
Vol. 34 (2003) ACTA PHYSICA POLONICA B No 6
HIGGS AND SUSY SEARCHES AT LHC:AN OVERVIEWD.P. RoyTata Institute of Fundamental ResearhHomi Bhabha Road, Mumbai 400 005, India(Reeived Marh 12, 2003)Dediated to Jan Kwiei«ski in honour of his 65th birthdayI start with a brief summary of Higgs mehanism and supersymmetry.Then I disuss the theoretial onstraints, urrent limits and searh strate-gies for Higgs boson(s) at LHC � �rst in the SM and then in the MSSM.Finally, I disuss the analogous onstraints and searh strategies for thesuperpartiles, onentrating on the minimal supergravity model. Reentadvanes in identifying the most promising hannels for Higgs and SUSYsearhes are emphasized.PACS numbers: 12.10.�g, 12.60.�i1. IntrodutionAs per the Standard Model (SM) the basi onstituents of matter arethe quarks and leptons, whih interat by the exhange of gauge bosons �photon, gluon and the massive W and Z bosons. By now we have seen allthe quarks and leptons as well as the gauge bosons. But the story is notomplete yet beause of the mass and the hierarhy problems.2. Mass problem (Higgs mehanism)The problem is how to give mass to the weak gauge bosons, W andZ, without breaking gauge symmetry, whih is required for a renormalis-able �eld theory. In order to appreiate it onsider the weak interationLagrangian of a harged salar �eld �; i.e.L = ����+ ig~�2 ~W���y����+ ig~�2 ~W����h�2�y�+ �(�y�)2i� 14 ~W�� ~W�� ;(1)(3417)



3418 D.P. Roywhere ~W�� = �� ~W� � �� ~W� � g ~W� � ~W� (2)is the �eld tensor for the weak gauge bosons ~W�. The harged and theneutral W bosons form a SU(2) vetor, re�eting the non Abelian nature ofthis gauge group. This is responsible for the last term in (2), whih leads togauge boson self-interation. Correspondingly the gauge transformation on~W� has an extra term, i.e.�! ei~��~��; ~W� ! ~W� � 1g��~�� ~�� ~W� : (3)This ensures gauge invariane of ~W�� , and hene for the last term of theLagrangian, representing gauge kineti energy. Evidently the middle term,representing salar mass and self-interation, is invariant under gauge trans-formation on �. Finally the �rst term, representing salar kineti energyand gauge interation, an be easily shown to be invariant under the simul-taneous gauge transformations (3). However the addition of a mass term�M2 ~W� � ~W� ; (4)would learly break the gauge invariane of the Lagrangian. Note that,in ontrast the salar mass term, �2�y�, is learly gauge invariant. Thisphenomenon is exploited to give mass to the gauge bosons through bakdoor without breaking the gauge invariane of the Lagrangian. This is theelebrated Higgs mehanism of spontaneous symmetry breaking [1℄.One starts with a SU(2) doublet of omplex salar �eld � with imagi-nary mass, i.e. �2 < 0. Consequently the minimum of the salar potential,�2�y�+ �(�y�)2, moves out from the origin to a �nite valuev =p��2=� ; (5)i.e. the �eld develops a �nite vauum expetation value. Sine the per-turbative expansion in quantum �eld theory is stable only around a loalminimum, one has to translate the �eld by the onstant quantity,�0 = v +H0(x) ; (6)where the supersript denotes the eletri harge. Thus one gets a validperturbative �eld theory in terms of the rede�ned �eld H. This representsthe physial Higgs boson, while the 3 other omponents of the omplexdoublet �eld are absorbed to give mass and hene longitudinal omponentsto the gauge bosons.



