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hes Elektronen-Syn
hrotron DESY, D-22603 Hamburg, Germany8 Inst. Theor. Physik E, RWTH Aa
hen U, D-52074 Aa
hen, Germany(Dated: De
ember 15, 2008)Gluinos and neutralinos, supersymmetri
 partners of gluons and neutral ele
troweak gauge andHiggs bosons, are Majorana parti
les in the Minimal Supersymmetri
 Standard Model [MSSM℄. De-
ays of su
h self-
onjugate parti
les generate 
harge symmetri
 ensembles of �nal states. Moreover,produ
tion 
hannels of supersymmetri
 parti
les at 
olliders are 
hara
teristi
ally a�e
ted by theMajorana nature of parti
les ex
hanged in the produ
tion pro
esses. The sensitivity to the Majorana
hara
ter of the parti
les 
an be quanti�ed by 
omparing the predi
tions with Dira
 ex
hange me
h-anisms. A 
onsistent framework for introdu
ing gluino and neutralino Dira
 �elds 
an be designedby extending the N=1 supersymmetry of the MSSM to N=2 in the gauge se
tor. We examine towhi
h extent like-sign dilepton produ
tion in the pro
esses qq ! ~q~q and e�e� ! ~e�~e� is a�e
ted bythe ex
hange of either Majorana or Dira
 gluinos and neutralinos, respe
tively, at the Large HadronCollider (LHC) and in the prospe
tive e�e� mode of a lepton linear 
ollider.1. INTRODUCTIONIn the Minimal Supersymmetri
 Standard Model [MSSM℄ gauge super-multiplets are built up by two 
omponents,bosoni
 gauge �elds and fermioni
 gaugino �elds, Refs. [1{3℄. Sin
e neutral ve
tor �elds are self-
onjugate, the
orresponding supersymmetri
 partners are Majorana �elds. Condensing the gluon �elds in the 
olor-o
tet matrix gand the gluinos in the 
olor-o
tet matrix ~g, the (
olor) 
harge 
onjugate �elds g
 and ~g
 are related to the original�elds by g
 = � gT~g
 = � ~gT : (1.1)For the ele
troweak gauge and Higgs bosons and the neutralinos, mixtures of fermioni
 gauginos and higgsinos,analogous relations hold.The gluino and neutralino Majorana parti
les 
arry masses whi
h are rooted in the Higgs and the (soft) super-symmetry breaking se
tor. Massive Majorana �elds 
an be distinguished experimentally from Dira
 �elds in gaugetheories quite generally. [For massless �elds the distin
tion is more subtle, depending on the form of the intera
tionsin the theory.℄ In this report we will study the 
hara
teristi
 di�eren
es between Majorana and Dira
 �elds and workout the experimental impli
ations. The analyses will be performed in a hybrid s
heme, Ref. [4℄, in whi
h the minimalN=1 supersymmetri
 standard model is extended by gauge elements of N=2 supersymmetry [5℄.Majorana �elds in N=1 supersymmetri
 theories are 
hara
terized by two self-
onjugate L- and R-
omponents in
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2parallel to the two ve
tor �eld 
omponents. These fermioni
 
omponents 
an be paired with two additional fermioni
�elds in N=2 supersymmetri
 theories, in whi
h a ve
tor super-multiplet is 
ombined with an additional 
hiral super-multiplet to a ve
tor hyper-multiplet. If the Majorana masses are identi
al and the �elds are mixed maximally, thefour fermioni
 degrees of freedom 
an join to a Dira
 �eld and its 
harge-
onjugate 
ompanion [6℄. In this limit thetheory in
ludes ve
tor �elds, Dira
 gaugino �elds and s
alars, all states belonging to the adjoint representation of thegauge group.The four Higgs super�elds belong to a 
hiral and an anti-
hiral multiplet. By 
ontrast, the matter super�elds suigeneris are restri
ted in the N=1/N=2 hybrid s
heme to the standard N=1 
hiral 
omponent in a

