nal states (suh as WZ) and inlude expliit jets.The table shows that these types of fake-lepton ontribu-tions seem not to be very important. Likewise, we �ndthat inluding jet mathing would not alter the result inour �nal analysis that is presented in Table V (where jetmathing, for onsisteny, is not inluded for neither the

Pro./Model nl � 4 6ET ut Z veto nb = 0 ml+l�min utZWW 15 13 0.92 0.92 0.42ZZ 2700 16 0.62 0.62 0.47t�tZ 130 120 13 6.7 4.1b�bZ 7.2 0.89 0(< 0:45) 0 0t�t 7.6 6.9 5.0 4.4 3.2t�tt�t 0.56 0.56 0.46 0.093 0.031Total bkg 2900 160 20 13 8.2IDM-A1 4.6 3.5 3.3 3.2 3.2IDM-A2 7.8 7.1 5.7 5.5 5.5IDM-B1 17 14 13 13 13IDM-B2 20 18 14 14 13IDM-C1 41 31 29 28 27IDM-C2 110 90 90 88 88IDM-C3 34 30 26 26 26IDM-C4 22 19 15 15 15TABLE V: Results of the SM bakground and total IDM sig-nal ross setions in units of 10�2 fb. We have required fourisolated leptons and for eah olumn, from left to right, wesuessively add our other uts as desribed in the text. Kfators of 1.6 for the ZZ bakground [102℄ and 1.4 for t�tZand t�t [103℄ have been applied, as well as the K fators forthe signal proesses as previously quoted.bakgrounds nor the models).A proper inlusion of bakgrounds involving fake lep-tons has to be based on experimental data. In a reentATLAS analysis [109℄ of the 4l + 6ET hannel, the sys-temati unertainty due to di�erenes in fake rate be-tween simulation and data was estimated to be around10% for the bakground proesses t�t and t�tZ. Theyalso �nd that the Z+jets give a signi�ant ontribu-tion to the bakground, potentially dominated by ele-tron Bremsstrahlung in the detetor material that subse-quently pair produe leptons. However, these events arefound to ontain 6ET of 20-60 GeV and hard jets, as an beseen in Figure 2 in [109℄. Requiring< 3 jets with pT > 40GeV and optimizing the 6ET ut ould potentially rejetthis bakground e�etively without loss of more than �10% of the signal events in our benhmark models. The un-ertainties in the estimation of the Z+jets ontributionare however large and an inlusion of this bakground isbeyond the sope of our phenomenologial study.Soures of systemati unertainties will not be inludedin the following statistial analysis.E. ResultsIn Table V, we show the results after the signal andbakground events have been passed through the PGSdetetor simulation as we suessively perform the utsdesribed in Se. VIC.To obtain a statistial measure for when our signal



16Model IDM-A1 IDM-A2 IDM-B1 IDM-B2 IDM-C1 IDM-C2 IDM-C3 IDM-C43� evidene, Pobs = 50% (fb�1) 810 300 64 64 19 3.8 20 505� detetion, Pobs = 50% (fb�1) 2300 820 180 180 53 9.0 55 14095% CL exlusion, Pobs = 50% (fb�1) 280 110 30 30 13 3.1 14 20TABLE VI: The expeted integrated luminosities needed at 14 TeV for a 3� and 5� detetion in the inert doublet benhmarkmodels. Alternatively, the expeted luminosity needed for a 95% CL exlusion of these benhmark models.ould be observed or exluded, we assume the numberof events to be Poisson distributed. The probability ofobserving N or fewer events is thenP (N ;B) = NXn=0 Bne�Bn! ; (17)given that the bakground expetation value B is thetrue mean. For a one-sided 3(5)� detetion, we take theprobability (1�P (N ;B)) of having this number of eventsor more due to a statistial bakground utuation to beless than 0.13% (2:9� 10�5%). With a signal expeta-tion S, the probability to observe suh an exess signalis 1� P (N ;S +B), and we request this probability Pobsto be 50%.In Table VI we show the prospets for when detetionor exlusion of our benhmark models at the LHC willour. The quoted integrated luminosities are for a 50%probability to have at least 3� evidene, 5� detetion or95% CL exlusion of the models.Beause of the sometimes low statistis needed to de-tet these models, the use of Poisson statistis should bemore orret than e.g. the ommonly used rule of thumbof a 5� disovery when S > max(5; 5pB). In AppendixB this and other ommonly used statistial measures areompared. For the benhmark models with the strongestsignal, and thus the lowest number of expeted events