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CUMQ/HEP 152, DESY 09-024, IZTECH-P/0901Searh for Gauge Extensions of the MSSM at the LHCAhmed Alia,� Durmu³ A. Demira;b,y Mariana Frank,z and Ismail TuranxaDeutshes Elektronen - Synhrotron DESY,Notkestr. 85, D-22603 Hamburg, Germany.bDepartment of Physis, Izmir Institute of Tehnology,IZTECH, TR35430 Izmir, Turkey, andDepartment of Physis, Conordia University,7141 Sherbrooke St. West, Montreal, Quebe, Canada H4B 1R6.AbstratThe extensions of the minimal supersymmetri model (MSSM), driving mainly from the need tosolve the � problem, involve novel matter speies and gauge groups. These extended MSSM modelsan be searhed for at the LHC via the e�ets of the gauge and Higgs bosons or their fermionipartners. Traditionally, the fous has been on the study of the extra fores indued by the newgauge and Higgs bosons present in suh models. An alternative way of studying suh e�ets isthrough the superpartners of matter speies and the gauge fores. We thus onsider a U(1)0 gaugeextension of the MSSM, and perform an extensive study of the signatures of the model throughthe prodution and deays of the salar quarks and gluino, whih are expeted to be produedopiously at the LHC. After a detailed study of the distintive features of suh models with regardto the signatures at the LHC, we arry out a detailed Monte Carlo analysis of the signals fromthe proess pp ! n leptons + mjets + =/ET , and ompare the resulting distributions with thosepredited by the MSSM. Our results show that the searhes for the extra gauge interations in thesupersymmetri framework an proeed not only through the fores mediated by the gauge andHiggs bosons but also through the superpartner fores mediated by the gauge and Higgs fermions.Analysis of the events indued by the squark/gluino deays presented here is omplementary to thediret Z 0 searhes at the LHC.PACS numbers: 12.60.Cn, 12.60.Jv,14.80.Ly�ahmed.ali�desy.deydemir�physis.izteh.edu.trzmfrank�alor.onordia.axituran�physis.onordia.a 1
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ContentsI. Introdution and Motivation 2II. The U(1)0 Model 4A. Gauge and Higgs Fermions 5III. The LHC Signatures of the U(1)0 Model 7A. U(1)0 E�ets Through Gauge and Higgs Fermions 8IV. The LHC Signals of the U(1)0 Model 16A. Branhing Frations of Squark Deay Channels 19B. The LHC Signatures of the U(1)0 Model Through jets + leptons + E=T Events 30V. Conlusion 45VI. Aknowledgments 48Appendix A: The Lagrangian 48Appendix B: The Salar Fermions 52Appendix C: The Fermion-Sfermion-Neutralino Couplings 54Appendix D: An Example of Feynman Diagrams 55Referenes 56I. INTRODUCTION AND MOTIVATIONAny antiipated model of `new physis', whih must obligatorily rehabilitate the unnatu-ral ultraviolet sensitivity of the standard model (SM), generially involves new matter speiesand interations beyond the SM. These non-SM features, if disernable in the TeV domain,will be probed by experiments at the LHC. The searh for the non-SM gauge interationsis of partiular importane sine non-SM gauge fores at the weak sale an give importanthints about the symmetries of Nature at short distanes. The searh an be arried outby measuring the anomalies in the rates of sattering proesses that involve solely the SM2



partiles. For instane, 2 ! 2 satterings an reeive ontributions from the exhanges ofthe extra gauge bosons Z 0 or W 0, or extra Higgs bosons, and their e�ets an be disentan-gled by measuring the deviation of the sattering rate from its SM expetation. However,the e�ets of the non-SM gauge interations are not limited to suh proesses sine theyneessarily partiipate in interations of the non-SM partiles, too. This feature extends thesearh proedure for extra gauge fores into non-SM partile setor, and an prove useful inestablishing the inner onsisteny of the model of `new physis'.The searh strategies for, and the signatures of, the extra gauge interations dependruially on the struture of the model of `new physis'. Indeed, possible seletion rules, andorrelations among observables an give rise to distintive signatures for ertain satteringproesses. These observations an be made expliit by onsidering a spei� model of `newphysis'. To this end, TeV�sale gravity, made possible by large extra dimensions, and TeV�sale softly-broken supersymmetri theories stand up as two main avenues for onstrutingrealisti models. Supersymmetri theories o�er a viable framework for eluidating theseobservations, as in these theories the entire partile spetrum is paired to have the boson�fermion symmetry, and thus, quadrati divergenes that destabilize the salar �eld setor arenaturally avoided. In partiular, gauge bosons themselves are paired with the orrespondinggauge fermions, and this feature guarantees that any sattering proess involving the gaugebosons possesses a partner proess proeeding with the gauge fermions (along with theexhange of fermions and salar fermions). This implies that the searh for extended gaugestrutures an be performed via both gauge bosons and gauge fermions, and the orrelationsbetween the two an reveal the underlying supersymmetri struture. The theories in higherdimensions, unless endowed with supersymmetry, do not possess this partnership struture,that is, their fores (indued by the extended gauge setor or the Kaluza-Klein modes of theknown gauge �elds in the bulk) do not aquire ontributions from any partner.In this paper we perform a phenomenologial study of the extra gauge interations inthe ontext of an extended low-energy softly-broken supersymmetri model. The minimalsupersymmetri model (MSSM) is based on the SM gauge group GSM = SU(3)
SU(2)L
U(1)Y . In general, provided that the existing bounds are respeted, this gauge struturean be extended in various ways motivated by high-energy (SUSY GUTs or strings) or low-energy ( the � problem of the minimal supersymmetry, the neutrino masses or the olddark matter) onsiderations. The simplest option would be to onsider an extra Abelian3



symmetry orthogonal to GSM so that the gauge struture at the TeV sale takes the formGSM 
 U(1)0. For extending the gauge struture there are other possibilities as well. Forexample, one an onsider a left-right symmetri setup SU(3)
SU(2)L
SU(2)R
U(1)B�Lor a more general embedding SU(3)
SU(3)L
U(1)0. Eah gauge struture omes with itsassoiated (neutral and harged) gauge bosons and the orresponding gauginos, and theirsearhes will help establish the underlying supersymmetri struture.In this work we attempt to answer the following question: What are the basi ollidersignatures of an extended gauge struture within a supersymmetri framework? The answerinvolves both the fores mediated by the gauge bosons and the superpartner fores mediatedby the gauge fermions. We will answer this question within the following framework:� We will onsider GSM 
U(1)0 gauge group for de�niteness (more general gauge stru-tures an be analyzed along the lines of reasoning employed for U(1)0).� We will analyze the prodution and deay proesses pertaining to the LHC (proessesat other olliders like Tevatron or the ILC an be analyzed aordingly).This setup might seem too spei� to investigate at �rst sight; however, it will be seen atthe end of this analysis, that the results obtained here are su�iently generi.This paper is organized as follows: In Se.II, we give a desription of the features ofthe GSM 
 U(1)0 model. As several model presentations exist in the literature, we reviewthe features essential for our analysis, relegating the rest to the Appendix for ompleteness.In Se. III, we provide a general disussion of the LHC proesses harateristi of theGSM 
 U(1)0 model. In Se. IV, we analyze these sattering proesses via Monte Carlosimulations. We summarize and onlude in Se. V. The Lagrangian of the GSM 
 U(1)0model is detailed in Appendix A - Appendix D. For the remainder of this work, we will referto our model simply as the U(1)0 model.II. THE U(1)0 MODELThere are various reasons for extending the MSSM by an additional U(1) group. From thepoint of view of high energies, an extra U(1) symmetry broken at the TeV sale frequentlyarises in grand uni�ed theories and strings [1℄. Seen from the low energy point of view,introdution of an extra U(1) is motivated by the need to solve the � problem [2℄ of the4



MSSM. Indeed, if the U(1)Y 0 harges of the MSSM Higgs doublets do not sum up to zeroit then beomes possible to promote the � parameter to a SM-singlet hiral super�eld bSharged solely under the U(1)Y 0 group. This setup, as enoded in the superpotentialW = hs bS bHu � bHd + hu bQ � bHu bU + hd bQ � bHd bD + hebL � bHd bE ; (1)then indues an e�etive � parameter, �eff = hshSi, below the U(1)Y 0 breaking sale. Theextra hiral �eld bS extends (i) the MSSM Higgs setor via the additional Higgs �eld S, and(ii) the MSSM neutralino setor via the additional neutral fermion eS [3℄.The other soure of deviation from the MSSM stems from the presene of the extra gaugeboson and its superpartner. Indeed, the kineti terms of the gauge super�elds in eletroweaksetor are given by [4, 5℄Lgauge = 132 hW aW a +WYWY +WY 0WY 0 + 2 sin�WYWY 0iF ; (2)whereW a,WY andWY 0 are, respetively, the gauge super�elds of SU(2)L, U(1)Y and U(1)Y 0groups with the gauge ouplings g2, gY and gY 0 . The last term in (2) aounts for the kinetimixing (with the angle �) between the U(1)Y and the U(1)Y 0 gauge super�elds. Eliminatingthe kineti mixing in (2), while maintaining the hyperharge setor as in the MSSM, hangesthe U(1)Y 0 invariane to a new one U(1)Q0 with the hargeQ0f = 1gY 0 os� �gY 0Y 0f � gY Yf sin�� ; (3)from whih it follows that even if f is neutral under U(1)Y 0 it still possesses a non-vanishingharge Q0f proportional to its hyperharge times tan�. As our analysis is onerned withthe superpartner fermion fores, we present that setor next. In Appendix A we desribethe partile spetrum and the Lagrangian and analyze the gauge and Higgs boson setors.A. Gauge and Higgs FermionsThe U(1)0 model possesses no new harged Higgsinos and gauginos. On the other hand,in the neutral setor it possesses two new fermion �elds: the U(1)0 gauge fermion eZ 0 and thesinglino eS. In total, there are 6 neutralino states e�0i (i = 1; : : : ; 6) [5, 6℄:e�0i =Xa N0ia eGa ; (4)5



where the mixing matrix N0ia onnets the gauge-basis neutral fermion states eGa 2 n eB; fW 3;eH0d ; eH0u; eS; eZ 0o to the physial neutralinos e�0i . The neutralino masses Me�0i and the mixingmatrix N0ia are determined via the diagonalization ondition N0MN0 T = Diag nMe�01 ; : : : ;Me�06o for the neutral fermion mass matrix
M =