ordan
e with theexperimental fa
t that matter fermions are 
hiral.In this setup the N=2 gauge intera
tions are an extension of the familiar N=1 gauge intera
tions. The additional
omponent of the N=2 intera
tion between the new gaugino �eld and the Higgs �elds 
an be reinterpreted as 
ompo-nent of a superpotential a�e
ting the neutralino and 
hargino masses after the ele
troweak symmetry is broken. [Inaddition the Higgs self-intera
tions are modi�ed, not a�e
ting the present analysis though.℄Soft supersymmetry breaking gives rise, at the phenomenologi
al level, to three gaugino mass parameters: twoMajorana masses Ma and Mb, and a mixing term Mab. The �rst Majorana mass may be asso
iated with the N=1gaugino mass term, and the se
ond with the new gaugino �eld. Diagonalizing the fabg mass matrix generatestwo Majorana masses m1;2 and a mixing angle �, whi
h relates the mass eigenstates to the original 
urrent states.Depending on the supersymmetry breaking parameters, � 
an assume any value between 0 and �=2. It is easy todesign a path in mass-parameter spa
e su
h that the Dira
 limit 
an be approa
hed smoothly. Tuning the diagonalmass parameters Ma;b to zero, only the o�-diagonal mixing term Mab survives and, as a result, the mass eigenvaluesm1;2 be
ome identi
al, modulo sign, and the mixing of the states maximal, � = �=4. In the maximal mixing limitthe two Majorana states 
ombine into one Dira
 fermion (and its antifermion partner). Maximal mixing of Majoranaparti
les guarantees the vanishing of transition amplitudes generally asso
iated with the ex
hange of Dira
 parti
les.This pro
edure is well suited for the strong intera
tion se
tor. The ele
troweak se
tor is less transparent due tothe 
ompli
ated mixing e�e
ts beyond the soft supersymmetry breaking terms after ele
troweak symmetry breaking.In the limit in whi
h the supersymmetry breaking s
ale is signi�
antly larger than the ele
troweak s
ale, the Dira
limit is approa
hed approximately. Though sounding strange at �rst glan
e, it is 
lear in the light of the previous
omments that a quantitative de�nition 
an be formulated for the 
on
ept of a near-Dira
 �eld or parti
le.Adopting this extension of the MSSM to a N=1/N=2 hybrid model, observables 
an be designed for experimentalanalyses at the LHC [7℄, whi
h allow us to follow a smooth transition from a Majorana theory of gluinos (andneutralinos) to a Dira
 theory. The standard examples are the equal-
hirality transition amplitudesqLqL ! ~qL~qL and qRqR ! ~qR~qR : (1.2)These amplitudes are non-zero for Majorana gluino ex
hange but they vanish for Dira
 gluino ex
hange in theN=1/N=2 hybrid theory. [The same arguments 
an be applied to e�Le�L ! ~e�L ~e�L , and L) R, for ele
troweakgauginos.℄ However, amplitudes for the transition from 2-fermion to 0-fermion states do not vanish in general. In thepresent 
ontext the mixed-
hirality amplitude qLqR ! ~qL~qR is non-zero for Dira
 ex
hange and, in fa
t, equal to theamplitude for Majorana ex
hange [analogously for e�Le�R s
attering℄.Using left/right-handedly polarized beams in the e�e� 
ollision mode of a linear 
ollider [8℄, the rules outlinedabove 
an easily be applied for studying the Majorana/Dira
 nature of neutralinos experimentally. In addition, it hasbeen demonstrated earlier when dis
ussing potential measurements of the q~q~g Yukawa 
oupling, Refs. [9, 10℄, that theanalysis of like-sign dilepton �nal states in pp 
ollisions at the LHC signals ~qL~qL �nal states in supersymmetri
 theories.Adjusting the ~qL de
ays to the Dira
 limit, the analyses of Refs. [9, 10℄ 
an be transferred, mutatis mutandis, easily.The potential of like-sign dilepton signatures for dis
riminating Majorana from Dira
 stru
tures of supersymmetri
theories has also been noted in Ref. [11℄.