atthe time of a disovery, Poisson statistis lead to about afator of two larger required integrated luminosity than anaive Gaussian approximation. In Appendix B, we alsoshow that inreasing the prospet from 50% to 90% prob-ability to �nd evidene for a signal an require up to afator of two inrease in the required integrated luminos-ity. VII. CONCLUSIONSWe have investigated the status of the IDM in light ofthe results from DM diret detetion searhes by XENONand the Higgs searhes at the LHC. These experimentalresults omplement eah other in onstraining the viableparameter spae.We �rst set out to study the IDM in the regime wherethe model both provides a DM andidate and inludes aheavy Higgs boson, thereby possibly alleviating the LEPparadox. Considering the model's ability to evade theSM Higgs searhes, we investigated the e�et of imposingthe bounds from diret detetion assuming that the DM

abundane is set by thermal freeze-out of the inert H0partile.In partiular, the ombination of onstraints utilized inthis work ompletely rules out the so-alled `new viableregion' found in [56℄ where H0 masses are in the rangeof 80-150 GeV. Moreover, we onlude that the ensembleof onstraints are in onit with the IDM for its wholeviable old DM mass range if the models shall also inor-porate the Higgs boson in the mass range 160-600 GeV.This onlusion an be avoided if either 1) the anonialexperimental bounds an be relaxed or 2) the IDM doesnot aount for all the DM.We investigate the prospets of detetion/exlusion inthe near future of models belonging to these types of 'es-ape' senarios. Adding the systemati unertainties tothe observational onstraints, and at the prie of some�ne-tuning, we found that we an still obtain IDMs thatontain both a heavy Higgs boson (&500 GeV) and agood DM andidate. We also looked into the possibil-ity that IDM explains only a fration of the universe'sDM ontent, and thereby more easily evades urrent on-straints from both LHC and DM diret detetion exper-iments. Some of these models an be eÆiently probedby the foreseen data from XENON and LHC before theend of 2012.The potential detetion of a heavy Higgs boson and/ora signal in diret DM detetion experiments in the viableIDM DM mass range, although these would be strikingfeatures in favor of an IDM-like senario, would not exlu-sively point to the IDM. A way to pin down the identityof the new physis further would be to ompare di�erentomplementary hannels. The prospets for detetion ofthe IDM in the 14 TeV LHC data have been studied pre-viously for hannels with two or three leptons, togetherwith missing energy [29, 30℄. In this work, we have inves-tigated the possibility of a four-lepton plus missing en-ergy signature at the LHC oming from IDM. The modelswith a heavy Higgs boson that evade the urrent on-straints typially have large ouplings between the inertstates and the SM-like Higgs boson. As a result, the pro-dution of four-lepton �nal states via gluon fusion Higgsprodution beomes a partiularly promising hannel totrak, and even disover, the IDM during the early runsat LHC's design enter-of-mass ollision energy.We �nd that in the four-lepton plus missing energyhannel our benhmark points, where the inert partilesare mainly produed via the Higgs boson, should show upearly in the 14 TeV LHC run. Our models IDM-B1, IDM-



17B2 and IDM-C1 to IDM-C4) should be seen at integratedluminosities of 3.8-64 fb�1 (9-180 fb�1) at the 3� (5�)CL. We an note that the IDM benhmark points thatwere studied in the previous works [29, 30℄ for the dilep-ton and trilepton hannels, only one survives the ur-rent diret DM detetion and SM Higgs searhes. Nev-ertheless, aording to these referenes, our benhmarkpoints satisfy properties, suh as favorable �mA0H0 , thatshould also render them detetable in the dilepton andtrilepton hannels at integrated luminosities of 100-300fb�1. We thus onlude that, ompiling reent experi-mental onstraints, the IDM with a SM-like Higgs bosonheavier than about 160 GeV ould very well �rst showup in the tetralepton hannel.