0BBBBBBBBBBB�
MeY 0 �MeY eHd MeY eHu 0 MeY eZ00 MfW MfW eHd �MfW eHu 0 0�MeY eHd MfW eHd 0 �� ��Hu �0HdMeY eHu MfW eHd �� 0 ��Hd �0Hu0 0 ��Hu ��Hd 0 �0SMeY eZ0 0 �0Hd �0Hu �0S M eZ0

1CCCCCCCCCCCA ; (5)
where ertain entries are generated by the soft-breaking setor while others follow from theSU(3) 
 SU(2)L 
 U(1)Y 
 U(1)Q0 breaking. The U(1)Y gaugino mass MeY , the SU(2)Lgaugino mass MfW , and the U(1)Q0 gaugino massM eZ0 = MeY 0os2 � � 2tan�os�MeY eY 0 +MeY tan2 � ; (6)as well as the mixing mass parameter between U(1)Y and U(1)Q0 gauginosMeY eZ0 = MeY eY 0os� �MeY tan� ; (7)all follow from the soft-breaking setor (See Appendix A). Through the mixing of the gaugebosons,M eZ0 andMeY eZ0 exhibit an expliit dependene on the masses of the U(1)Y and U(1)Y 0gauginos, and their mass mixing. MeY eY 0 is the soft-breaking mass that mixes the U(1)Y andU(1)Y 0 gauginos.The remaining entries in (5) are generated by the soft-breaking masses in the Higgs setorvia the SU(3) 
 SU(2)L 
 U(1)Y 
 U(1)Q0 breaking. Their expliit expressions are givenby MeY eHd = MZ sin �W os � ; MeY eHu =MZ sin �W sin� ;MfW eHd = MZ os �W os � ; MfW eHu = MZ os �W sin � ;� = hs vsp2 ; �Hd = hs vdp2 ; �Hu = hs vup2 ;�0Hd = gY 0Q0Hdvd ; �0Hu = gY 0Q0Huvu ; �0S = gY 0Q0Svs ; (8)6



out of whih only � and �0S involve vs. These entries sale with MZ0, and thus, the heavierthe Z 0 boson, the larger the eS� eZ 0 mixing.The lightest neutralino e�01 is absolutely stable, and therefore, it is a natural andidate forold dark matter in the universe. The singlino eS does not ouple to fermions. The other twoHiggsinos eH0u;d ouple very weakly to fermions, exept for the top quark (and to the bottomquark and the tau lepton to a lesser extent). Consequently, the sattering proesses involving(s)fermions of the �rst and seond generations are expeted to be dominantly sensitive tothe gaugino omponents of neutralinos.III. THE LHC SIGNATURES OF THE U(1)0 MODELThe CMS and the ATLAS experiments at the LHC, a proton�proton ollider with enter-of-mass energy ps = 14 TeV, will be searhing for physis beyond the SM. The U(1)0 modelwould show up in experiments at the LHC via the U(1)0 gauge boson and gauge fermionas well as the singlet hiral �eld in its superpotential. These fermioni and bosoni �eldsgive rise to harateristially distint yet not neessarily independent signatures at the LHCenergies. These e�ets are disussed and ontrasted in this setion with the ones in theMSSM by employing the gauge basis instead of the physial (mass-eigenstate) basis, forsimpliity and larity of the disussions.We �rst brie�y summarize those e�ets whih are genuine to the U(1)0 model by onsid-ering its bosoni setor only. These e�ets have been studied in detail in the literature [7℄;bounds on various model parameters will be tightened as more and more experimental dataaumulate. In this work we will not reanalyze these e�ets, but will take into aount theimplied onstraints.The bosoni setor of the U(1)0 model shows up through the Z 0 gauge boson and thesinglet Higgs boson S. The leanest and the most diret signal of a Z 0 gauge boson, ifaessible at the LHC, will be a new resonane, entered at M`` = MZ0 , in the dileptonspetrum (` = e or � unless otherwise stated) [8, 9℄p p! Z 0 +X ! `+`� +X ; (9)This proeeds through q q annihilation followed by an s-hannel Z 0 exhange. The existingbounds from LEP [10℄ and Tevatron [11℄ require Z 0 to weigh near a TeV or higher, depending7



on the details of the model whih determine the Z 0 ouplings to the quarks and leptons [8℄.The extra Higgs boson, H 0 weighs lose to MZ0 and it is typially the heaviest Higgsboson in the spetrum [12, 13, 14℄. The S �eld (whih gives rise to the physial H 0 bosonafter diagonalization of the Higgs mass-squared matrix) is produed viap p! Z 0 +X ! S S? +X ; (10)whereupon the S �eld subsequently deays into lighter �elds in the model:S ! H0uH0d ; H+u H�d ; H0detLet?R ; H+d ebLet?R ; H0uebLeb?R ; H�u etLeb?R ; H0u èLè?R ; H�u e�Lè?R ; (11)The phenomenologial impliations of these deays have already been analyzed in [13, 14℄.There are also e�ets at the LHC whih would involve both the Z 0 and the S �elds in aninterating fashion. One suh proess is the Higgs prodution via the Bjorken mehanismp p! (Z;Z 0) +X ! (Z;Z 0) + CP-even Higgs bosons +X ; (12)whih di�ers from its MSSM ounterpart by the presene of both the Z 0 and the S ontri-butions [13℄. It is beause of these e�ets, in onjuntion with (10), that the Higgs bosondisovery limits an be modi�ed signi�antly in the U(1)0 model.A. U(1)0 E�ets Through Gauge and Higgs FermionsThe non-MSSM neutral fermions eS and eZ 0, whih mediate the superpartner fores, arepart of the neutralino setor (4), and thus, extration of the U(1)0 e�ets from the olliderdata an also be aomplished via those proesses involving the neutralinos. At hadronolliders, suh as the LHC, neutralinos (e�0i , i = 1; : : : ; 6) an be produed diretly in pairsor in assoiation with the harginos (e�+r , r = 1; 2), gluinos eg or squarks eq [15℄p p! e�0i e�0j ; e�0i e�+r ; e�0ieg ; e�0i eq ; (13)via the s-hannel gauge boson exhange (the �rst two hannels above) or the t-hannelsquark exhange (all the hannels). The trilinear gauge boson ouplings are ompletelyantisymmetri for the SU(2)L group and do not exist for the Abelian ones, and hene, Z andZ 0 gauge bosons do not ouple to the neutral gauginos fW 3, eB and eZ 0. Instead, they oupleonly to the neutral Higgsinos eH0u;d ontributing to the e�0i e�0j prodution. On the other hand,8



theW� boson ouples tofW 3fW� as well as to eH0u;d eH�u;d, and thus, the s-hannelW� exhangegives rise to e�0i e�+r �nal states ontaining both the gauginos and the Higgsinos. In addition,the Z 0 exhange (dominantly Z2 exhange for small Z�Z 0 mixing) auses pair-prodution ofthe singlino eS. In fat, this hannel is the only mode whih leads to eS prodution sine thet-hannel squark exhange produes only the gaugino omponents of the neutral fermions.In onsequene, while the s-hannel gauge boson exhanges generate the eH0u;d and the eSomponents of neutralinos, the t-hannel squark exhange gives rise to the fW 3, eB as well asthe eZ 0 omponents. In this sense, the two amplitudes exhibit omplementarity in produingthe neutral Higgsinos and the gauginos. Besides, the neutralino mass matrix (5) enables theprodution of all the neutralino states e�0i , no matter whih gaugino or Higgsino omponentis atually produed at the interation vertex.The existing bounds on the Z 0 boson mass [7℄ do not neessarily imply a suppression ofthe pair-prodution proesses at the LHC energies, as this ross setion may get enhaneddue to the resonane e�ets for the enter of mass energy near the Z 0 mass. This impliesthat the singlino pair prodution ould be as strong as that involving the other two HigginoseH0u;d.One produed, all neutralinos deay into isolated leptons, hard jets (initiated by quarksor gluons), photons and the lightest neutralino e�01 (whih appears as a momentum imbal-ane or the missing transverse energy /ET in all the SUSY proesses sine it is the lightestsupersymmetri partile (LSP), whih is stable due to the onserved R parity) via a hainof asade deays. The deay patterns of interest, espeially those o�ering lean ollidersignatures, are the ones whih yield isolated leptons. In this sense, a typial asade deaywould look like(heavy ino)! (lepton) (slepton)? ! (lepton) (anti-lepton) (light ino) ; (14)where 'ino' stands for any of the neutral or harged gauginos or Higgsinos in the model.Every asade must neessarily end with the 'lightest ino' i.e., the LSP, and therefore, deayhains of this sort proeed through several intermediate steps depending on the mass andthe ouplings of the mother-ino.It is highly illustrative to analyze these asade deays in the Lagrangian basis eGa, andwe do so for the remainder of this setion. A preise analysis in the physial basis e�0i , whihtakes into aount the mixings in the neutralino mass matrix (5), will be given in the next9



setion.The asade deays (14) are the key proesses for determining the spartile propertiesfrom the deay rates and topologies at the LHC [16℄. In the MSSM they involve the hy-perharge and the isospin gauginos as well as the Higgsinos. In the U(1)0 model, with theaddition of new neutral fermions eZ 0 and eS, the ino deays an aquire ertain novel featuresnot present in the MSSM. This point an be exempli�ed by onsidering the deayfW 3 ! `+è?� ! `+`� eB ; (15)whih in the MSSM hardly ever extends further sine fW 3 and fW� are nearly mass-degenerate. In fat, the SU(2)L breaking e�ets that split them in mass turn out to besmall so that e�02 and e��1 have approximately the same mass [3, 16℄. Hene, in the MSSMthe deay of fW 3 dominantly gives a dilepton signal. In ontrast to this, in the U(1)0 model,if eZ 0 falls in between fW 3 and eB in mass, the asade (15) proeeds through one more stepfW 3 ! `+è?� ! `+`� eZ 0 ! `+`�`0+è0 ?� ! `+`�`0+`0� eB ; (16)to yield a tetralepton �nal state. Obviously, this �nal state also arises when eZ 0 is heavier thanfW 3. Engineered by the U(1)0 gaugino, this is one distintive feature that helps distinguishthe U(1)0 signatures from those of the MSSM.Unlike the U(1)0 gaugino, the singlino eS, sine it does not ouple to quarks and leptonsdiretly, exhibits a ompletely di�erent deay pattern, in that the Higgs bosons are alwaysinvolved in the proess. One possible deay hannel proeeds with the U(1)0 gauginoeS ! S eZ 0 ; (17)where eZ 0 deays into leptons and eB as desribed above, and the singlet Higgs S deays intothe SM partiles via the doublet Higgs �elds Hu;d. The other hannel proeeds with theHiggsinos in the deay produts, eS ! H0u eH0d ; H+u eH�d ; (18)wherein the Higgs bosons and the fermions follow the usual deay hains until the leptons(possibly also quarks) plus the eB state are reahed.The diret pair-prodution mehanisms in (13) are not the only means of produingneutralinos; moreover, they are not neessarily the dominant ones. Indeed, neutralinos10