Higgs and SUSY Searhes at LHC: an Overview 3419Substituting (6) in the �rst term of the Lagrangian (1) leads to a massterm for W , MW = 12gv : (7)It also leads to a HWW oupling,12g2v = gMW ; (8)i.e. the Higgs oupling to the gauge bosons is proportional to the gaugeboson mass. Similarly its ouplings to quarks and leptons an be shown tobe proportional to their respetive masses, i.e.h`;q = m`;q=v = 12gm`;q=MW : (9)Indeed, this is the soure of the fermion masses in the SM. Finally substi-tuting (6) in the middle term of the Lagrangian leads to a real mass for thephysial Higgs boson, MH = vp2� =MW (2p2�=g) : (10)Substituting MW = 80 GeV and g = 0:65 along with a perturbative limit onthe salar self-oupling �<� 1, implies that the Higgs boson mass is boundedby MH < 1000 GeV. But the story does not end here. Giving mass tothe gauge bosons via the Higgs mehanism leads to the so alled hierarhyproblem. 3. Hierarhy problem (supersymmetry)The problem is how to ontrol the Higgs salar mass in the desired rangeof a few hundred GeV. This is beause the salar masses are known to havequadratially divergent quantum orretions from radiative loops. Thesewould push the output salar mass to the ut-o� sale of the SM, i.e. theGUT sale (1016 GeV) or the Plank sale (1019 GeV). The desired massrange of � 102 GeV is learly tiny ompared to these sales. This is theso alled hierarhy problem. The underlying reason for the quadrati diver-gene is that the salar masses are not proteted by any symmetry unlikethe fermion and the gauge boson masses, whih are proteted by hiral sym-metry and gauge symmetry. Of ourse it was this very property of the salarmass that was exploited to give masses to the fermions and gauge bosons inthe �rst plae. The hierarhy problem is the �ip side of the same oin.The most attrative solution to this problem is provided by supersym-metry (SUSY), a symmetry between fermions and bosons [2℄. It predits thequarks and leptons to have salar superpartners alled squarks and sleptons



3420 D.P. Roy(~q; ~̀), and the gauge bosons to have fermioni superpartners alled gaugi-nos (~g; ~; ~W; ~Z). In the minimal supersymmetri extension of the standardmodel (MSSM) one needs two Higgs doublets H1;2, with opposite hyper-harge Y = �1, to give masses to the up and down type quarks. The orre-sponding fermioni superpartners are alled Higgsinos ( ~H1;2). The oppositehyperharge of these two sets of fermions ensures anomaly anellation.SUSY ensures that the quadratially divergent quantum orretions fromquark, lepton and Higgs boson loops are anelled by the ontributionsfrom the orresponding squark, slepton and Higgsino loops. Thus the Higgsmasses an be kept in the desired range of � 102 GeV. However this impliestwo important onstraints on SUSY breaking.(i) SUSY an be broken in masses but not in ouplings (soft breaking), sothat the o-e�ients of the anelling ontributions remain equal andopposite.(ii) The size of SUSY breaking in masses is � 102 GeV, so that the size ofthe remainder remains within this range. Thus the superpartners of theSM partiles are also expeted to lie in the mass range of � 102 GeV,going upto 1000 GeV.4. SM Higgs boson: theoretial onstraints & searh strategyThe Higgs self oupling � is ultra-violet divergent. It evolves aordingto the renormalisation group equation (RGE)d�d ln(Q=MW ) = 3�22�2 : (11)It an be easily solved to give�(Q) = 11=�(MW )� (3=2�2) ln(Q=MW ) ; (12)whih has a Landau pole atQ0 =MW e2�2=3�(MW ) ; �(MW ) = g28 M2HM2W : (13)Thus the larger the starting value �(MW ), the sooner will the oupling di-verge. Evidently the theory is valid only upto a ut-o� sale ^ = Q0. Requir-ing the theory to be valid at all energies, ^ !1, would imply �(MW )! 0;i.e. the only good ��4 theory is a trivial theory. Surely we do not wantthat. But if we want the theory to be valid upto the Plank sale or GUT



Higgs and SUSY Searhes at LHC: an Overview 3421sale, we must have a relatively small �(MW ), whih orresponds to a smallMH <�200 GeV. If on the other hand we assume it to be valid only upto theTeV sale, then we an have a larger �(MW ), orresponding to a relativelylarge MH <� 600 GeV. This is the so-alled triviality bound [3℄. If MH issigni�antly larger than 600 GeV, then the range of validity of the theory islimited to ^ < 2MH . This would orrespond to a omposite Higgs senario,e.g. tehniolour models.Fig. 1 shows the triviality bound on the Higgs mass against the ut-o�sale ^ of the theory [4℄. It also shows a lower bound on the Higgs mass,whih omes from a negative ontribution to the RGE (11) from the topYukawa oupling, i.e. d�d ln(Q=MW ) = 32�2 (�2 + �h2t � h4t ): (14)The Yukawa oupling being ultra-violet divergent turns � negative at a highenergy sale; and the smaller the starting value of � (or equivalentlyMH) thesooner will it beome negative. A negative � oupling has the undesirablefeature of an unstable vauum. Thus one an de�ne a ut-o� sale ^ for thetheory, where this hange of sign ours. The lower urve of Fig. 1 showsthe lower bound on MH as a funtion of the ut-o� sale ^ inluding thetheoretial unertainty [5℄. We see from this �gure that the longer the rangeof validity of the theory, the stronger will be the upper and lower boundson MH . Thus assuming no new physis upto the GUT or Plank sale (thedesert senario) would onstrain the SM Higgs mass to lie in the rangeMH = 130� 180 GeV : (15)

Fig. 1. The upper and lower bounds on the mass of the SM Higgs boson as funtionsof the uto� sale [4℄.