Aknowledgments: The authors thank S. Andreas, A.Bharuha, E. Bergeaas Kuutmann, F. Bonnet, Q. Cao, J.Edsj�o, J. R. Espinosa, J. Sj�olin, S. Strandberg, R. Sund-berg, K. Takman and M. Tytgat for disussions. M.G.also thanks M. Goebel for providing the SM preditionof the oblique parameters from G�tter. M.G. thanks theFondazione Cariparo Exellene Grant `LHC and Cos-mology', the Belgian Siene Poliy (IAP VI/11: Funda-mental Interations), the IISN and the ARC projet `Be-yond Einstein: fundamental aspets of gravitational in-terations', and S.R. the Swedish Researh Counil (VR)for �nanial support. L.L.H. aknowledges partial sup-port from the European Union FP7 ITN INVISIBLES(Marie Curie Ations, PITN- GA-2011- 289442).NOTE ADDED AFTER PUBLICATIONGiven the latest results from the LHC of a disovery of a resonane at � 126 GeV onsistent with the SM Higgsboson [111, 112℄, we present in Tab. VII �ve IDM benhmark models representative of a SM-like Higgs mass around126 GeV [113℄. We have also heked that these are in agreement with the latest results of the XENON-100 experiment[115℄. A more preise loop alulation in [116℄ typially renders �SI & 10�47m2, and should shift a few of our lowest�SI to values lose to that bound. The viable DM mass region is 50 . mH0 . 75 GeV with the updated onstraints.The �rst two models give a non-negligible ontribution to the Higgs width through h ! H0H0. None of the othermodels give a signi�ant ontribution to the invisible Higgs width. The third model is indeed hosen to have anegligible oupling to the Higgs, although the H0 mass is slightly below half the mass of the Higgs, and the nextthree models have inert masses that are too large for the partiles to be produed on the Higgs resonane. For thefourth model, the reli density is obtained through oannihilations resulting in a small �SI. For the �fth point, theannihilation ross setion reeives non-negligible ontributions from both 2- and 3-body �nal states. The generationof the reli density for the last point is entirely driven through annihilations into WW , 2-body proesses , althoughthe zero veloity annihilation ross setion is driven by 3-body proesses. The �rst and the last benhmark points lieon the limit of the viable H0 mass range.Note that these types of models were not expliitly inluded in our four-leptons analysis. Inert salars produedvia a 126 GeV SM-like Higgs boson an only deay to A0 partiles with masses below mh=2. Therefore, unless theH0 mass is below � 40 GeV, the �nal state leptons from A0 deays into H0 will be too soft to be deteted as isolatedleptons. However, an H0 mass below at 40 GeV are too low to give the orret dark matter abundane and to beompatible with our other experimental onstraints. Therefore these models never give a strong tetralepton signal.In the ase in whih inert partiles are produed via the gauge bosons, the four lepton prodution is independent ofthe Higgs mass. The prodution is governed by eletroweak ouplings, and there is no resonane like in the ase ofprodution via the Higgs boson. We have already argued in Se. V. A. that in suh a senario, the detetion of atetralepton signal at the LHC is unfeasible. Suh proesses ould however eventually give rise to di- and tri leptonsignals [29, 30℄. Our models are hosen in suh a way as to be similar to the benhmark models in [29, 30℄ whilestill being onsistent with all the most reent onstraints inluded in our work. See also [117℄ for three proposedbenhmark models.mH0 mA0 mH� �22 �H0 �A0 �H� �vtot=3�body �v=Z �SI 
H0h2 Br(h!inv)53.0 120 130 2100 0:023 0.39 0.47 0.097/0.0089 1.8/0.095 1.5 0.115 26%54.0 140 110 2500 0:013 0.54 0.31 0.056/0.016 2.3/0.17 0.50 0.107 11%60.0 160 160 3624 �7:6 � 10�4 0.70 0.70 0.16/0.15 4.5/0.14 0.0015 0.110 0.02%65.0 72.9 120 4200 8:0 � 10�4 0.036 0.32 0.40/0.38 5.7/3.1 0.0013 0.109 065.0 120 150 3640 0:019 0.34 0.60 3.1/1.9 20/14 0.69 0.110 075.5 130 98.0 6900 �0:038 0.32 0.086 1.0/0.91 4.5/3.8 2.1 0.104 0TABLE VII: Benhmark models with mh=126.0 GeV. Masses are given in units of GeV. Annihilation ross setions, atrelative impat veloity v ! 10�3, are in units of 10�26 m3/s for �vtot;3�body and in units of 10�29 m3/s for �v;Z.Spin-independent ross setions �SI are in units of 10�45 m2. �2 = 0:01 for all models.