and harginos are produed in asade deays of the gluinos, squarks and sleptons. Asat the LHC energies, if aessible kinematially, gluinos and squarks possess the largestprodution ross setion [17℄ among all the spartiles, neutralinos or harginos arising fromthe squark/gluino deays must be muh more abundant than from all other soures, andan analysis of these an give ritial information about the absene/presene of an extraU(1) group. However, sine all the SUSY proesses end with a debris ontaining e�01, whihesapes detetion in the detetor, a omplete reonstrution of the masses and ouplings ofthe spartiles is not possible. Therefore, observability is based on the riterion of having asigni�ant exess of events of a given topology over a predetermined bakground [16, 18℄. Forextrating information on a possible U(1)0 group, one has to determine the squark/gluinodeay hannels pertaining to the U(1)0 model, and ompare the signal with the MSSMpredition, as will be done expliitly in the next setion.The gluinos, unlike the SU(2)L 
 U(1)Y 
 U(1)0 gauginos, an be pair-produed via thegluon exhange in the s-hannel at the LHC energies viap p! egeg ; eqeq ; egeq ; (19)through gluon-gluon, gluon-quark and quark-quark sattering [17℄. Following their produ-tion, gluinos and squarks deay further. If the gluino is heavier than squarks then it deaysinto a quark and squark eq eg ! q eq ; (20)and subsequently eq initiates a series of asade deays yielding a debris ontaining jets,isolated leptons and e�01. On the other hand, if the gluino is lighter than (some of the)squarks then the squark eq deays into gluino and quark, and then the gluino deays intolighter squarks and quarks yielding eventually a similar debris. Therefore, the essentialfeatures of the model an be extrated by exploring the deay patterns of the squarks. Thedeay patterns of sfermions, for either hirality, are exhibited in Table I, where the hannelsin the MSSM and the U(1)0 model are displayed in adjaent olumns for omparison. As islear from this table, the e�et of the U(1)0 group is in the opening of a new hannelefL;R ! fL;R eZ 0R;L ; (21)by the emission of the U(1)0 gaugino. This hannel modi�es not only the branhing ratiosof the squarks but also the deay topologies of ertain spartiles expeted in the MSSM.11



Sfermion MSSM U(1)0 ModelefR efR ! fR eBefR ! fL eH0fefR ! f 0L eH�f efR ! fR eBefR ! fL eH0f L efR ! fR eZ 0efR ! f 0L eH�fefL efL ! fL eBefL ! fLfW 3efL ! f 0LfW�efL ! fR eH0fefL ! f 0R eH�f
efL ! fL eBefL ! fLfW 3efL ! f 0LfW� L efL ! fL eZ 0efL ! fR eH0fefL ! f 0R eH�fTABLE I: The deay hannels of the salar fermions ef in the MSSM and the U(1)0 model. Theouplings to Higgsinos eH�f and eH0f (� eH0u for f = u and � eH0d for f = d; `) are important only forthe fermions in the third generation, in partiular, the top quark. As follows from (1), the singlinoeS does not ouple to fermions diretly, and thus, the U(1)0 ouplings enter via the deays into eZ 0only.For a learer exposition of the features added by the squark deays into eZ 0, we elaborateon the deay hannels listed in Table I. The squarks of the �rst and seond generationspossess the following properties: (i) The mass and gauge eigenstates (espeially for thesalar up and down quarks) are idential due to their exeedingly small Yukawa ouplings,(ii) the �avor and the gauge eigenstates of the salar up and down quarks are identialwhereas the salar strange quark might possesses signi�ant �avor mixing with the salarbottom quark, (iii) they do not exhibit any appreiable oupling to the Higgsinos but onlyto the gauginos, and (iv) they turn out to be the heaviest salars of approximately the samemass, nearly mass degenerate with the gluino, in the minimal supergravity [3℄. In the lightof these features, these squarks provide a perfet playground for probing the gaugino setor(and hene the extended gauge strutures) with a onservative number of SUSY parameters(no diret dependene on the � parameter and trilinear ouplings, and a weak dependeneon tan � via D�term ontributions).In ontrast to the squarks in the �rst and seond generations, the squarks of the thirdgeneration exhibit non-negligible ouplings to Higgs bosons and fermions, and hene, all thedeay modes in Table I beome relevant for them. Besides, they neessarily exhibit sizable12



left-right mixings ausing mass eigenstate squarks to have signi�ant mass splitting [12℄.Moreover, at least in the minimal supergravity, the third generation squarks, espeially thestops, turn out to weigh well below the ones in the �rst and seond generations thanks tothe ounter balaning e�et of the rise in the squark mass due to the Yukawa ouplings[3℄. Beause of these features, the third generation squarks involve a larger set of SUSYparameters than the �rst and seond generation ones, and therefore, they enable explorationof various parameters, like the trilinear ouplings and the � parameter, not possible with the�rst and seond generation squarks. In this work we will not explore the third generationsquarks any further. They are in priniple distinguishable by their deay produts � thetop and bottom quarks an be tagged at the LHC experiments with good e�ieny. Whiletheir exploration would give important information about various SUSY parameters, andespeially, on the Higgs/Higgsino setors, for the purpose of disentangling the imprints of theextra gauge symmetries in experimental data, the squarks in the �rst and seond generationswould su�e.As a highlighting ase study, we start with the analysis of the deay patterns of the �rstor the seond generation right-handed squark. From Table I it is lear that, in the MSSM, aright-handed squark eqR, with no gauge quantum number other than olor and hyperharge,possesses one single deay hannel eqR ! qR eB ; (22)whih uniquely leads to 1 jet+ 0 lepton+ /ET signal if the bino eB is the LSP. If bino is notthe LSP, then it further deays into e�01 emitting at least one dilepton `+`� [16℄. In eitherase, the deay mode above has 100% branhing fration as there is no other open deayhannel for the eqR in the MSSM.In ontrast to the MSSM deay mode (22), the right-handed squarks exhibit a ompletelynew deay pattern in the U(1)0 model. As seen from Table I, eqR now deays via two distinthannels eqR ! qR eB ; eqR ! qR eZ 0 ; (23)so that the branhing ratio into eB is no longer 100%. A rough estimate givesBU(1)0 �eqR ! qR eB� ' g2Y Y 2qRg2Y Y 2qR + g2Y 0Y 0 2qR < BMSSM �eqR ! qR eB� = 1 ; (24)13



where, realistially, gauginos are taken to be light m eB; m eZ0 � meqR , and various mixingsenoded in the neutralino mass matrix (5) are negleted for simpliity. This estimate revealsthat the gauge fermion eZ 0 of the U(1)0 group modi�es the deay properties of the right-handed squarks in a way that an be probed by a measurement of the squark branhingratio.However, the branhing fration is not the whole story. Indeed, depending on the natureof the LSP, one an make further observations whih ould be of ruial importane forthe searhes for an extra U(1) group at the LHC. Below, we elaborate on several distintpossibilities:� Bino LSP: In this ase, in the MSSM, right-handed squarks with light fermioni part-ners deay only hadronially as in (22). The resulting 0 lepton+1 jet+ /ET signal anbe unambiguously established at the LHC [16℄.The situation in the U(1)0 model is strikingly di�erent than in the MSSM. Deays intothe eB yield purely hadroni states as in the MSSM. However, deays into the eZ 0 giverise to a hain of asade deays depending on how heavy eZ 0 is ompared to othergauginos. While the �rst deay hannel in (23) still generates a 0 lepton+ 1 jet+ /ETsignal of relative amount (24), the seond hannel in (23) gives rise to the �nal statesontaining at least two oppositely-harged leptons. One an have dileptonseqR ! qR eZ 0 ! qR `+è?� ! qR `+`� eB ; (25)or tetraleptonseqR ! qR eZ 0 ! qR `+è?� ! qR `+`�fW 3 ! qR `+`�`0+è0� ! qR `+`�`0+`0� eB ; (26)in the �nal state. Sleptons in the intermediate states ouple to gauginos and leptonsvia the modes listed in Table I.Thus, when the LSP is dominated by bino (whih is what happens in most of theparameter spae [6℄), a prime signature of a U(1)0 extension of the MSSM is the re-dution of purely hadroni events originating from the deays (22) and a orrespondingenhanement of the leptoni events via the deays (25) and (26). While the rates ofthese deays and the depletion in the number of purely hadroni events depend onthe masses and ouplings of the intermediate spartiles in the asades, the leptoni14



�nal states stemming from the right-handed squarks should o�er su�iently leansignatures to establish the existene of a U(1)0 extension at the LHC.� Zino-prime LSP: In this ase, mainly the roles of the eB and eZ 0 are interhanged interms of hadroni/leptoni ontents of the deay produts. In partiular, while theseond deay hannel in (23) leads to purely hadroni events, the �rst one gives rise tothe leptoni �nal states similar to (25) and (26). In this senario, an interesting pointis that the squark deays through the U(1)0 gaugino lead to non-leptoni 1 jet + /ET�nal states.� Oblique LSP: In general, the LSP does not need to be overwhelmed by a single gauginoand Higgsino omponent. Indeed, existing bounds on the reli density of dark matterpartiles an be satis�ed with an LSP andidate omprised of various neutral fermions.While in the U(1)0 model under study, the LSP is dominated by the bino omponent inmost of the parameter spae [6℄, depending on the dominant ompositions of the LSP,a given deay mode, as listed in Table I, may or may not exhibit a hain of asadesending preferably with leptons.The above onsiderations show that the deay patterns of the right-handed squarks in the�rst and the seond generations would prove to be sensitive probes of gauge extensions ofthe MSSM under whih right-handed quark �elds are harged.The deay harateristis of the left-handed squarks di�er from those of the right-handedsquarks due to their SU(2)L quantum number. Indeed, as shown in Table I, the left-handedsquarks deay not only into the bino but also into the harged and neutral winos. Therefore,a left-handed squark, in a bino LSP senario, an yield a 0 lepton + 1 jet + /ET �nal statevia its deay into eB as in (22), as well as the �nal states with 1 jet + /ET plus at least oneharged lepton. The main impat of the deays into eZ 0 depends on the eZ 0 mass, inreasingthe length of the asade.Nonetheless, even in the left-handed fermion setor, there are still interesting patternsfor whih the MSSM and the U(1)0 model exhibit striking di�erenes. For example, onsiderthe single lepton prodution mode:eqL ! q0LfW� ! q0L`�e� ?̀ ! q0L`��` eB ; (27)wherein the missing energy omprises both the bino and the neutrino emissions. Sine fW�15