3422 D.P. RoyHowever the lower bound beomes invalid one we have more than one Higgsdoublet, sine the unique relation between the top mass and Yukawa ou-pling (9) will no longer hold. In partiular, one expets an upper bound of� 130 GeV for the lightest Higgs boson mass in MSSM instead of a lowerbound, as we shall see below. Sine one needs SUSY or some other form ofnew physis to stabilise the Higgs mass, the above vauum stability boundmay have limited signi�ane. Nonetheless it is interesting to note that thepredited range of the SM Higgs boson mass (15) agrees favourably withthe indiret estimate of this quantity from the preision measurement ofeletro-weak parameters at LEP/SLD [6℄, i.e.MH = 88+60�37 GeV (< 206 GeV at 95% CL) : (16)The searh strategy for Higgs boson is based on its preferential ouplingto the heavy quarks and gauge bosons as seen from (8),(9). The LEP-Isearh was based on the so alled Bjorken proesse+e� ! Z ! HZ? ! �bb(`+`�; ��; �qq) ; (17)while the LEP-II searh is based on the assoiated proess with Z and Z?interharged, resulting in the limit [7℄MH > 114:1 GeV: (18)Thus a promising mass range to probe for the SM Higgs boson signals isMH = 114� 206 GeV: (19)But the upper limit is not a robust one sine the underlying quantumorretions have only logarithmi dependene on the Higgs mass. Fig. 2shows the total deay width of the Higgs boson along with the branhing ra-tios for the important deay hannels [8℄. It is lear from this �gure that themass range an be divided into two parts � (a) MH < 2MW (90�160 GeV)and (b) MH > 2MW (160�1000 GeV).The �rst part is the so alled intermediate mass region, where the Higgswidth is expeted to be only a few MeV. The dominant deay mode isH ! �bb. This has unfortunately a huge QCD bakground, whih is � 1000times larger than the signal. By far the leanest hannel is , where theontinuum bakground is a 2nd order EW proess. However, it su�ers froma small branhing ratio B(H ! ) � 1=1000 ; (20)
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Fig. 2. Total deay width and the main branhing ratios of the SM Higgs boson [8℄.sine it is a higher order proess, indued by theW boson loop. So one needsa very high jet/ rejetion fator >�104. Besides the ontinuum bakgroundbeing proportional to �M , one needs a high resolution,�M <� 1 GeV i :e: <� 1% of MH : (21)This requires �ne EM alorimetry, apable of measuring the  energy anddiretion to 1% auray.One an get a feel for the size of the signal from the Higgs produtionross-setions shown in Fig. 3. The relevant prodution proesses aregg �t?t?�! H ; (22)qq W ?W ?�! Hqq ; (23)q�q0 W ?�! HW ; (24)gg; q�q �! Ht�t(Hb�b) : (25)The largest ross-setion, oming from gluon�gluon fusion via the topquark loop (22), is of the order of 10 pb in the intermediate mass region.Thus the expeted size of the H !  signal is � 10 fb, orresponding to� 103 events at the high luminosity (� 100 fb�1) run of LHC. The estimatedontinuum bakground is � 104 events, whih an of ourse be subtratedout. Thus the signi�ane of the signal is given by its relative size withrespet to the statistial unertainty in the bakground, i.e.S=pB ' 10: (26)Fig. 4 shows the ATLAS (left) and CMS (right) simulations for the SMHiggs signals at LHC from di�erent deay hannels. The ATLAS �gure
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Fig. 3. Prodution ross-setions of the SM Higgs boson at LHC [8℄.shows the expeted signi�ane level of the signal for the high luminosity(100 fb�1) run of LHC. Combining the di�erent deay hannels should givea � 10� signal over the entire Higgs mass range of 100�1000 GeV. TheCMS �gure shows the minimum luminosity required for the disovery of a5� Higgs signal against its mass. It shows that a modest luminosity of � 20fb�1, whih is expeted to be aumulated at the low luminosity run, shouldsu�e for this disovery over most of Higgs mass range of interest.As we see from Fig. 4, the most promising Higgs deay hannel isH ! ZZ ! `+`�`+`�; (27)sine reonstrution of the `+`� invariant masses makes it pratially bak-ground free. Thus it provides the most important Higgs signal right fromthe subthreshold region of MH = 140 GeV upto 600 GeV. Note however asharp dip in the ZZ branhing ratio at MH = 160 � 170 GeV due to theopening of the WW hannel (see Fig. 2). The most important Higgs signalin this dip region is expeted to ome from [10℄H !WW ! `+�`���: (28)
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Fig. 4. (a) Signi�ane level of the SM Higgs signal at LHC with a Luminosityof 100 fb�1; (b) Required luminosity for a 5� Higgs signal at LHC. The �rst andthe seond �gures are from the simulations of the ATLAS and CMS ollaborationsrespetively [9℄.However in general this hannel su�ers from a muh larger bakground fortwo reasons � (i) it is not possible to reonstrut the W masses beause ofthe two neutrinos and (ii) there is a large WW bakground from t�t deay.For large Higgs mass, MH = 600 � 1000 GeV, the 4-lepton signal (27)beomes too small in size. In this ase the deay hannelsH !WW ! `�q�q0; H ! ZZ ! `+`��� (29)are expeted to provide more favourable signals. The biggest bakgroundomes from singleW (Z) prodution along with QCD jets. However, one anexploit the fat that a large part of the signal ross-setion in this ase omesfromWW fusion (23), whih is aompanied by two forward (large-rapidity)jets. One an use the double forward jet tagging to e�etively ontrol thebakground. Indeed the above simulation studies by the CMS and ATLASollaborations show that using this strategy one an extend the Higgs searhright upto 1000 GeV [9℄.5. MSSM Higgs bosons: theoretial onstraints & searh strategyAs mentioned earlier, the MSSM ontains two Higgs doublets, whihorrespond to 8 independent states. After 3 of them are absorbed by the Wand Z bosons, one is left with 5 physial states: two neutral salars h0 andH0, a pseudosalar A0, and a pair of harged Higgs salars H�. At the tree-level their masses and ouplings are determined by only two parameters �



3426 D.P. Roythe ratio of the two vauum expetation values, tan �, and one of the salarmasses, usually taken to be MA. However, the neutral salars get a largeradiative orretion from the top quark loop along with the top squark (stop)loop. To a good approximation this is given by [11℄" = 3g2m4t8�2M2W ln M2~tm2t ! ; (30)plus an additional ontribution from the ~tL;R mixing,"mix = 3g2m4t8�2M2W A2tM2~t  1� A2t12M2~t ! � 9g2m4t8�2M2W : (31)Thus while the size of "mix depends on the trilinear SUSY breaking param-eter At, it has a de�nite maximum value. As expeted the radiative orre-tions vanish in the exat SUSY limit. One an estimate the rough magnitudeof these orretions assuming a SUSY breaking sale of M~t = 1 TeV. Theleading log QCD orretions an be taken into aount by using the runningmass of top at the appropriate energy sale [11℄; i.e.mt(pmtM~t) ' 157 GeVin (30) and mt(M~t) ' 150 GeV in (31) instead of the top pole mass of175 GeV. One an easily hek the resulting size of the radiative orretionsare " �M2W and 0 < "mix <�M2W : (32)The neutral salar masses are obtained by diagonalising the mass-squaredmatrix 0� M2A sin2 � +M2Z os2 � �(M2A +M2Z) sin� os ��(M2A +M2Z) sin� os � M2A os2 � +M2Z sin2 � + "01A (33)with "0 = ("+ "mix)= sin2 �. ThusM2h = 12"M2A +M2Z + "0 � n(M2A +M2Z + "0)2 � 4M2AM2Z os2 ��4"0(M2A sin2 � +M2Z os2 �)o1=2# ;M2H = M2A +M2Z + "0 �M2h ;M2H� = M2A +M2W ; (34)where h denotes the lighter neutral salar [12℄. One an easily hek thatits mass has an asymptoti limit for MA �MZ , i.e.M2h �!M2Z os2 2� + "+ "mix ; (35)