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Appendix A: NaturalnessThe IDM serves as an expliit framework where aheavy Higgs boson, up to around 700 GeV, an be in-orporated and still be in agreement with EWPT. Whilethis possibility is interesting in itself, it has also servedas an additional motivation for the model. Indeed, alarger Higgs boson mass ould alleviate the �ne-tuningin the SM and make the model more natural by pushingthe need for new divergene-aneling physis to higherenergy sales [17℄.Raising the Higgs mass within the IDM does howevernot neessarily lead to improved naturalness as omparedto the SM [19℄. The new inert salars ontribute withadditional orretions to the SM-like Higgs mass, as wellas exhibit quadrati divergenes of their own. This anlead to inreased overall �ne-tuning although a largerHiggs mass naively renders it less sensitive to orretionsfrom new physis at high energies.Let F 2(pi) be a quantity that depends on some inde-pendent input parameters pi. The amount of �ne-tuningin F 2 assoiated with pi an then be taken to be �Fpi ,de�ned by [110℄ ÆF 2F 2 � �Fpi Æpipi : (A1)A model is said to be natural, up to an energy sale �, ifthe total amount of �ne-tuning is suÆiently small. Theexat upper limit on �Fpi in order for the quantity not tobe onsidered to be �ne-tuned is somewhat arbitrary.The salar masses are the parameters that reeive thedangerous quadratially ultraviolet-divergent ontribu-tions. Using momentum uto� regularization, the one-loop orretions to the salar mass parameters �2i =�̂2i + Æ�2i an be written (as in [19℄)Æ�21 = 364�2 ��8�2t�2t + (3g2 + g02)�21g + 8�1�211+43(2�3 + �4)�212� (A2)andÆ�22 = 364�2 �(3g2 + g02)�22g + 8�2�222+43(2�3 + �4)�221� (A3)where �t is the top Yukawa oupling, g0 and g are theU(1) and SU(2) gauge ouplings and we have assumedindependent uto�s �i. The loop ontribution from in-ternal gauge �elds are suÆiently small that �1g will beirrelevant ompared to �t. For large salar ouplingsthe most relevant ones will be �11;12 and �22;21 { the
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20�i this measure typially leaves them less natural. �� isless than 5 up to uto� sales � = 0:4�1:4 TeV when in-luding the RG evolution. With this �ne-tuning measure,our benhmark models an thus hardly be onsidered tobe less �ne-tuned than the SM.We here also note that the sensitivity to variations inpi = �i ould be signi�ant already at tree-level. Thetree-level ontribution to�mH0�i � �lnm2H0�ln�i (A6)already gives � = max(j�mH0�i j) � 6� 25 for our benh-mark models, and is independent of �i. This type of �ne-tuning is however not diretly related to the unknownontributions beyond the uto� sale, and would be ab-sent if we take our �i to be �xed and known parametersfor eah model.Appendix B: Statistial measuresIt is desirable to have a statistial measure of the in-tegrated luminosity L expeted to be needed to deteta signal with ross setion �S above a bakground withross setion �B .We denote the probability of observing N or fewerevents from a distribution with expetation value X byPD(N ;X); (B1)where the index D distinguishes between di�erent distri-butions. In the following, D = G and P to denote Gaus-sian and Poisson statistis, respetively. B � B(L) =�BL and S � S(L) = �SL denote the expetation valuesof the number of bakground and signal events, respe-tively.To laim that an observation of Nobs events is an ex-ess, i.e. to rejet the null hypothesis of a bakgroundexpetation B, it has to lie outside the interval spei�edby the bakground model's P1 on�dene level (CL). Fora one-sided bound, this requires Nobs � Nmin(L), whereNmin is the minimum integer number satisfyingPD(Nmin;B) � P1: (B2)For suh a future observation to our with a probabilityP2, when the underlying true senario has an expeta-tion value S + B, it is required that Nmin also ful�llsNmin � Nmax(L), where Nmax is the maximum numbersatisfying 1� PD(Nmax;S +B) � P2: (B3)For a given distribution funtion PD(N ;X), the systemof equations (B2){(B3) an then be solved to �nd thesmallest required integrated luminosity L that has aninteger solution N :Nmin(L; P1) � N � Nmax(L; P2) (B4)