andfW 3 are nearly degenerate in mass, this asade hardly extends any further in the MSSM.In the U(1)0 model, however, if eZ 0 lies below fW 3 and above eB then the deay hain (27)proeeds one step furthereqL ! q0LfW� ! q0L`�e� ?̀ ! q0L`��` eZ 0 ! q0L`��``0+è0+ ! q0L`��``0+`0 � eB ; (28)yielding a trilepton signal. This U(1)0 result is strikingly di�erent from the one in the MSSMwhere the trilepton signal is expeted to be suppressed, if not ompletely bloked.If the the LSP is not the bino but the eZ 0, then essentially the roles of (27) and (28) areinterhanged. A eZ 0 LSP has the same features mentioned while disussing the eqR deays.For a Higgsino LSP deay, (27) gains further steps yielding additional lepton pairs.Summarizing this subsetion, we have investigated the ollider signatures of the U(1)0group in the asade deays of the �rst and seond generations salar quarks. This extragauge symmetry o�ers various ollider signatures by modifying the rates, topologies andand the pattern of various deay modes. The U(1)0 gaugino eZ 0 and the singlino eS arethe avatars of the U(1)0 model. The disussions have been based on the Lagrangian�basisinos eGa for a lear traking of various e�ets. An aurate analysis must neessarily takeinto aount the physial, mass-eigenstate neutral fermions e�0i as well as the mass-eigenstatesfermions (mainly the ones in the third generation). This will undertaken in the next setionin numerial studies of the squark deays.IV. THE LHC SIGNALS OF THE U(1)0 MODELIn this setion we perform a simulation study of the sattering proesses indiative of theadditional U(1)0 group. In partiular, we analyze the deay patterns of the salar quarksin order to determine their rates, topologies and signatures by expliitly working with thephysial neutralinos, squarks and sleptons.The U(1)0 model onsists of a number of parameters not yet spei�ed by experiments.In order to make realisti numerial estimates of the proesses disussed in the previoussetion, one has to adopt a set of viable parameters, ompatible with the existing boundsfrom various soures. To this end, the following parameter hoies will be used in thenumerial analysis:� The �rst group of unknown parameters refers to the U(1)0 harges of the �elds. All the16



properties of the U(1)0 model advoated so far hold for a generi harge assignment.For the numerial analysis, we assume the GSM 
U(1)0 models to be desending fromSUSY GUTs whih provide the absene of anomalies and several other well-studiedfeatures [1℄. The breaking patternE6 ! SO(10)
 U(1) ! SU(5)
 U(1)� 
 U(1) ! GSM 
 U(1)0Y 0 ; (29)gives rise to the GSM
U(1)0 model of interest from the E6 SUSY GUT. Eah arrow inthis hain orresponds to spontaneous symmetry breakdown at a spei� (presumablyultra high) energy sale. Here, by onstrution,U(1)Y 0 = os �E6 U(1) � sin �E6 U(1)� ; (30)and the U(1)0 invariane is broken near the TeV sale whereas the other orthogonalombination U(1)00Y 0 = os �E6 U(1)� + sin �E6 U(1) is broken at a muh higher sale,not aessible to the LHC experiments. The angle �E6 designates the breaking diretionin U(1)�
U(1) spae and it is a funtion of the gauge ouplings and VEVs assoiatedwith the breaking. The U(1)� and U(1) harge assignments are shown in Table II.In (30), a low-energy GSM
U(1)0 model arises withY 0f = os �E6 Qf � sin �E6 Qf� ;gY 0 =r53 gY ; (31)for any �eld f in the spetrum with the breaking determined by the angle �E6 . It islear that if the U(1)0 model is to solve the � problem of the MSSM, then Y 0bS 6= 0, andhene, as suggested by Table II, �E6 = �=2 should be avoided.� The soft-breaking masses shared with the MSSM are assigned the following values:meqL = meqR = 1200 GeV;meeL = 350 GeV; meeR = 200 GeV;MeY = 100 GeV; MfW = 400 GeV; Meg = 1300 GeV ; (32)where meqL;R and meeL;R stand, respetively, for the soft masses (before GSM 
 U(1)0breaking) of squarks and sleptons in the �rst and seond generations. These param-eter values, as for all others, refer to TeV sale, and no assumption is made of theuniversality of gaugino and salar masses at high sale.17



bf bQ bU bD bL bE bHd bHu bS bN bDu bDd2 p6Qf 1 1 1 1 1 -2 -2 4 1 -2 -22 p10Qf� -1 -1 3 3 -1 -2 2 0 -5 2 -2TABLE II: The U(1) and U(1)� harges of the super�elds. The left side of the table lists thepartile spetrum of GSM 
 U(1)0 model whereas on the right side, the hiral �elds bN , bDu andbDd form a setor neessary for aneling the anomalies [19℄, yet too heavy to leave any signi�antimpat on the LHC experiments [9℄. Clearly, U(1) is a viable model for solving the � problem ofthe MSSM but U(1)� is not.� The parameters pertaining to the U(1)0 setor are assigned the values (the value of�eff determines the singlet VEV and in turn it determines MZ0)hs = 0:6; �eff = 1400 GeV; tan � = 10; sin� = 5� 10�3 (33)where the value of the kineti mixing angle � follows from its radiative nature [3,20℄. The ranges of the parameters must be suh that the bound j�Z�Z0j <� 10�3 [7℄ isrespeted.� Among the well-studied E6 models [1℄ we speialize to the one de�ned by the mixingangle �E6 = arsin hp3=8i ' 37:76Æ ; (34)whih orresponds to the U(1)0 � U(1)� model. Experimentally, MZ0 � 933 GeV, [11℄though this bound is lower by typially 250 GeV if the deays into spartiles are takeninto aount [9℄.� For simpliity and later onveniene, we sale the gaugino mass parameters MeY 0 andMeY eY 0 with the hyperharge gaugino mass to de�ne the ratios:RY 0 � MeY 0MeY ; RY Y 0 � MeY eY 0MeY ; (35)the relevant values of whih are sampled aording to (36), (37) and (38). In obtainingvarious numerial results we employ di�erent possibilities for the remaining modelparameters: 18



� Small U(1)Y �U(1)Y 0 Mixing:(RY 0 ; RY Y 0) = (1=2; 0); (2; 0); (6; 0); (10; 0) : (36)� Medium U(1)Y �U(1)Y 0 Mixing:(RY 0 ; RY Y 0) = (0; 0); (1=2; 1=2); (2; 2); (6; 6); (10; 10) : (37)� Large U(1)Y �U(1)Y 0 Mixing:(RY 0 ; RY Y 0) = (0; 1=2); (0; 2); (0; 6); (0; 10) ; (38)In eah ase, the eZ 0 gaugino falls in di�erent bands in mass and mixing, and, dependingon how they ompare with those of the eletroweak gauginos, various deay hains anlose or open, thereby leading to distint signatures at the LHC, as disussed in Se.III above, and to distint preditions in the �gures and tables to be given below.The numerial analysis below will provide a generator-level desription of the LHC signalsof the U(1)0 model for the parameter values spei�ed above. The hoie of the � model is inno way better than any other model desending from the E6 SUSY GUT. Moreover, one anjust adopt a low-energy U(1)0 model without resorting to the E6 framework, at the expenseof a muh larger set of free parameters. Therefore, the U(1)� model adopted here an beregarded as a prototype to get an idea of what physis potentials suh models an have atthe LHC, ompared to the MSSM.A. Branhing Frations of Squark Deay ChannelsIn this setion we ompute the branhing frations of the various deay hannels disussedin Se. III. The branhing frations will eventually determine the relative populations ofthe �nal states that onstitute the signature spae of events to be searhed for at the LHC.Essentially, we analyze the deay patterns of the squarks by onsidering separately the eqRand eqL squarks in the �rst and seond generations (they are themselves mass and �avoreigenstates, to an exellent approximation). We take the parameter values from (31), (32),(36), (37) and (38). For eah, we ompute the branhing frations in the MSSM and in theU(1)0 model, and display them omparatively in the �gures to follow. The �gures employ adiagrammati display struture for a lear understanding of the various branhing illustratedby varying RY 0 and RY Y 0 as in (36), (37) and (38).19



(ReY 0 ;ReYfY 0) Me�01 Me�02 Me�03 Me�04 Me�05 Me�06MSSM 100GeV 398GeV � � 1402GeV 1405GeV(1=2; 0) 100GeV 398GeV 955GeV 1007GeV 1407GeV 1408GeV(2; 0) 97GeV 398GeV 885GeV 1087GeV 1407GeV 1408GeV(6; 0) 97GeV 398GeV 725GeV 1326GeV 1407GeV 1408GeV(10; 0) 97GeV 398GeV 600GeV 1407GeV 1407GeV 1602GeV(0; 0) 100GeV 398GeV 980GeV 982GeV 1407GeV 1408GeV(1=2; 1=2) 100GeV 398GeV 957GeV 1008GeV 1407GeV 1408GeV(2; 2) 97GeV 398GeV 905GeV 1107GeV 1407GeV 1408GeV(6; 6) 77GeV 398GeV 876GeV 1405GeV 1407GeV 1497GeV(10; 10) 54GeV 398GeV 960GeV 1407GeV 1407GeV 1998GeV(0; 1=2) 100GeV 398GeV 982GeV 983GeV 1407GeV 1408GeV(0; 2) 97GeV 398GeV 1000GeV 1002GeV 1407GeV 1408GeV(0; 6) 76GeV 398GeV 1141GeV 1159GeV 1407GeV 1409GeV(0; 10) 53GeV 398GeV 1382GeV 1391GeV 1407GeV 1437GeVTABLE III: The neutralino mass spetra in the U(1)0 model for the parameter sets (36), (37) and(38).
In Table III, we list the neutralino masses both in the MSSM and the U(1)0 modelobtained for the values of ReY 0 and ReYfY 0 . As seen in this table, variations of these ratiosmainly modify the masses of the third and fourth neutralinos. In other words, the MSSMmass spetrum orresponds approximately to the states fe�01; e�02; e�05; e�06g; the U(1)0 e�etsamount to inserting the extra states fe�03; e�04g into the mass spetrum. The MSSM�likeneutralinos are nearly immune to these ratios, exept for the the ases ReY 0 = 10 and/orReYfY 0 = 10, for whih the mass of the eZ 0 and/or its mixing with eB exeed the eB mass byan order of magnitude. One noties that, Me�03 (in small and medium mixing regimes) andMe�01 (in medium and large mixing regimes) typially derease with inreasing ReY 0 and/orReYfY 0. This derease in Me�03 and Me�01 is most sensitively orrelated with the orrespondinginrease in Me�06 . 20