Higgs and SUSY Searhes at LHC: an Overview 3427TABLE IImportant ouplings of the MSSM Higgs bosons h, H and A relative to those ofthe SM Higgs boson.Channel HSM h H A�bb(�+��) gmb2MW (m� ) � sin�= os� os�= os� tan�! 1 tan� 00�tt g mt2MW os�= sin� sin�= sin� ot�! 1 ot� 00WW (ZZ) gMW (MZ) sin(� � �) os(� � �) 0! 1 0 00while M2H , M2H� ! M2A. Thus the MSSM ontains at least one light Higgsboson h, whose tree-level mass limit Mh < MZ , goes upto 130 GeV afterinluding the radiative orretions.Let us onsider now the ouplings of the MSSM Higgs bosons. A onve-nient parameter for this purpose is the mixing angle � between the neutralsalars, i.e.tan 2� = tan 2� M2A +M2ZM2A �M2Z + "0= os 2� ; ��=2 < � < 0 : (36)Note that � MA�MZ�! � � �=2 : (37)Table I shows the important ouplings of the neutral Higgs bosons relativeto those of the SM Higgs boson. The limiting values of these ouplingsat large MA are indiated by arrows. The orresponding ouplings of theharged Higgs boson, whih has no SM analogue, areH+�tb : gp2MW (mt ot � +mb tan �); H+�� : gp2MW m� tan � ;H+W�Z : 0 : (38)Note that the top Yukawa oupling is ultraviolet divergent. Assuming itto lie within the perturbation theory limit all the way upto the GUT saleimplies 1 < tan� < mt=mb (39)whih is, therefore, the favoured range of tan �. However, it assumes nonew physis beyond the MSSM upto the GUT sale, whih is a strongerassumption than MSSM itself. Nonetheless we shall onentrate in thisrange.



3428 D.P. RoyBefore disussing the searh of MSSM Higgs bosons at LHC let us brie�ydisuss the LEP onstraints on these partiles. Fig. 5 plots the h0, H0 andH� masses against MA for two representative values of tan� (= 3 and 30)assuming maximum stop mixing [13℄. It also plots the orresponding sin2(� � �), representing the suppression fator of the h signal relative to theSM Higgs boson for the LEP proess (17). We see that for tan� = 3, themaximum value of h mass is marginally above the SM Higgs mass limit of114 GeV. Moreover the orresponding lower limit ofMh is marginally smallerthan this value sine the signal suppression fator is � 0:5. Thus tan� = 3lies just inside the LEP allowed region, while it disallows tan� � 2:4. Thedisallowed region extends over tan � <� 5 for a more typial value of themixing parameter, At ' 1 TeV. One also sees from this �gure that the lowerlimit of Mh � 114 GeV will hold at large tan� (� 30) if MA is > 130 GeV.But for lower values of MA this signal is strongly suppressed at large tan�;and one an only get a modest limit of MA 'Mh > 90 GeV from the pair-prodution proess e+e� ! hA at LEP [7℄. The pair prodution of hargedHiggs bosons at LEP gives a limit MH� > 78 GeV, whih is lose to itstheoretial mass limit (34).
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Fig. 5. Masses of the MSSM Higgs bosons and their squared ouplings to WW ,ZZ (relative to the SM Higgs oupling) for two representative values of tan� = 3and 30, assuming maximal stop mixing [13℄.Coming bak to the neutral Higgs ouplings of Table I, we see thatin the large MA limit the light Higgs boson (h) ouplings approah theSM values. The other Higgs bosons are not only heavy, but their mostimportant ouplings are also suppressed. This is the so alled deouplinglimit, where the MSSM Higgs setor is phenomenologially indistinguishablefrom the SM. It follows therefore that the Higgs searh strategy at LHC forMA �MZ should be the same as the SM ase, i.e. viah!  : (40)



Higgs and SUSY Searhes at LHC: an Overview 3429At lower MA, several of the MSSM Higgs bosons beome light. Unfortu-nately their ouplings to the most important hannels, �tt and WW=ZZ, aresuppressed relative to the SM Higgs boson [12℄. Thus their most importantprodution ross-setions as well as their deay BRs into the  hannel aresuppressed relative to the SM ase. Consequently the Higgs detetion in thisregion is very hallenging. Nonetheless reent simulation studies show thatit will be possible to see at least one of the MSSM Higgs bosons at LHCover the full parameter spae of MA and tan�. Fig. 6 shows suh a simu-lation by the CMS ollaboration [14℄ for integrated luminosities of 30 fb�1and 100 fb�1, whih are expeted from the low and high luminosity runs ofLHC respetively. It looks muh more promising now than 4�5 years bak,when the orresponding plot showed a big hole in the middle of this param-eter spae [15℄. The improvement omes from the following three proesses,whih have been studied only during the last few years.