3Group Spin 1 Spin 1/2 Spin 0SU(3) g ~g; ~g0 �gSU(2) W�;W 0 ~W�; ~W 0; ~W 0�; ~W 00 ��W ; �0WU(1) B ~B; ~B0 �BTABLE I: The N=2 gauge hyper-multiplets.These pro
esses are 
omplementary to tests of the Majorana nature of gluinos in gluino de
ays, notably to top plusstop �nal states, whi
h have been dis
ussed widely in the literature [12℄. Moreover, two-gluino �nal states de
ayingto bottom + sbottom quarks have served as an important 
hannel for sear
hing for supersymmetry at the Tevatron[13℄. Likewise, analyses of like-sign 
hargino produ
tion [14℄ at the LHC and neutralino de
ays [15℄ have been studiedextensively in the past for testing the Majorana 
hara
ter of neutralinos.The report is organized as follows. In the next Se
tion 2 we de�ne the essential elements of the N=1/N=2 hybridmodel and establish the phenomenologi
al base. In Se
tions 3 and 4 we dis
uss subsequently the strong intera
tiongluino se
tor and the ele
troweak se
tor, in
luding the 
on
ept of a near-Dira
 �eld, �rst in the limit in whi
h theele
troweak breaking s
ale 
an be negle
ted 
ompared to the supersymmetry parameters, and se
ond the systemati
approximation to this limit. In Se
tion 5 like-sign dileptons will be analyzed as a signal for the Majorana to Dira
transition at the LHC, before Se
tion 6 
on
ludes this study.2. THEORETICAL BASIS: N=1/N=2 HYBRID MODELIn the MSSM based on N=1 supersymmetry, bosoni
 gauge �elds are one-to-one paired with fermioni
 spin 1/2gaugino �elds and Higgs bosons with higgsinos. Fermioni
 lepton and quark matter �elds are paired with bosoni
spin-0 sleptons and squarks. The neutral gauginos in this ensemble are self-
onjugate Majorana �elds with two 
hirality
omponents 
orresponding to the two heli
ity states of the gauge �elds. De
ay 
hannels of these parti
les and theirex
hange in produ
tion pro
esses generate 
hara
teristi
 signatures of their Majorana nature. The uniqueness of these
hara
teristi
s 
an be proven by 
omparing the signatures with predi
tions derived from Dira
 theories.It turns out that N=2 supersymmetry o�ers a theoreti
ally solid platform for a 
onsistent 
omparison betweenMajorana and Dira
 theories [4, 16℄. The gauge super-multiplets are expanded to hyper-multiplets whi
h in
orporatenew 
hiral super�elds 
omposed of a gaugino and a s
alar �eld. In the following these new gaugino �elds will belabeled by an apostrophe. For the standard SU(3)�SU(2)�U(1) gauge group the N=2 �elds and their 
omponentsare summarized in Table I. As argued before, the superposition of two Majorana �elds 
arrying equal masses andbeing mixed maximally 
an be reinterpreted as a Dira
 �eld. By tuning the masses of the N=1 gauginos and the newgauginos a path for a 
ontinuous transition from a Majorana to a Dira
 theory 
an be designed.The two disjoint N=1 super-�elds of the MSSM Higgs se
tor Ĥd and Ĥu 
an be united in an N=2 hyper-multiplet,
omposed of Ĥd as a 
hiral �eld and Ĥyu as its anti-
hiral 
ompanion, 
f. Ref. [17℄.In a similar way the 
hiral matter super�elds of (s)leptons and (s)quarks, generi
ally 
alled Q̂, are extended by newanti-
hiral matter �elds Q̂0 to hyper-�elds. None of the mirror �elds Q̂0 that in
lude new leptons and quarks has beenobserved so far. Given the su

ess of the 
hiral standard theory, either the mirror parti
les are very heavy, or this
omponent is assumed absent a priori. The se
ond s
enario may be realized in N=2 theories in
luding extra spa
edimensions in whi
h N=1 matter super-�elds are restri
ted only to 4-dimensional branes [18℄.Alternative supersymmetri
 s
enarios with Dira
 gauginos are based on D-term supersymmetry breaking models[19℄ or exa
t 
ontinuous R-symmetries [20℄. On the phenomenologi
al level these models lead to identi
al formulationsof the Dira
 gauginos but it is less straightforward to de�ne a 
ontinuous Majorana-Dira
 transition.