The nature of a given neutralino state e�0i is determined by its deomposition into theLagrangian basis n eB;fW 3; eH0d ; eH0u; eS; eZ 0o. Depited in Table IV are the ompositions of e�01(the LSP), e�03 and e�04 for the parameter sets (36), (37) and (38). As suggested by the table,the LSP is overwhelmed by its bino omponent in the small mixing regime, as in the MSSMand in aord with [6℄. Nevertheless, its bino omponent beome approximately equal to itssinglino omponent for large ReY 0 and/or ReYfY 0, in the medium and large mixing regimes.This inrease in the singlino omponent implies redued ouplings of the LSP to fermionsand sfermions, as disussed in Appendies A and C.The neutralino states e�03;4 behave di�erently than the LSP, as they are, as suggested byTable III, genuine to U(1)0 model. Indeed, they are overwhelmed by eZ 0 and eS for all ofthe small, balaned and large mixing regimes. The exeptions arise for large ReY 0 and/orReYfY 0 values for whih e�03 develops a signi�ant bino omponent, and e�04 hanges to beHiggsino�dominated. For the large mixing regime, however, also e�04 obtains a signi�antbino omponent as ReYfY 0 grows. These ompositions, as detailed in Table IV, diretlyin�uene deay patters and produts of a given neutralino: A sizeable eZ 0 omponent givesrise to novel deay patters desribed in Se. III A, a sizable eS omposition halts the asadeas it annot diretly deay into fermions, and, similarly, a sizeable bino omponent stopsthe asade as it dominates e�01.(ReY 0 ;ReYfY 0) e�01;3;4 eB fW 3 eH0d eH0u eS eZ 0MSSM �e�01�MSSM � e�01� 0.99 �0.0044 0.019 0.026 � ��e�03�MSSM � e�05� 0.032 �0:064 �0:71 �0:70 � ��e�04�MSSM � e�06� �0:0084 0.029 �0:71 0.71 � �(1=2; 0) e�01 �0:99 0.0023 �0:032 0.0054 �0:0004 �0:0033e�03 �0:0023 0.0038 0.021 0.067 �0:71 0.70e�04 0.0031 �0:0073 �0:0042 0.055 �0:70 �0:71(2; 0) e�01 0.99 �0:0023 0.032 �0:0054 �0:0001 0.0033e�03 �0:0025 0.004 0.019 0.066 �0:74 0.67e�04 0.0029 �0:0065 0.0065 0.055 �0:67 �0:74(6; 0) e�01 0.99 �0:0022 0.032 �0:0053 �0:0014 0.0032e�03 �0:0031 0.0046 0.015 0.067 �0:80 0.59e�04 �0:0033 �0:0071 0.037 �0:079 0.59 0.80(10; 0) e�01 0.99 �0:0022 0.032 �0:0052 �0:0026 0.0030e�03 �0:0038 0.0053 0.013 0.068 �0:85 0.5221



e�04 �0:018 0.028 0.71 0.71 0.063 �0:008(0; 0) e�01 0.99 �0:0023 0.032 �0:0054 0.00057 0.0034e�03 0.0023 �0:0038 �0:022 �0:067 0.70 �0:71e�04 0.0032 �0:0077 �0:0036 0.056 �0:71 �0:71(1=2; 1=2) e�01 �0:99 0.0013 �0:032 0.0016 0.051 0.0018e�03 �0:035 0.0037 0.020 0.066 �0:71 0.70e�04 0.036 0.0076 0.0069 �0:057 0.70 0.72(2; 2) e�01 0.98 0.0016 0.032 0.0094 �0:20 �0:016e�03 0.14 �0:0037 �0:013 �0:062 0.73 �0:67e�04 �0:14 �0:0076 �0:020 0.066 �0:65 �0:74(6; 6) e�01 �0:86 �0:0075 �0:030 �0:033 0.51 0.036e�03 �0:38 0.0032 �0:00064 0.051 �0:69 0.62e�04 �0:039 �0:061 �0:69 0.70 �0:051 �0:14(10; 10) e�01 0.72 0.011 0.027 0.048 �0:70 �0:035e�03 �0:55 0.0023 �0:012 0.037 �0:60 0.58e�04 �0:021 0.028 0.71 0.71 0.054 0.0043(0; 1=2) e�01 �0:99 0.0013 �0:031 0.0016 0.051 0.0018e�03 �0:035 0.0037 0.021 0.066 �0:70 0.71e�04 0.037 0.0079 0.0062 �0:057 0.70 0.71(0; 2) e�01 0.98 0.0017 0.032 0.0097 �0:20 �0:016e�03 0.13 �0:0035 �0:016 �0:062 0.69 �0:71e�04 �0:15 �0:0085 �0:015 0.063 �0:69 �0:71(0; 6) e�01 0.85 0.0078 0.030 0.035 �0:52 �0:037e�03 �0:35 0.0025 0.0031 0.048 �0:61 0.71e�04 0.39 0.0096 0.050 �0:087 0.59 0.70(0; 10) e�01 �0:70 �0:011 �0:026 �0:050 0.71 0.035e�03 0:48 �0:0021 0:097 �0:057 �0:51 0.71e�04 �0:30 �0:052 �0:57 0.59 �0:26 �0:42TABLE IV: The omponents of e�01 (the LSP), e�03 and e�04 in the Lagrangian basisn eB;fW 3; eH0d ; eH0u; eS; eZ 0o for the parameter sets (36), (37) and (38).
22



Having ompleted the spei�ation of the neutralino setor, we now turn to the analysisof the salar quark deays. We ompute the branhing ratios of the deayssquark! quark + e�0i ; (39)for eah quark hirality and for eah of the parameter sets (36), (37) and (38). The resultsare shown in Figs. 1, 2, 3 for eqR, and Figs. 4, 5, 6 for eqL.As illustrated by the panels (a) of Figs. 1, 2 and 3, in the MSSM, a right-handed salarquark deays dominantly into the LSP sine it is overwhelmingly the bino. This feature ofthe right-handed squarks gives rise to jets + /ET signal at the LHC. By the same token, aleft-handed gluino deays into two quarks and the LSP, and it thus auses 2 jets+ /ET eventsat the LHC [16℄.In the U(1)0 model the right-handed squarks ouple to both the eB and eZ 0, opening noveldeay hannels. These features are expliitly depited in Fig. 1 (small mixing regime), Fig.2 (medium mixing regime), and Fig. 3 (large mixing regime). As suggested by these �gures,the right-handed squarks develop additional deay hannels with non-negligible branhingfrations.In the small mixing regime of (36), the right-handed squark eqR deays not only into q e�01but also into q e�03 (whose branhing ratio inreases with ReY 0) and q e�04 (whose branhingratio dereases with ReY 0 as its mass grows to exeed that of the squark).In the medium mixing regime of (37), the right-handed squark develops a muh largerbranhing fration into q e�03, as shown in Fig. 2. In fat, it reahes the 20% level whenReY 0 = ReYfY 0 = 10. This �gure is large enough to make this parameter regime to be exploredfurther, as will be done in the next subsetion.For the large mixing regime of (38), the branhing fration of the deays into q e�03 de-reases with inreasing ReYfY 0 , and, as seen from Fig. 3, eventually vanishes when the deayhannel is losed kinematially at ReYfY 0 = 10. This extreme is indistinguishable from theMSSM ase, shown in panel (a). This is expeted sine, all the neutralinos but e�01, beometoo heavy to be produed on-shell by the squark deay.These �gures make it lear that, in the U(1)0 model, the right-handed squarks an deayinto neutralinos other than the LSP. This feature guarantees that, unlike the purely hadronievents 0 lepton + jets + /ET expeted in the MSSM, in the U(1)0 model hadroni as wellas leptoni events are initiated by the right-handed squarks. This property, whih will be23
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FIG. 1: The branhing frations (%) of right-handed squarks eqR belonging to the �rst or seondgeneration as a funtion of the neutralino and hargino masses. Shown are branhing frationsexeeding one perent level. The panel (a) stands for the MSSM expetation while the rest orrespondto the parameter set in (36), that is, the small mixing regime. The branhing into q e�03 grows withdereasing Me�03 . 24



(f)

RY Y ′ = 10

RY ′ = 10

U(1)′

•q̃R •q̃R : 1278.1 GeV

•χ̃0
3 : 959.9 GeV

•χ̃0
1 : 53.9 GeV

qχ̃
0
3(20.3%)

qχ̃
0
1(79.7%)

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(e)

RY Y ′ = 6

RY ′ = 6

U(1)′

•q̃R •q̃R : 1278.1 GeV

•χ̃0
3 : 875.8 GeV

•χ̃0
1 : 76.5 GeV

qχ̃
0
3(15.0%)

qχ̃
0
1(85.0%)

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(d)

RY Y ′ = 2

RY ′ = 2

U(1)′

•q̃R •q̃R : 1278.1 GeV

•χ̃0
3 : 904.7 GeV

•χ̃0
1 : 97.0 GeV

qχ̃
0
3(5.58%)

qχ̃
0
1(94.1%)

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(c)

RY Y ′ = 1/2

RY ′ = 1/2

U(1)′

•q̃R •q̃R : 1278.1 GeV

•χ̃0
4 : 1008.0 GeV

•χ̃0
3 : 956.9 GeV

•χ̃0
1 : 99.7 GeV

qχ̃
0
4(1.50%)

qχ̃
0
3(2.87%)

qχ̃
0
1(95.6%)

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(b)

RY Y ′ = 0

RY ′ = 0

U(1)′

•q̃R •q̃R : 1278.1 GeV

•χ̃0
4 : 981.8 GeV

•χ̃0
3 : 979.9 GeV

•χ̃0
1 : 99.6 GeV

qχ̃
0
4(2.16%)

qχ̃
0
3(2.18%)

qχ̃
0
1(95.7%)

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(a)