Fig. 6. Expeted 5� disovery limits of various MSSM Higgs signals at LHC forluminosities of 30 fb�1 and 100 fb�1 [14℄.1. t�th, h! b�b: The h! b�b deay width is enhaned by the sin2 �= os2 �fator, while the h !  width via the W boson loop is suppressedby sin2(� � �) as MA ! MZ . Besides in the latter ase the produ-tion ross-setion via the top quark loop is suppressed by a anellingontribution from the stop loop. Hene the above proess provides aviable signature for h over the modest mA region where the anonialh!  signature beomes too small.2. tH�, H� ! ��(tb): While the earlier analyses of harged Higgs bosonsignal at LHC were restrited to MH� < mt (MA <� 140 GeV) [16℄,reently they have been extended for heavier H� via these proesses[17,18℄. In partiular the assoiated prodution of tH� followed by



3430 D.P. Roythe H� ! �� deay is seen to provide a viable signature over a largerange of MH� (MA) for tan� >� 10. Here one exploits the predited �polarisation, i.e. P� = +1 for the H� signal and �1 for the W� bak-ground. In the 1-prong hadroni deay hannel of � , the P� = +1(�1)state is peaked at R ' 1 (0:4), where R denotes the fration of thevisible � -jet momentum arried by the harged prong [18℄. Followingthis suggestion a simple kinemati ut of R > 0:8 has been used in theabove simulation [14℄ to e�etively suppresses the W� ! �� as wellas the fake � bakground from QCD jets, while retaining nearly halfthe signal events.3. H;A ! �+�� ! 2� -jets: Earlier analyses of this proess assumedat least one of the � 's to have leptoni deay. The above simulationshows that hadroni deay of both the taus provides a viable signatureover a wider range of MA. This signature an be improved further byexploiting the orrelation between the polarisations of the 2 taus assuggested in [19℄.Note that all these three new hannels require identi�ation of b quarkand/or hadroni � -jet. Thus they are based on traker performane, whilethe anonial h!  hannel emphasized EM alorimeter.Finally one should note from Fig. 6 that there is a large part of theparameter spae, where one an see only one Higgs boson (h) with SMlike ouplings and hene not be able to distinguish the SUSY Higgs setorfrom the SM. Fortunately it will be possible to probe SUSY diretly viasuperpartile searh at LHC as we see below.6. Superpartiles: signature & searh strategyI shall onentrate on the standard R-parity onserving SUSY model,where R = (�1)3B+L+2S (41)is de�ned to be +1 for the SM partiles and �1 for their superpartners,sine they di�er by 1=2 unit of spin S. It automatially ensures Lepton andBaryon number onservation by preventing single emission (absorption) ofsuperpartile.Thus R-onservation implies that (i) superpartiles are produed in pairand (ii) the lightest superpartile (LSP) is stable. There are strong astro-physial onstraints against suh a stable partile arrying olour or eletriharge, whih imply that the LSP is either sneutrino ~� or photino ~ (orin general the lightest neutralino). The latter alternative is favoured by



Higgs and SUSY Searhes at LHC: an Overview 3431most SUSY models. In either ase the LSP is expeted to have only weakinteration with ordinary matter like the neutrino, sine e.g.~q ~q�! q~ and �q W�! eq0 (42)have both eletroweak ouplings and M~q � MW . This makes the LSP anideal andidate for the Cold Dark Matter. It also implies that the LSPwould leave the normal detetors without a trae like the neutrino. The re-sulting imbalane in the visible momentum onstitutes the anonial missingtransverse-momentum (p=T) signature for superpartile prodution at hadronolliders. It is also alled the missing transverse-energy (E=T) as it is oftenmeasured as a vetor sum of the alorimetri energy deposits in the trans-verse plane.The main proesses of superpartile prodution at LHC are the QCDproesses of quark-antiquark and gluon�gluon fusion [20℄q�q; gg �! ~q�~q(~g~g) : (43)The NLO orretions an inrease these ross-setions by 15�20% [21℄. Thesimplest deay proesses for the produed squarks and gluinos are~q ! q~; ~g ! q�q~ : (44)Convoluting these with the pair prodution ross-setions gave the simplestjets + p=T signature for squark/gluino prodution, whih were adequate forthe early searhes for relatively light squarks and gluinos. However, over themass range of urrent interest (� 100 GeV) the asade deays of squark andgluino into the LSP via the heavier hargino/neutralino states are expetedto dominate over the diret deays. This is both good news and bad news.On the one hand the asade deay degrades the missing-pT of the anonialjets +p=T signature [22℄. But on the other hand it gives a new multileptonsignature via the leptoni deays of these hargino/neutralino states [23℄. Itmay be noted here that one gets a mass limit of M~q;~g >� 200 GeV from theTevatron data using either of the two signatures [7℄.The asade deay is desribed in terms of the SU(2) � U(1) gauginos~W�;0; ~B0 along with the Higgsinos ~H�, ~H01 and ~H02 . The ~B and ~W massesare denoted by M1 and M2 respetively while the Higgsino masses are givenby the supersymmetri mass parameter �. The harged and the neutralgauginos will mix with the orresponding Higgsinos to give the physialhargino ��1;2 and neutralino �01;2;3;4 states. Their masses and ompositionsan be found by diagonalising the orresponding mass matries, i.e.MC =  M2 p2MW sin�p2MW os� � ! ; (45)