4In the following we will adopt the N=1/N=2 hybrid s
enario as the base for phenomenologi
al studies of smoothtransitions from Majorana to Dira
 �elds. The model appears minimal in view of the basi
 �eld degrees of freedomand their intera
tions. For the present purpose there is little di�eren
e between the N=2 form of the Higgs se
tor ortwo disjoint N=1 Higgs se
tors treated in parallel to the matter �elds. [An in
reased mass range of the lightest Higgsboson and additional self-
ouplings however render the extended option attra
tive in itself.℄Con
entrating on the gaugino se
tor in regard of the Majorana to Dira
 transition, the Lagrangian derived fromthe general N=2 a
tion 
an be restri
ted to a few relevant terms:2.1. Hyper-QCD Se
torStandard gluino ~g and new gluino ~g0 �elds are 
oupled minimally to the gluon �eld g,Lg~g~gQCD = gsTr �~g
�[g�; ~g℄ + ~g0
�[g�; ~g0℄� ; (2.1)with the �elds 
ondensed to 
olor-o
tet matri
es g� = 1p2�aga� et
., gs denoting the QCD 
oupling, and two 4-
omponent Majorana spinor �elds ~g and ~g0 satisfying (~g)
 = �~gT and (~g0)
 = �~g0T . The Lagrangian generates theusual ~g~gg and ~g0~g0g verti
es for gluinos 
oupled to gluons. Matter �elds only intera
t with the standard gluino,Lq~q~gQCD = �gs [ qL~g ~qL � qR~g ~qR + h:
:℄ ; (2.2)while N=2 supersymmetry requires ~g0 to only 
ouple to the hyper-multiplet partners of the N=1 quarks/squarkswhi
h, in the hybrid theory, are assumed to be proje
ted out.1Soft supersymmetry breaking generates masses for the gluino �elds ~g and ~g0. Diagonal terms in the �elds ~g and ~g0generate the individual Majorana mass parameters M3 and M 03 while an o�-diagonal term 
oupling ~g with ~g0 will be
ru
ial for the transition of the two Majorana �elds to a joined Dira
 �eld:LmQCD = �12 �M 03Tr(~g0~g0) +M3Tr(~g~g) +MD3 Tr(~g0~g + ~g~g0)� : (2.3)[For the purpose of our analysis, all mass parameters are assumed real throughout the paper.℄ As worked out in detailin the next se
tion, diagonalizing the ~g0; ~g mass matrix [in the left-
hirality basis, i.e. ~gL = 12 (1� 
5)~g et
.℄Mg =  M 03 MD3MD3 M3 ! (2.4)gives rise to two Majorana mass eigenstates, ~g1 and ~g2 with masses m1 and m2. For large new gluino masses,M 03 ! �1, the standard MSSM gluino se
tor is re
overed. On the other side, in the limit in whi
h the Majoranamass parameters M3 and M 03 vanish but the o�-diagonal element MD3 is non-zero, the mixing between the states ismaximal and the two Majorana states, 
arrying identi
al masses, 
an be paired to a Dira
 state. Thus varying M 03from in�nity to zero while trailing M3 from a TeV-s
ale value to zero, a 
ontinuous path 
an be 
onstru
ted for thetransition from the MSSM gluino Majorana theory to a Dira
 theory.Table I shows that the hybrid theory also 
ontains a 
omplex s
alar o
tet �g . Its 
oupling to gluons is determinedby SU(3) gauge invarian
e. In addition, N=2 supersymmetry stipulates [5℄ the existen
e of a �g~g~g0 
oupling, while1 One 
ould 
ontemplate a non-supersymmetri
 theory with Dira
 gluinos where ~g0�q~q 
ouplings exist. This would tend to in
rease thedi�eren
es between Majorana and Dira
 gluinos, e.g. leading to di�erent total 
ross se
tions for asso
iate gq ! ~q~g produ
tion. TheN=1/N=2 hybrid analyzed by us is better motivated; 
onsidering it as alternative of the usual MSSM is also 
onservative in the sensethat it minimizes the di�eren
es.



5the 
ouplings of �g to quarks also involve their hyper-multiplet partners. The hybrid theory predi
ts pair produ
tionof �g s
alars. However, this is not dire
tly related to the Dira
 or Majorana nature of the gluinos, whi
h is the 
entralissue of our analysis. The detailed phenomenology of the new s
alars will be des
ribed in a sequel to this report.2.2. Ele
troweak Se
torThe ele
troweak neutralino/
hargino se
tor is 
onsiderably more 
ompli
ated than the QCD se
tor due to the mixingof gauginos and higgsinos indu
ed by ele
troweak symmetry breaking. The 
omplexity in
reases only slightly in theextension from N=1 to N=2 supersymmetry. While the expansion of the ~W; ~B isospin and hyper
harge se
tor bythe ~W 0; ~B0 �elds runs stri
tly parallel to the gluino se
tor, the embedding of the Higgs �elds into a 
hiral and anti-
hiral N=2 hyper-multiplet generates new gauge intera
tions whi
h 
ouple the Higgs super-�elds with the new 
hiralsuper�elds of the N=2 ve
tor multiplets:W gauge0higgs = p2 g Ĥu � (IaĤd) Ŵ 0a +p2 g0 Ĥu � (Y Ĥd) B̂0 ; (2.5)where Ia = �a=2 (a = 1; 2; 3) and Y are the weak isospin and hyper
harge generators, respe
tively, g and g0 are theSU(2) and U(1)Y gauge 
ouplings, and the 
entral dot denotes an SU(2)-invariant 
ontra
tion. The N=2 supersym-metry allows for a bilinear � Higgs/higgsino 
oupling,W bilinhiggs = �Ĥu � Ĥd (2.6)[in the standard notation with the SU(2)-invariant 
ontra
tion Ĥu � Ĥd = Ĥ+u Ĥ�d � Ĥ0uĤ0d , et
℄.The additional gauge-strength Yukawa intera
tions,Lgauge0higgs = � gp2 hHu � (�a ~Hd) ~W 0a +Hd � (�a ~Hu) ~W 0ai� g0p2 hHd � ~Hu ~B0 �Hu � ~Hd ~B0i ; (2.7)generated from the superpotential Eq. (2.5), lead, after ele
troweak symmetry breaking,Neutralinos: L�00higgs = �mZ hsW (s� ~B0R ~H0dL + 
� ~H0uR ~B0L)� 
W (
� ~H0uR ~W 00L + s� ~W 00R ~H0dL) + h.
.i ; (2.8)Charginos: L�0�higgs = �p2mW 
� ~H�uR ~W 0�L +p2mW s� ~W 0�R ~H�dL + h.
.; (2.9)to o�-diagonal mass terms and mixings between the standard higgsinos and the new winos ~W 0 and bino ~B0. Choosingthe left-
hirality bases f ~B00; ~B0; ~W 00; ~W 0; ~H0d ; ~H0ug and f ~W 0�; ~W�; ~H�d;ug, the neutralino and 
hargino mass matri
es
an be 
ast into the formMn = 0BBBBBBBB� M 01 MD1 0 0 mZsW s� mZsW 
�MD1 M1 0 0 �mZsW 
� mZsW s�0 0 M 02 MD2 �mZ
W s� �mZ
W 
�0 0 MD2 M2 mZ
W 
� �mZ
W s�mZsW s� �mZsW 
� �mZ
W s� mZ
W 
� 0 ��mZsW 
� mZsW s� �mZ
W 
� �mZ
W s� �� 0
1CCCCCCCCA ; (2.10)