Note that PD(N ;X) are distribution funtions, whereasP1;2 are requested probabilities.It an be onvenient to phrase the probabilities P1;2in terms of a orresponding number n1;2 of standard de-viations (n-�) for a one-sided normal distribution. Wede�ne suh a orrespondene byP1;2 = 12 �1 + erf �n1;2p2 �� ; (B5)where erf is the Gaussian error funtionerf(x) = 2p� Z x0 dt e�t2 : (B6)Equation B5 thus de�nes what we refer to as an n-� ob-servation, independently of the type of distribution fun-tion PD. For example 3(5)� orresponds to 1 � P1;2 =1:35� 10�3(2:87� 10�7).If the number N of events is Poisson distributed, thenthe one-sided umulative distribution funtion PD = PPan be expressed asPP(N ;X) = (N + 1; X)�(N) ; (B7)where � and  are the ordinary and the lower inompletegamma funtion respetively,(N + 1; X)�(N) for integer=N�0 NXi=0 e�XX ii! : (B8)Stritly speaking, N an only take integer values { as itrepresents the number of observed events { and in gen-eral one an therefore not replae the inequalities withequalities in Eqs. (B2){(B3) and still �nd a solution.The analytial ontinuation (i.e. the gamma funtionsin Eq. (B8)) an, however, be pratial to have at hand,even though the �nal results should always derive froma solution with an integer N .If the number N of events is instead Gaussian dis-tributed, then PD = PG withPG(N ;X) = 12 �1 + erf �N �Xp2� �� ; (B9)where we take � = pX to oinide with a Poisson distri-bution for large X . In this ase, Eq. (B4) an be writtenin a simple form. The P1 (n1-�) CL one-sided upper limiton the bakground being smaller than the P2 (n2-�) CLone-sided lower limit on the signal plus bakground nowreads B + n1pB � N � S +B � n2pS +B: (B10)The expression for the required signal S an then be putinto the following algebrai form (if we relax the require-ment of N being an integer):S � n1pB + n22 �n2 +q4B + 4pBn1 + n22� : (B11)



21Model 3�, G 3� P2=90%, G 3� P2=90%, P 5�, G 5� P2=90%, G 5� P2=90%, P P1=P2 = 95%, PIDM-A1 720 1600 1700 2000 3400 3600 1000IDM-A2 240 590 630 680 1200 1300 380IDM-B1 44 120 140 120 240 290 88IDM-B2 44 120 140 120 240 290 88IDM-C1 10a (19) 36 44 28 66 90 30IDM-C2 0.95a (5.7) 5.8 8.3 2.6a 9.3 16 5.2IDM-C3 11a (19) 38 49 30 70 96 30IDM-C4 33 97 110 91 190 230 70aRequiring a signal expetation of at least 5 events gives the valuequoted in parentheses in the �rst olumn.TABLE VIII: Integrated luminosities L, in units of fb�1, required to detet our benhmark models under di�erent statistialmeasures. The 3(5)� olumns give the required integrated luminosity in order to observe a 3(5)� evidene (disovery) witha probability P2 = 90%, when the number of event ounts is assumed to be Gaussian, G, or Poisson, P, distributed. In theolumns with no P2 value quoted, the ommonly used riterion S � 3(5)pB has been used (i.e the Gaussian approximationin Eq. B12). In the last olumn we give the required luminosity to have a 95% probability to exlude the models with at least95% on�dene. (See the text for further information.)Although N should be an integer, we will follow om-mon pratie and leave out this additional requirementwhen we present results for Gaussian distributions in Ta-ble VIII. For n1 = n and n2 = 0, this gives the ommonlyused riterion for expeting an n-sigma detetionS � npB; (B12)whih orresponds to a probability P2 = 50% to observethe required Nobs from a Gaussian distribution that, infat, also spans over negative Nobs. For n1 = n2 = n,Eq. (B11) gives the sometimes seen riterion [107℄S � n2 + 2npB: (B13)
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