3432 D.P. RoyMN=0BBBBB� M1 0 �MZ sin �W os � MZ sin �W sin �0 M2 MZ os �W os � �MZ os �W sin ��MZ sin �W os � MZ os �W os � 0 ��MZ sin �W sin � �MZ os �W sin � �� 0
1CCCCCA:(46)The LEP limit [7℄ on the lighter hargino ��1 mass is 100 GeV, whihimplies j�j; jM2j > 100 GeV: (47)The orresponding slepton mass limits are m~e > 99 GeV, m~� > 95 GeV andm~� > 80 GeV. The sneutrino ~� and the lightest neutralino �01 mass limitsare 45 and 40 GeV respetively. In general the asade deay of squarks andgluinos would depend on all these masses.7. SUGRA modelTo ontrol the number of mass parameters one has to assume a super-symmetry breaking model. The simplest and most popular model is alledsupergravity, where SUSY is broken in a hidden setor and its e�et is om-muniated to the observable setor via gravitational interation. Sine thisinteration is olour and �avour blind, it leads to a ommon SUSY breakingmass for all the salars (m0) and another one for all the gauginos (M1=2) nearthe GUT sale. This is onsistent with the suessful uni�ation of the SU(3)� SU(2) � U(1) gauge ouplings at this sale [7℄. Then the SUSY break-ing masses evolve to low energy sales as per the Renormalisation GroupEvolution formulae [24℄.The gaugino masses evolve like the orresponding gauge ouplings, i.e.Mi(Q) =M1=2�i(Q)=�(MG) : (48)Thus at the low energy sale, Q �MW ,M2 = M1=2�2=�(MG) ' 0:8M1=2 ;M1 = M2�1=�2 'M2=2 ;M~g = M3 =M2�3=�2 ' 3M2 : (49)Ignoring the trilinear oupling (A) terms, one an write the SUSY break-ing salar masses at low energy asm2i = m20 + aim20 + biM21=2 ; (50)



Higgs and SUSY Searhes at LHC: an Overview 3433where ai is proportional to Yukawa oupling and bi to ombination of gaugeand Yukawa ouplings. Of ourse the Yukawa ouplings are signi�ant onlyfor H2 and the 3rd generation squarks and sleptons. It drives the H2 masssquare (m22 = m2H2 + �2) negative, as required for EWSB. The EWSB on-dition is M2Z2 = m2H1 �m2H2 tan2 �tan2 � � 1 � �2 ; (51)whih redue to �m2H2 � �2 over the range tan � >� 5, favoured by LEP.Substituting the evolution Eq. (50) for m2H1;2 in (51) gives [24℄�2 ' m20�97y � 1��M21=2�0:5 � 6y + 187 y2�� M2Z2 ; (52)where y denotes the top Yukawa oupling relative to its �xed point value.For the physial top mass of 175 GeV it is given by [25,26,27℄y = h2th2f = 1 + 1= tan2 �1:44 ' 0:71 ; (53)where the last equality holds to within 2% auray over tan� � 5. Substi-tuting this in (52) give�2 ' �0:08m20 + 2:4M21=2 � 0:5M2Z : (54)Thus one has only two independent parameters m0 and M1=2 apart fromtan � and the sign of �. The small oe�ient of the m20 term in (54) alongwith (49) imply that over most of the parameter spae �2 > M22 , i.e. thelighter hargino and neutralino states are gauginos ( ~W; ~B) obeying the masshierarhy (49). However there is a narrow strip of very highm20 region, whereits negative ontribution pushes j�j down to the LEP limit of 100 GeV. Herethe lighter hargino and neutralinos are Higgsino or mixed states. This is thefous point region of ref. [26℄, whih is favoured by the eletron and neutronEDM onstraints [28℄. It is also favoured by the osmologial onstraint onthe reli density of Dark Matter [29℄, as we see below.Fig. 7 shows the ontours of DM reli density in the m0�M1=2 plane fora representative value of tan� = 10 and +ve � [30℄. The latter is favoured bythe indiret onstraint from b! s. The regions marked I and II orrespondto � < 100 GeV and m~�1 < m~�01 respetively. The former is exluded by theLEP onstraint (47) and the latter by the requirement of a neutral LSP. Theremaining area is within the disovery limit of LHC. The indiated upperlimit from the muon anomalous magneti moment data is not ompellingbeause of the unertainty in the QCD ontribution [31℄. More importantly