M
 = 0B� M 02 MD2 �p2mW sin�MD2 M2 p2mW 
os�p2mW 
os� p2mW sin� � 1CA ; (2.11)with the usual abbreviations sW = sin �W , s� = sin�, et
. for the ele
troweak mixing angle �W and the SUSYHiggs-Goldstone mixing angle �. [Evidently, the new N=2 Higgs-gauge intera
tions (2.5) have little impa
t on the



6overall stru
ture of the mass matri
es. If the Higgs se
tor is redu
ed to the standard twin of N=1 Higgs �elds, theterms 
orresponding to Eq.(2.8) are simply redu
ed to zero.℄The gaugino-gauge intera
tions are extended analogously to the gluino-gluon se
tor in Eq. (2.1). A new set ofintera
tions between Higgs, higgsino, gauge and gaugino �elds is generated by the N=2 gauge intera
tions in theHiggs se
tor, 
f. Eq.(2.5).The superpotential involving matter and Higgs super�elds of the hybrid model will be taken over from N=1supersymmetry, analogously the 
orresponding soft supersymmetry breaking intera
tions.3. THE GLUINO SECTOR IN SUPER- AND HYPER-QCDIn the previous se
tion we have derived the mass matrix in the gluino se
tor of the two Majorana �elds ~g and ~g0 inN=2 supersymmetry. In the present se
tion we will determine the mass eigenvalues and the 
orresponding gluino�elds. Two limiting 
ases of the general softly broken N=2 theory are of parti
ular interest. If one of the Majoranamass parameters in the gluino mass matrix is driven to in�nity, we will re
over the standard N=1 supersymmetry.On the other hand, if both diagonal mass parameters are 
hosen zero, the two Majorana �elds 
an be united to aDira
 �eld. This transition restri
ts 
onsiderably the non-zero s
attering amplitudes generated by gluino ex
hanges.Thus by tuning the mass parameters, a 
ommon platform for Majorana and Dira
 theories 
an be built, allowing for
ontinuous transitions between the two types of �elds and a proper de�nition of a \near-Dira
" �eld.3.1. Diagonalization of the 2�2 Hyper-Gluino Mass MatrixFor real values of M3;M 03 and MD3 the gluino mass matrix in Eq. (2.4) 
an be diagonalized by means of the unitarytransformation matrix U ,UTMg U = diag(m~g1 ;m~g2) with U =  
os �3 �3 sin �3��3 sin �3 
os �3 ! �1 00 �2 ! ; (3.1)where the rotation angle varies between 0 � �3 � �=2 and �1;2 denote the two Majorana-type phases. The masseigenvalues read: m~g1;2 = 12 jjM 03 +M3j ��3j with �3 =q(M 03 �M3)2 + 4(MD3 )2 ; (3.2)with the ordering m~g1 � m~g2 by de�nition. The mixing angle �3, the sign parameter �3 and the two Majorana-typephases �1;2 de�ning the diagonalization matrix U are given by
os �3= sin �3 =r1� �03jM3 �M 03j=�32 ;�3 = sign[MD3 (M 03 �M3)℄ and �03 = sign[M23 �M 023 ℄ ; (3.3)and �1 = 1=i for sign[det(Mg) � Tr(Mg)℄ = +=� ;�2 = 1=i for sign[Tr(Mg)℄ = +=� (3.4)[the overall signs of �1;2 are indeterminate℄. The form of the diagonalization matrix U in Eq. (3.1) guarantees thepositivity of the mass eigenvalues m~g1;2 of the �elds ~g1R~g2R! = UT  ~g0R~gR! and  ~g1L~g2L! = Uy ~g0L~gL! : (3.5)
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gk(a) (b) (
)FIG. 1: Feynman diagrams for squark produ
tion of di�erent 
avors at hadron 
olliders. [The index k 
ounts the two gluinosin the N=2 hybrid model, to be ignored for the N=1 MSSM.℄The rotation by means of the orthogonal sub-matrix of U , 