•q̃R : 1199.5 GeV

•χ̃0
1 : 99.6 GeV

MSSM

•q̃R

qχ̃
0
1

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

FIG. 2: The branhing frations (%) of right-handed squarks eqR belonging to the �rst or seondgeneration as a funtion of the neutralino and hargino masses. Shown are branhing frationsexeeding one perent level. The panel (a) stands for the MSSM expetation while the rest orrespondto the parameter set in (37), that is, the medium mixing regime. The branhing into q e�03 growswith dereasing Me�03 , and reahes the 20% level when ReY 0 = ReYfY 0 = 10.25
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FIG. 3: The branhing frations (%) of right-handed squarks eqR belonging to the �rst or seondgeneration as a funtion of the neutralino and hargino masses. Shown are branhing frationsexeeding one perent level. The panel (a) stands for the MSSM expetation while the rest orrespondto the parameter set in (38), that is, the large mixing regime. The branhing into q e�03 dereaseswith inreasing Me�03 , and is kinematially bloked when ReYfY 0 = 10. At this extreme, the branhingof the squark is indistinguishable from the MSSM ase.26
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FIG. 4: The same as in Fig. 1 but for eqL.analyzed in detail in the next subsetion, is a golden mode to disover suh extensions. Onealso notes that the branhings of eqR signi�antly di�er from that in the MSSM only in themedium mixing regime, that is, the parameter set (37). In addition, the large mixing regime27



(f)

RY Y ′ = 10

RY ′ = 10

U(1)′

χ̃0
2 : 397.6 GeV

χ̃+
1

: 397.6 GeV

3
.2

4
%

0
.6

7
%

3
2
.9

%

6
3
.1

%

q̃L

•

•

•χ̃0
1 : 53.9 GeV

•q̃L : 1275.6 GeV

•

sχ̃+
1

qχ̃0
1

qχ̃0
2dχ̃+

1

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(e)

RY Y ′ = 6

RY ′ = 6

U(1)′

χ̃0
2 : 397.6 GeV

χ̃+
1

: 397.6 GeV

3
.2

1
%

0
.7

5
%

3
3
.2

%

6
2
.6

%

q̃L

•

•

•χ̃0
1 : 76.5 GeV

•q̃L : 1275.6 GeV

•

sχ̃+
1

qχ̃0
1

qχ̃0
2dχ̃+

1

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(d)

RY Y ′ = 2

RY ′ = 2

U(1)′

χ̃0
2 : 397.6 GeV

χ̃+
1

: 397.6 GeV

3
.2

0
%

1
.2

2
%

3
2
.5

%

6
2
.3

%

q̃L

•

•

•χ̃0
1 : 97.0 GeV

•q̃L : 1275.6 GeV

•

sχ̃+
1

qχ̃0
1

qχ̃0
2dχ̃+

1

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(c)

RY Y ′ = 1/2

RY ′ = 1/2

U(1)′

χ̃0
2 : 397.6 GeV

χ̃+
1

: 397.6 GeV

3
.1

9
%

1
.2

9
%

3
2
.4

%

6
2
.2

%

q̃L

•

•

•χ̃0
1 : 99.7 GeV

•q̃L : 1275.6 GeV

•

sχ̃+
1

qχ̃0
1

qχ̃0
2dχ̃+

1

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(b)

RY Y ′ = 0

RY ′ = 0

U(1)′

χ̃0
2 : 397.6 GeV

χ̃+
1

: 397.6 GeV

3
.1

9
%

1
.3

1
%

3
2
.4

%

6
2
.1

%

q̃L

•

•

•χ̃0
1 : 99.6 GeV

•q̃L : 1275.6 GeV

•

sχ̃+
1

qχ̃0
1

qχ̃0
2dχ̃+

1

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

(a)

MSSM

χ̃0
2 : 397.6 GeV

χ̃+
1

: 397.6 GeV

3
.2

1
%

1
.3

3
%

3
2
.8

%

6
2
.6

%
q̃L

•

•

•χ̃0
1 : 99.6 GeV

•q̃L : 1198.8 GeV

•

sχ̃+
1

qχ̃0
1

qχ̃0
2dχ̃+

1

Branching ratio (%)

M
as

s
of

S
U

S
Y

p
ar

ti
cl

es
(G

eV
)

100 10 1

1400

1200

1000

800

600

400

200

0

FIG. 5: The same as in Fig. 2 but for eqL.of (38), beomes indistinguishable from the MSSM ase at large ReYfY 0 .As illustrated by the panels (a) of Figs. 4, 5 and 6, in the MSSM, a left-handed salarquark deays dominantly into quark plus the lighter hargino e��1 or quark plus the next-to-28
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FIG. 6: The same as in Fig. 3 but for eqL.lightest neutralino e�02. Therefore, the left-handed salar quarks, as analyzed in Se. III Band listed in Table I, give rise to leptoni �nal states abundantly. The pure hadroni �nalstates are rather rare [16℄. 29



Table III shows that the mass of e�02 remains stuk to its MSSM value, to an exellentapproximation. The lighter hargino, whih is fW� dominated, is not expeted to deviatefrom its MSSM mass. Consequently, the U(1)0 e�ets are not expeted to ause dramatihanges from the branhing frations of eqL in the MSSM. This is seen to be the ase fromFigs. 4, 5 and 6 orresponding to small, medium and large mixings among U(1)Y and U(1)0Ygauginos, respetively, learly showing that the deay hannels of the left-handed squarks arenearly immune to the U(1)0 e�ets. The onlusion from this subsetion is that the U(1)0-e�ets beome visible mainly in the fermioni deays of the right-handed salar quarks, butnot in the left-handed ones. The medium mixing regime of (37) stands as a partiularlypromising parameter domain for hunting the U(1)0 e�ets.B. The LHC Signatures of the U(1)0 Model Through jets+ leptons+ /ET EventsHaving omputed the squark branhing ratios in the previous setion, we now turn to theanalysis of various �nal states to be searhed for by the ATLAS and CMS experiments atthe LHC. We perform a simulation study of a number of LHC events for the MSSM and theU(1)0 model in a omparative fashion. The sattering proesses of interest have the generiform p p! X + SIGNAL ; (40)where SIGNAL stands for the partiular �nal state haraterizing the event. An optimaloverage of the events for whih the MSSM and the U(1)0 model an exhibit striking dif-ferenes are lassi�ed in Table V. We ompute the ross setions and branhing ratios,and generate parton�level events by using CalHEP v.2.5 [21℄. We modi�ed the pakageto inorporate the features pertaining to the U(1)0 model with the help of LanHEP Pakage[22℄. Hadronization (inluding initial and �nal state radiations) and restritions imposed byvarious uts have been ahieved with PYTHIA [23℄ by using the CalHEP-PYTHIA interfae.The parton distributions in the proton have been parametrized by using CTEQ6L of LHAPDF.The number of events are alulated for an integrated luminosity L = 100 fb�1, for whihthe LHC has a sensitivity to the squark and gluino masses around 2:5 TeV [16℄. Our goalhere is to determine how the MSSM and the U(1)0 model di�er in their preditions for thesignals in Table V, driven by the presene of the extra gauge and Higgs fermions. A detailed30



SIGNAL FINAL STATE CANDIDATE PROCESSES FOR Njets = 2SIGNAL 1 0 `+ jets+ /ET p p! �eq ! q e�01� �eq ! q e�01�SIGNAL 2 1 `+ jets+ /ET p p! �eq ! q0 `�`e�01� �eq ! q e�01�SIGNAL 3ASIGNAL 3B 2 `+ jets+ /ET p p! �eq ! q0 `�`e�01� �eq ! q0 `�`e�01�p p! �eq ! q `+`�e�01� �eq ! q e�01�SIGNAL 4ASIGNAL 4B 3 `+ jets+ /ET p p! �eq ! q0 `�``0+`0�e�01� �eq ! q e�01�p p! �eq ! q0 `�`e�01� �eq ! q `0+`0 �e�01�TABLE V: The basi LHC signals simulated with Monte Carlo event generators. Here ` = e or �,and `jets' stands for any number of jets in the �nal state. Eah signal reeives ontributions fromone or more deay proesses, the strengths of whih hange as one swithes from the MSSM to theU(1)0 Model. The andidate proesses listed here involve only Njets = 2; the signals started bygluinos, whih ause more jets than Njets = 2, are not shown.bakground analysis is not warranted in this work sine its main goal is to ompare theMSSM and the U(1)0 model preditions for the signal events under onsideration. Nonethe-less, as a set of generi uts for revealing 'new physis' e�ets (ompared to the SM ones),we selet only those events satisfying the following restritions:� Eah harged lepton in the �nal state must have a transverse momentum pT̀ >15 GeV=.� Eah jet must have a transverse momentum pjetT > 20 GeV=.� The missing transverse energy must satisfy /ET � 100 GeV.� The partiles at the �nal state propagate in the transverse diretion so that the pseu-dorapidity stays in the interval �2 � � � 2.� The initiator energy of jets is 2 GeV.� Two jetted showers of partiles are taken to be two distint jets if their spatial sepa-ration satis�es �Rjj > 0:7.We now perform a full generator-level analysis of the events tabulated in Table V by takinginto aount the generation and deays of all the squarks in the �rst and seond generations31