3434 D.P. Royhowever even a bigger region is exluded by the osmologial onstraint ofDM reli density [7℄ 0:1 < 
h2 < 0:3 : (55)While the lower limit may be evaded by assuming alternative DM andidates,the upper limit is quite ompelling.
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Higgs and SUSY Searhes at LHC: an Overview 3435~B ~B ~q(~̀)�!q�q(`+`�), whih have low rates. However there are two strips adja-ent to the disallowed regions I and II, whih predit right DM reli densities.In the �rst one the LSP has a large Higgsino omponent, so that it an pairannihilate by Higgsino exhange ~H0 ~H0 ~H0( ~H�)�! ZZ(W+W�) or simply by s-hannel Z exhange ~H0 ~H0 Z!q�q. At the boundary of the exluded regionI the lighter hargino and neutralino states are dominantly Higgsinos, ~H�and ~H01;2, with nearly degenerate mass ' �. Thus there is also a largeo-annihilation rate via s-hannel W exhange ~H0 ~H�W�! q0�q. This leads tounderabundane of SUSY DM (
h2 < 0:1) at this boundary. In the se-ond region the ~�1 mass is lose to that of the LSP ( ~B). Thus one has afairly large pair-annihilation rate via ~�1 exhange, resulting in the desiredreli density (52). There is also o-annihilation of ~�1 with ~B via s-hannel� at the boundary. Similar features hold at other values of tan � as well asnegative � [31℄.Thus there is a good deal of urrent interest in the LHC signature ofsuperpartiles in these two strips, orresponding to (i) m0 �M1=2 and (ii)m0 �M1=2.(i) This orresponds to the above mentioned fous point region. A dis-tintive feature of this region is an inverted mass hierarhy, where thetop squarks (~t1;2) are predited to be signi�antly lighter than those of1st two generations. This is beause ~tL;R have large negative Yukawaoupling ontributions (ai) in Eq. (50), while the 1st two generationsquark masses are ' m0. Thus for m0 = 2000 GeV, M1=2 = 500 GeVand tan � = 10 one predits [27℄M~g ' 1300 GeV; m~t1 ' 1500 GeV; m~u; ~d � 2200 GeV : (56)Consequently one predits a large branhing fration for gluino deayvia ~t1, i.e. ~g ~t1!�tt~�0i ; �tb��j ! 2b2W�01 � � � : (57)The orresponding �nal state from gluino pair prodution ontains 4band 4W partiles. Fig. 8 shows the resulting signal in single lepton,dilepton, same-sign dilepton and trilepton hannels along with 4b tags[27℄. The bakground is e�etively suppressed by a 100 GeV ut on theaompanying E=T. The large multipliity of b-quarks and W bosonsmakes this a far more spetaular signal ompared to the standardasade deay ase.
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Higgs and SUSY Searhes at LHC: an Overview 3437the polarisation of � oming from the ~�1 deay (58). Fig. 9 shows thatP� > 0:9 over the full m0 �M1=2 plane at tan� = 30, whih holds atother values of tan � as well [33℄. Moreover P� > 0:95 in the relevanthalf-plane of m0 < M1=2. In ontrast the SM bakground from W andZ deays orrespond to P� = �1 and 0 respetively. Fig. 10 showsthe R distributions for P� = +1; 0;�1. As in the ase of H� signaldisussed earlier, one an also sharpen the SUSY signal by demandingR > 0:8 � i.e. the harged prong to arry > 80% of the visible � -jetmomentum. (a)0.30.50.8m ~ W 1=m W+m ~ Z 1P �>0.9 m ~W1=m ~�1Excl: Excl:m1=2m 0 550500450400350300250200150100
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500450400350300250200150100Fig. 9. BR(~��1 ! ~�1 ! ��01) is shown in them0�M1=2 plane for A0 = 0, tan� = 30and (a) positive �, (b) negative �. The entire region to the right of the dot-dashedline orresponds to P� > 0:9 [33℄.Note that the SUSY signals in the above two regions are based on iden-ti�ation of b and hadroni � -jets. Thus they again emphasize the trakerperformane like the MSSM Higgs signals disussed earlier.
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