ombined with the diagonal phase matrix, preserves theMajorana 
hara
ter of the �elds ~g1;2. Left- and right-
hiral �elds are related by 
harge 
onjugation: (~gL)
 = �~gTR and(~g0L)
 = �~g0TR . 3.2. Chiral Transition Amplitudes in the Hybrid ModelThe most transparent example for studying the Majorana/Dira
 nature of gluinos is the transition between pairs ofquarks to pairs of squarks with di�erent 
avor:qLq0L ! ~qL~q0L ; qRq0R ! ~qR~q0R ; (3.6)qLq0R ! ~qL~q0R ;The 
orresponding Feynman diagrams are depi
ted in Fig. 1. The kernels of the transition matrix elements, involvingthe t-
hannel ex
hange of the two Majorana gluinos ~gk, 
an be 
ast into the form:A[qLq0L ! ~qL~q0L℄ = �g2s2 2Xk=1 [U2kU2k℄ hm~gk it�m2~gk ;A[qRq0R ! ~qR~q0R℄ = �g2s2 2Xk=1 [U�2kU�2k℄ hm~gk it�m2~gk ;A[qLq0R ! ~qL~q0R℄ = +g2s2 2Xk=1 [U2kU�2k℄ h6qit�m2~gk ; (3.7)to be sandwi
hed between the quark spinors �v0L;R and uL;R; t = q2 denotes the square of the momentum q 
owingthrough the gluino line. The form of these transition amplitudes 
an easily be tra
ed ba
k to the rules introdu
edin the previous se
tion. Currents of equal-sign 
hirality, LL and RR, are 
oupled by the mass term of the gluinopropagator, while 
urrents of opposite-sign 
hirality, LR, are 
oupled by the kineti
 term q.From the transition amplitudes (3.7) the 
ross se
tions 
an easily be derived as�[qq0 ! ~qL~q0L℄ = �[qq0 ! ~qR~q0R℄ (3.8)= 2��2s9 s � 
43 s � m2~g1sm2~g1 + (m2~g1 �m2~q)2 + s43 s � m2~g2sm2~g2 + (m2~g2 �m2~q)2 + 2
23s23m~g1 m~g2m2~g1 �m2~g2 (L1 � L2)��[qq0 ! ~qL~q0R℄ = 2��2s9 s �
43��1 + 2s (m2~g1 �m2~q)�L1 � 2��+ s43��1 + 2s (m2~g2 �m2~q)�L2 � 2��+2
23s23� (sm2~g1 + (m2~g1 �m2~q)2)L1 � (sm2~g2 + (m2~g2 �m2~q)2)L2m2~g1 �m2~g2 � ���



8where Lk = log (1 + �) + 2(m2~gk �m2~q)=s(1� �) + 2(m2~gk � 2m2~q)=s (3.9)and s3 = sin �3, 
3 = 
os �3 and � = (1� 4m2~q=s)1=2; it has been assumed that all squarks have the same mass m~q. Inthe next subse
tion the 
hara
teristi
s of the transition amplitudes will be analyzed in detail.3.3. Majorana to Dira
 Path in the Hybrid ModelThe N=2 gluino mass matrixMg is de�ned by three parameters, two on-diagonal Majorana mass parameters and theo�-diagonal mass parameter whi
h 
ouples the two N=1 se
tors of the gluino hyper-multiplet. In the physi
al basisthey manifest themselves as two Majorana mass eigenvalues m~g1;2 and the rotation angle �3 between the 
urrent andmass eigenstates.If the new gluino mass parameterM 03 is 
hosen in�nitely large, the hyper-system is redu
ed e�e
tively to the originalN=1 gluon-gluino super-multiplet with the gluino mass determined by M3,m~g1 ' jM3 � (MD3 )2=M 03j ! jM3jm~g2 ' jM 03j ! 1 ; (3.10)in analogy to the seesaw formula.The path from the N=1 Majorana theory to the Dira
 theory may be de�ned in su
h a way that the mass of thelightest gluino is kept �xed. In addition, we may identify the o�-diagonal mass parameter MD3 with m~g1 to redu
ethe number of free parameters. Starting from the Majorana theory, we follow the pathP : M3 = m~g1M 03=(M 03 �m~g1) for �1 �M 03 � 0MD3 = m~g1 : (3.11)The heavy gluino mass is trailed along a