as well as the gluino via the p p satterings in (40). We use the Feynman rules in AppendixD, ompute the populations of the events in Table V, and plot the results against variousobservables of interest at the LHC. The analysis performs a omparative study between theMSSM and the U(1)0 model in regard to their preditions for the proesses in Table V.Conerning the parameter hoie, we take the U(1)0 model to be in the medium mixingregime of (37), and onsider the two points�ReY 0 ; ReYfY 0� = (0; 0) and (10; 10) ; (41)in all the �gures that follow. These two points are piked up on the basis of highlightingthe U(1)0 e�ets in omparison to those of the MSSM.Among the signals listed in Table V, the signal 3 `+ 2 jet+ /ET (SIGNAL 4A), where allleptons originate from the same branh, is not onsidered further in the numerial analysis.This is due to the fat that this signal requires a deay hain like in Eq. (28) and sine weuse narrow-width approximation, the salar neutrino e�` (taken to be relatively light) hasto deay through a 4-body deay e�` ! ��``0+`0� eB with a tiny branhing ratio. Thus, thesignal will be muh suppressed as ompared with the others. This observation is onsistentwith the region of the parameter spae onsidered here, sine for instane, salar neutrinosheavier than e�02 and salar leptons would make it ompetitive with the others.The observables with respet to whih we analyze the number of events are as follows:� The number of jets Njets with bin size= 1 GeV,� The transverse energy of the jets EjetsT with bin size= 3 GeV,� The missing transverse energy /ET with bin size= 20 GeV,� The salar sum of the transverse energies of the jets and leptons EsumT with bin size=40 GeV,� The transverse momentum of the hardest lepton pT (`hard) with bin size= 10 GeV,� The dilepton invariant mass Minv(``) with bin size= 19 GeV.Distributions with respet to these variables are expeted to provide a global piture of thedistintive features of the events in Table V in regard to a omparative analysis of the MSSMand the U(1)0 models. 32
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algorithms. Measurement of the number of events for the given kinemati variables anfailitate the deision-making about the underlying model. We emphasize that the MSSMand the U(1)0 models di�er mainly by the number of events per bin size rather than by theirdistribution patterns.
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0FIG. 13: The same as in Fig. 7 but for the dilepton events (i.e., events of the type SIGNAL 3A inTable V).
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0FIG. 16: The same as in Fig. 7 but for the dilepton events (i.e., events of the type SIGNAL 3B inTable V).
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originate from the same deay branh and obtain di�erent distribution tails for di�erentproesses. The results are expliated in panel (b) of Fig. 18.
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V. CONCLUSIONOne the LHC beomes fully funtional, one of its most important tasks would be todisover physis beyond the Standard Model, and in partiular, to look for signals of super-symmetry, the most extensively studied senario as suh.From previous studies it is well-known that the signature of supersymmetry at the LHCwould be fairly straightforward. One expets large exesses of events over the ones in thestandard model with a number of harateristi signatures: for example events with one ormore isolated leptons, an exess of trilepton events, a pattern of missing ET plus jets, anda harateristi l+l� invariant mass distribution.What is not well-studied is how would one be able to distinguish among di�erent, realistimodels of supersymmetry. Whereas many studies of the MSSM and mSUGRA models exist,fewer studies are available for the extended models. In this work, we have studied in depththe MSSM augmented by an extra U(1) gauge symmetry, the U(1)0 model. This model,devised to solve the supersymmetri � problem, is further justi�ed as a TeV sale remnantof the supersymmetri GUTs or string models. In an attempt to keep the model as generias possible, we have �xed some of the model parameters (inspired by the supersymmetriE6 GUT), restrited some parameters from the available experimental bounds, and variedthe rest freely in some reasonable ranges. In Se. II and III, we desribed the U(1)0 modeland the possible searh strategies at hadron olliders. As an immediate onsequene ofthe supersymmetri setup, we emphasized that the ollider signatures of the model an besearhed for by either onsidering the bosoni �elds or the fermioni �elds. The former hasbeen under both phenomenologial and experimental study, so we foused here on the e�etsof the fermioni �elds with regard to their potential to reveal possible gauge extensions. Aswe expet that the squarks and gluinos will be abundantly produed at the LHC, we lookfor the U(1)0 e�ets in their deays. As disussed in Se. III and simulated in Se. IV,we arrived at novel features in the generi LHC events whih reveal the e�ets of gaugeextension. Combined with the possible Z 0 disovery in Drell-Yan proess, the analysis andresults of this work illustrate other disernible e�ets of a U(1)0 extension.The analysis reported here inludes inherently some model and parameter-set depen-dene. Nevertheless, it predits some lear distinguishing features of the U(1)0 model fromthe MSSM. In partiular, in this model, the right-handed squarks an deay through an extra45



neutral gaugino (in addition to the LSP) leading to an enhaned signal in the events on-taining at least one lepton. The di�erene between this model and the MSSM beomes alsovisible in the invariant mass distribution of the `+`� pair, and in the missing ET distribution.In spite of these promising observables, a more general analysis involving a �ne-grained sanof a wider set of parameters (and not just the U(1)0 gaugino mass and its mixing with thehyperharge gaugino, as employed in the present work), an reveal further properties thatan be of interest at the LHC.We summarize main �ndings of the simulation studies detailed in Se. IV for the signalslisted in Table V whih have the generi form as m` + n jets + =/ET . The number of jets nhas to be at least two but ould be bigger depending on the detailed omposition in theprodution and/or in the asade deays. We onsider events with up to m = 3 leptons, andarrive at the following features (in omparison to the MSSM):� The SIGNAL 1 (no-lepton event) of Table V onsisting of purely hadroni events. Asexpeted, the number of events are fewer in the U(1)0 model than in the MSSM. Variousdistributions suh as the jet multipliities, transverse energy of jets, missing transverseenergy as well as the salar sum of transverse energies are onsidered. The distributionsfor the two models are similar in topology with fewer signal events surviving for theU(1)0 model, after applying the primary seletion uts. The number of signal events atthe peak of the distributions is in the range of 10 to 100 but none of the distributionsis good enough to disentangle the U(1)0 e�ets unless some seondary seletion utsare imposed.� For the SIGNAL 2 (one-lepton event) with one lepton in the �nal state, the U(1)0e�ets start beoming distinguishable not only in the number of events but also inthe event topology. In partiular, the pT distribution of the hardest lepton, as a newobservable in addition to the ones disussed for SIGNAL 1, turns out to be very usefulto distinguish the U(1)0 e�ets (mainly in the high pT -tail). The distribution is shownin panel (a) of Fig. 12. Unlike the U(1)0 distributions, the MSSM distribution dieso� rapidly sine the available energy for the lepton is around 50 GeV for the MSSMase but around 350 GeV for the U(1)0 ase. The missing transverse energy and thesalar sum of the transverse energy distributions are also useful, and the U(1)0 e�etsdominate over the MSSM ones for espeially lowRY 0 and/orRY Y 0 values. The number46



of signal events at the peak of the essential distributions is around 10, big enough fora disovery.� The SIGNALS 3A and 3B (two-lepton events) involve a lepton pair where both theleptons ome from di�erent branhes for SIGNALS 3A, and from the same branhfor SIGNALS 3B. This is evident from the invariant mass distribution of the leptonpair, depited in panel (b) of Figs. 15 and 18. While the distributions for the pTof the hardest lepton, the dilepton invariant mass, as well as the missing transverseenergy and the salar sum of the transverse energies prove useful to disentangle theU(1)0 e�ets in the SIGNAL 3A ase, only two of them are promising in the SIGNAL3B ase, as the MSSM and the U(1)0 model lead to omparable ontributions in thedistributions of missing transverse energy and the salar sum of transverse energies.Again, only few events at the peak of primary observables qualify to be signals, ineah ase.� For the SIGNALS 4A and 4B (three-lepton events), there are three leptons, all omingfrom the same branh for the SIGNALS 4A. Thus, the SIGNAL 4A events in ourparameter set requires 1 ! 4 deays and is not onsidered any further. For theSIGNAL 4B events, however, we analyze, in addition to the others, the same-sign-same-�avor lepton pair invariant mass distribution (whih is unique to the trileptonsignal, in general). In all these distributions, the U(1)0 e�ets dominate over the MSSMbut the number of signal events barely reahes one in some ases. This means that fora lear extration of the U(1)0 e�ets, higher integrated luminosities (than 100fb)�1)are needed.One has to keep in mind that these onlusions are based on the generator-level analysis.The next step of suh an analysis would be to have a more realisti piture of what isexperimentally feasible by implementing a full detetor analysis. This is urrently beingimplemented in the CMSSW analysis system of the CMS experiment [25℄.If the analysis in this work, together with the lose-up provided by the simulation studyin progress, has taught us anything, it is that the searh for the extra gauge interations, inthe supersymmetri framework, must proeed through not only the fores mediated by gaugebosons (whih have been under study both phenomenologially and experimentally [7℄) butalso the by the fores mediated by the gauge fermions. Our analysis has been limited to the47
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Super�elds Bosons Fermions SU(3) 
 SU(2)L 
 U(1)Y 
 U(1)Q0Gauge multipletsbGa Ga� ega (8; 1; 0; 0)W i W i� fW i (1; 3; 0; 0)bB B� eB (1; 1; 0; 0)bZ 0 Z 0� eZ 0 (1; 1; 0; 0)Matter multipletsbL eL = 0� e�`LèL 1A L = 0� �`L`L 1A (1; 2;�1; Q0L)bE eE = è?R (`R)C = �`C�L (1; 1; 2; Q0E)bQ eQ = 0� euLedL 1A Q = 0� uLdL 1A �3; 2; 13 ; Q0Q�bU eU = eu?R (uR)C = �uC�L �3; 1;�43 ; Q0U�bD eD = ed?R (dR)C = �dC�L �3; 1; 23 ; Q0D�bHd Hd = 0� H0dH�d 1A eHd = 0� eH0deH�d 1A �1; 2;�1; Q0Hd�bHu Hu = 0� H+uH0u 1A eHu = 0� eH+ueH0u 1A �1; 2; 1; Q0Hu�bS S eS (1; 1; 0; Q0S)TABLE VI: The �eld ontent of the U(1)0 model based on GSM
U(1)0 gauge invariane. The U(1)0harges listed here are the ones in (3) for whih the kineti mixing vanishes.49



where X runs over the �elds harged under U(1)0Q. In (A.1), Z 0�� is the �eld strength tensorof Z 0�, and D�S = ��� + igY 0Q0SZ 0��S.Given the superpotential in (1), part of the U(1)0 Lagrangian spanned by the F�terms isgiven by LF�termU(1)0 = �Xi �����W��i ����2 = LF�termMSSM (�! hsS)� h2s jHu �Hdj2 ; (A.3)where �i is the salar omponent of the i�the hiral super�eld in the superpotential.The D�term ontributions to the Lagrangian are given byLD�termU(1)0 = �12Xa DaDa = LD�termMSSM � g2Y 08 �Q0Q eQy eQ +Q0UeuTReu?R +Q0D edTR ed?R++ Q0LeLyeL +Q0E eET eE? +Q0HdHydHd +Q0HuHyuHu +Q0SSyS�2 : (A.4)The soft-breaking setor of the U(1)0 Lagrangian is given byLSoftU(1)0 = LSoftMSSM (�! 0)�m2SSyS � [hsAsSHu �Hd + h..℄+ 12 �M eZ0 eZ 0 eZ 0 +MeY eZ0 eY eZ 0 + h::� (A.5)where MeY eZ0 and M eZ0 are de�ned below the neutralino mass matrix in (5), and As is theextra trilinear soft oupling.Finally, the part of the Lagrangian onsisting of the fermion-sfermion-ino as well as theHiggs-Higgsino-Higgsino interations is given byLino�f��U(1)0 = Lino�f��MSSM (�! 0) + ip2gY 0 hQ0QQy eZ 0 eQ +Q0UuyR eZ 0euR +Q0DdyR eZ 0 edR+ Q0LLy eZ 0eL +Q0E`yR eZ 0èR +Q0Hd eHyd eZ 0Hd +Q0Hu eHyu eZ 0Hu +Q0S eSy eZ 0S + h..i+ hhsS eHu � eHd + hs eSHu � eHd + hs eS eHu �Hd + h..i : (A.6)All parts of the GSM
U(1)0 Lagrangian listed above are in the urrent basis. Eventually,the �elds must be transformed into the physial basis wherein eah �eld obtains a de�nitemass. The neutral gauginos and Higgsinos form the neutralino setor whose physial statesare expressed as (4) after diagonalizing the mass matrix (5). The hargino setor is essentiallythe same as in the MSSM with the obvious replaement � ! hsvs=p2. The Higgs setorhas been analyzed in detail at one-loop level in [12℄.50