ording tom~g2 = �M 03 �m2~g1=(M 03 �m~g1) ; (3.12)while the mixing parameters follow from
os �3 = 1p1 + (1�M 03=m~g1)2 ; sin �3 = 1�M 03=m~g1p1 + (1�M 03=m~g1)2 : (3.13)The path P 
an be mapped onto a unit interval by the transformationM 03 = m~g1 y1 + y for � 1 � y � 0 ; (3.14)leading to m~g2 = m~g1 �y + 11 + y�; and 
os �3 = 1 + yp1 + (1 + y)2 ; sin �3 = 1p1 + (1 + y)2 : (3.15)The transition of the parameters M3=M 03 and sin �3= 
os �3 as well as m~g2 is exempli�ed in Fig. 2.For y = �1, 
orresponding to M 03 ! �1, the Majorana limit for N=1 gluinos is reprodu
ed with the physi
al massm~g1 while the se
ond set of Majorana parti
les with m~g2 !1 is removed from the system.
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 (y = 0) gluino masses (a) and mixing angles(b).In the right-most end-point y = 0 of the path P the Dira
 limit is realized. The on-diagonal mass parameters bothvanish while the o�-diagonal elements are equal:M 03 =M3 = 0 and MD3 6= 0sin �3 = 
os �3 = 1=p2 ; (3.16)so that the physi
al masses m~g1;2 = m~g are identi
al and the mixing is maximal.3.4. The Dira
 LimitThe transformation matrix U , 
onne
ting the �eld bases ~g=~g0 with ~g1=~g2, simpli�es in the Dira
 limit2 toU =  
os �3 � sin �3sin �3 
os �3 ! � 1 00 i! =  
os �3 �i sin �3sin �3 i 
os �3 !! 1p2  1 �11 1 ! � 1 00 i! = 1p2  1 �i1 i ! ; (3.17)
orresponding to a �=4 rotation matrix and a phase matrix whi
h turns the se
ond eigenvalue positive. Hen
e thetwo degenerate physi
al Majorana �elds ~g1 and ~g2 
an be expressed in terms of the original 
urrent �elds ~g0 and ~g as~g1 = [(~g0L + ~g0R) + (~gL + ~gR)℄=p2~g2 = i [(~g0L � ~g0R)� (~gL � ~gR)℄=p2 : (3.18)These two Majorana �elds are odd and even under 
harge 
onjugation: ~g
1 = �~gT1 and ~g
2 = +~gT2 , respe
tively.In this 
on�guration the t-
hannel ex
hange of the two Majorana �elds ~g1;2 in the pro
esses qLq0L ! ~qL~q0L and2 In this degenerate 
ase the mixing matrix U is unique up to multipli
ation on the right by an arbitrary orthogonal matrix [21℄.