The kineti mixing in (2) an be eliminated via the transformation0� WYWY 0 1A = 0� 1 � tan�0 1= os�1A0� WBWZ0 1A ; (A.7)where the kineti eigenstates WB and WZ0 ouple to a matter �eld f (with hyperharge Yfand the U(1)Y 0 harge Y 0f) with strengths gY Yf and gY 0Q0f , respetively. Consequently, theboson setor extends the MSSM gauge boson setor by the Z 0 gauge boson of the U(1)Q0group, and the Higgs setor by a new singlet �eld.In the gauge boson setor, spontaneous breakdown of the produt group SU(2)L
U(1)Y
U(1)Q0 via the Higgs VEVshHui = 1p20� 0vu 1A ; hHdi = 1p2 0� vd0 1A ; hSi = vsp2 ; (A.8)generates one massless state (photon) and a massive state ( Z boson) via two orthonormalombinations ofW 3� and B� gauge bosons. The W 1� andW 2� linearly ombine to giveW�� , asthe only harged vetor bosons in the model. In ontrast to the MSSM, the Z boson is nota physial state by itself sine it mixes with the Z 0 boson. This mass mixing arises from thefat that the Higgs doublets Hu;d are harged under eah fator of SU(2)L
U(1)Y 
U(1)Q0,and the assoiated mass-squared matrix is given by [3, 7℄M2Z�Z0 = 0�M2Z �2�2 M2Z0 1A ; (A.9)in the �Z�; Z 0�� basis. Its entries areM2Z = 14G2Z �v2u + v2d� ;M2Z0 = g2Y 0 �Q0 2Huv2u +Q0 2Hdv2d +Q0 2S v2s� ;�2 = 12GZgY 0 �Q0Huv2u �Q0Hdv2d� ; (A.10)where G2Z = g22+g2Y . The physial neutral vetor bosons, Z1;2, are obtained by diagonalizingM2Z�Z0: 0� Z1Z2 1A = 0� os �Z�Z0 sin �Z�Z0� sin �Z�Z0 os �Z�Z0 1A0� ZZ 0 1A ; (A.11)51



where �Z�Z0 = �12 artan� 2�2M2Z0 �M2Z� ; (A.12)is their mass mixing angle, andM2Z1(2) = 12 �M2Z0 +M2Z � (+)q(M2Z0 �M2Z)2 + 4�4� ; (A.13)are their squared masses. The ollider searhes at LEP and Tevatron plus various indiretobservations require Z�Z 0 mixing angle �Z�Z0 to be at most a few 10�3 with an unavoidablemodel dependene oming from the Z 0 ouplings [7, 8, 9, 10, 26, 27℄. This bound requireseither MZ2 to be large enough (well in the TeV range) or �2 to be su�iently suppressedby the vauum on�guration, that is, tan2 � � v2u=v2d � Q0Hd=Q0Hu. Whih of these options isrealized depends on the U(1)0 harge assignments and the soft-breaking masses in the Higgssetor ( see [28℄ for a variant reduing the Z�Z 0 mixing).In the Higgs setor, the U(1)0 model onsists of an extra CP-even Higgs boson, H 0 witha mass mH0 � MZ0 stemming from the extra hiral �eld bS, the salar omponent of whihis responsible for generating the � parameter. There is no new CP�odd salar sine theimaginary parts of H0u, H0d and S ombine to give masses to the Z and Z 0 bosons, leavingbehind a single CP�odd Higgs boson A0 as in the MSSM. Consequently, in terms of theHiggs boson spetrum, the U(1)0 model di�ers from the MSSM only in having an extraCP�even Higgs boson, H 0. This feature, however, is not neessarily the most importantone given that the mass spetra of the Higgs bosons di�er signi�antly in the two models.Indeed, the lightest Higgs boson h in the U(1)0 model weighs well above MZ already at treelevel [3℄, and thus, large radiative orretions (and hene large top-stop mass splitting) arenot warranted to satisfy the LEP lower bound on mh [12, 13, 14℄. This property an proveuseful in moderating the little hierarhy problem (espeially when a set of the MSSM singlethiral �elds are inluded to form a seluded setor [19℄).Appendix B: The Salar FermionsGiven rather tight FCNC bounds, we neglet all the inter-generational mixings, and on-sider only intra-generational left-right mixings, though these turn out to be totally negligiblefor the sfermions in the �rst and seond generations. The 2�2 salar fermion mixing matrix52



an be written as M2efa = 0BBB�M2efaLL M2efa;bLRM2yefa;bLR M2efaRR
1CCCA ; a 6= b = u; d ; (B.1)where M2efaLL = m2efL + h2fav2a + 12 �g2Y YfaL2 � g22 T3L��v2u � v2d�+ g2Y 0Q0faL �QHuv2u +QHdv2d +Qsv2s� ; (B.2)M2efa;bLR = hfa (Afava � hsvsvb) ; (B.3)M2efaRR = m2efR + h2fav2a + 12 �g2Y YfaL2 ��v2u � v2d�+ g2Y 0Q0faR �QHuv2u +QHdv2d +Qsv2s� : (B.4)Here m ef2L;R are the soft mass-squared of the sfermions, vu;d;s are the VEVs of the Higgs �elds,Yfa(T3L) is the U(1)Y (SU(2)L) quantum number, Q0fa is the U(1)0 harge, and Afa are thetrilinear ouplings. The mixing matrix an be diagonalized, in general, by a unitary matrix�f suh that �fay � M2efa � �fa � Diag(M2efa1 ;M2efa2 ).� The rotation matrix �fa an be writtenfor quarks and harged leptons in the 2� 2 f efaL; efaRg basis as�fa = 0� os � efa � sin � efasin � efa os � efa 1A ; (B.5)where � efa = 12 artan 2(�2M2efaLR ;M2efaRR �M2efaLL) and artan 2(y; x) is de�ned asartan 2(y; x) = 8>>><>>>: � sign(y); x > 0�2 sign(y); x = 0(� � �) sign(y); x < 0 (B.6)with y being non-zero, and � taken in the �rst quadrant suh that tan� = jy=xj.For the sfermions in the �rst and seond generations, the left-right mixings are exeed-ingly small as they are proportional to the orresponding fermion mass. Therefore, thesfermion mass matrix (B.2) is automatially diagonal. However, one has to remember that� We note that unlike mixings in other setors, �fa is de�ned di�erently, that is, ( efaL;R)i = �faij efaj , whereefaj represent the mass eigenstates. 53



the sfermion masses, for �xed values of m ef2L;R, are di�erent in the MSSM and the U(1)0 mod-els due to the additional D-term ontribution in the latter. This is the reason for havingdi�erent squark masses in the plots of branhing ratios in Figs. 1, 2 and 3 for the parameterset in (32).Appendix C: The Fermion-Sfermion-Neutralino CouplingsIn this Appendix we list the neutralino ouplings relevant for the prodution and deaysof the squarks and sleptonsy. The six physial neutralinose�0j =Xa N0ja eGa ;ouple to the fermions and the salar fermions. The neutralino-quark-salar quark ouplingsread as�uke�0j ~uk� �i�p2�uk�1� e6 os �W N0j1 + e2 sin �W N0j2 +Q0Qg0YN0j6�+ YukN0j4�uk�2�PR+i�p2�uk�2� 2e3 os �W N0j1 �Q0Qg0YN0j6�� YukN0j4�uk�1�PL ; (C.1)�dke�0j ~dk� �i�p2�dk�1 � e6 os �W N0j1 � e2 sin �W N0j2 +Q0Qg0YN0j6�� YdkN0j4�dk�2�PR+i�p2�dk�2� �e3 os �W N0j1 �Q0Qg0YN0j6�+ YdkN0j4�dk�1�PL ; (C.2)where � = 1; 2 designates the squark mass-eigenstates, k is the generation label, �qk�i are thesquark mixing matries, assumed diagonal for the �rst two generations so that �uk(dk)ij = Æijfor k = 1; 2, and �nally, Yqk are the quark Yukawa ouplings.The neutralino-lepton-salar lepton ouplings are given by�lke�0j~lk� i�p2�lk�1� eos �W N0j1 + esin �W N0j2 �Q0Lg0YN0j6� + YlkN0j4�lk�2�PR�i�p2�lk�2� eos �W N0j1 +Q0Eg0YN0j6�� YlkN0j4�lk�1�PL ; (C.3)��ke�0j ~�k i�p2� eos �W N0j1 � esin �W N0j2 �Q0Lg0YN0j6��PR ; (C.4)y The ouplings of the Z1;2 bosons to the fermions and neutralinos as well as the ouplings of the neutralinosto the fermions and sfermions are given in Se. IV of [5℄, whih were used for ross-heking.54



where �lkij , the slepton mixing matrix, is diagonal �lkij = Æij for k = 1; 2 (orresponding tothe eletron and the muon).The harginos ouple to the fermions and salar fermions in the same manner as in theMSSM.
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Appendix D: An Example of Feynman DiagramsIn this Appendix we inlude, for illustration, the Feynman diagrams ontributing tothe proesses whih have been analyzed in the text. We have implemented the modelLagrangian and all the information ontained in the previous appendies into a CalHEPode for simulation study. We illustrate the omputer ode in Fig. 22 by piking up eqRdeays as an example. We note that even though the diagrams in Fig. 22 are presentedas 4-body modes, we use the narrow-width approximation, and the squarks are assumed tohave a 2-body deay at �rst, and then, the neutralino exhibits a 3-body deay to make upa 4-body �nal state. In this respet, the diagrams 5 and 6 in Fig. 22 do not ontribute due
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to asade deays. For the same reason, the diagrams 7 and 8 do not ontribute either.
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