10qRq0R ! ~qR~q0R is maximally destru
tive and the two amplitudes vanish:A[qLq0L ! ~qL~q0L℄ = A�[qRq0R ! ~qR~q0R℄� 2Xk=1 U2kU2k = 0 : (3.19)The superposition of mixed 
hiral amplitudes, on the other side, is maximally 
onstru
tive:A[qLq0R ! ~qL~q0R℄ � 2Xk=1 U2kU�2k = 1 : (3.20)This pi
ture 
an be simpli�ed 
onsiderably by swit
hing from the two-Majorana to the Dira
 des
ription.Introdu
ing a superposition of two equal-mass Majorana �elds, m~g1 = m~g2 = m~g , the right- and left-handed
omponents of the Dira
 gluino �eld 
oupled to the quark 
urrent are e�e
tively given by~gD = (~g1 � i~g2)=p2 : ~gDR = ~gR~gDL = ~g0L ; (3.21)~g
TD = �(~g1 + i~g2)=p2 : ~g
DR = �~g0TR~g
DL = �~gTL : (3.22)The �eld ~gD = (~g1 � i~g2)=p2 = ~gR + ~g0L is a Dira
 �eld, i.e. it is not self-
onjugate: ~g
D 6= �~gTD. It des
ribes fourdegrees of freedom, the two heli
ities and the parti
le/antiparti
le 
hara
teristi
s. The 
ontra
tion of the �eld withitself vanishes [in 
ontrast to Majorana �elds℄, while the 
ontra
tion between the �eld and its 
onjugate is given bythe 
anoni
al Dira
 value. As a result, this Dira
 �eld 
annot be ex
hanged between two 
hirality-L 
urrents andthe LL-type amplitude vanishes. Similarly, the related C-
onjugate �eld ~g
D is 
oupled to R-type 
urrents but RRamplitudes vanish. On the other hand, RL-type amplitudes do not vanish and, in fa
t, the 
ontra
tion between ~gDand ~g
D generates the usual Dira
 propagator, so that the RL amplitude 
orresponds to the standard Dira
 ex
hangeamplitude. In summa, the theory of two mass-degenerate Majorana �elds with 
hiral 
ouplings is equivalent to theDira
 theory of a single fermion.The Lagrangian for the super-QCD intera
tion of gluinos with squarks and quarks is of the standard N=1 SUSYform (2.2) for one Majorana gluino mass eigenstate ~g in the Majorana limit, but the intera
tion Lagrangian of thetwo Majorana gluino �elds in the N=1/N=2 hybrid model 
an be 
ontra
ted in the Dira
 limit toLq~q~gQCD = �gs 1p2 [ qL~g1 ~qL � qR~g1 ~qR � i(qL~g2 ~qL + qR~g2 ~qR) + h:
:℄= �gs � qL~gD~qL + qR~g
TD ~qR + h:
:� : (3.23)The trilinear gluon/gluino intera
tion is just the sum of the two individual standard intera
tions. The mass term ofthe Lagrangian in the Majorana limit, LmQCD = �12m~gTr[�~g~g℄ ; (3.24)is altered in the Dira
 limit to LmQCD = �12m~gTr [�~g1~g1 + �~g2~g2℄= �m~g Tr [~gD ~gD℄ (3.25)in terms of the two degenerate Majorana mass eigenstates, ~g1; ~g2, and the Dira
 �eld ~gD or ~g
D, respe
tively.As will be demonstrated later in several examples, the transition from the Lagrangian of the 2-Majorana theory tothe Dira
 theory entails the isomorphism of the two theories in all dynami
al aspe
ts, in
luding the (properly de�nedsets of) 
ross se
tions.
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FIG. 3: Partoni
 
ross se
tions for di�erent-
avor squark produ
tion as a fun
tion of the Dira
/Majorana 
ontrol parameter y.The plot 
orresponds to a �xed partoni
 
enter-of-mass energy ps = 2000 GeV, and m~q = 500 GeV and m~g1 = 600 GeV. Thes
ale of the running 
oupling �MSs (�) has been 
hosen to be � = ps.In the Dira
 theory, a 
onserved quantum number D, asso
iated with the R-symmetry of the N=2 theory noted inRef. [11℄, 
an be assigned to ea
h supersymmetri
 parti
le state appearing in the Lagrangian, nota bene the intera
tionterm (3.23): D[~qL℄ = D[~g
D℄ = D[~l�L ℄ = D[ ~�
0D ℄ = D[ ~�+D1℄ = �1 ;D[~qR℄ = D[~gD℄ = D[~l�R ℄ = D[ ~�0D℄ = D[ ~�+D2℄ = +1 : (3.26)The ~��D 
omponents relevant for the gauge-strength Yukawa intera
tions are ~��D1R = ~W�R and ~�+D2R = ~W+R . An-tiparti
les 
arry the Dira
 
harges �D 
orrespondingly. The Dira
 
harge of all SM parti
les vanishes. Note thatthe superpartners of left- and right-handed SM fermions 
arry opposite Dira
 
harge; this implies that terms mixingthese �elds will not 
onserve D. [Ele
troweak neutralinos and sleptons will be dis
ussed in more detail in se
tion 4.℄The Dira
 
harge D 
onveniently 
lassi�es possible produ
tion pro
esses and de
ay modes for the supersymmetri
parti
les in the Dira
 theory, as widely applied in the next se
tions.3The 
ross se
tions for the pro
esses qq0 ! ~q~q0 are 
hara
teristi
ally di�erent in the two limits [for simpli
ity, weagain take equal masses for ~qL and ~qR℄:Majorana : �[qq0 ! ~qL~q0L℄ = �[qq0 ! ~qR~q0R℄ = 2��2s9 �m2~g1sm2~g1 + (m2~g1 �m2~q)2 (3.27)Dira
 : �[qq0 ! ~qL~q0L℄ = �[qq0 ! ~qR~q0R℄ = 0 (3.28)Majorana = Dira
 : �[qq0 ! ~qL~q0R℄ = 2��2s9s2 �(s+ 2(m2~g1 �m2~q))L1 � 2�s� ; (3.29)where L1 has been de�ned in Eq.(3.8). The 
ross se
tions in the evolution from the Majorana limit to the Dira
 limitare displayed in Fig. 3 at the parton level. While the ~qL~q0L 
ross se
tion moves monotoni
ally to zero, the ~qL~q0R 
rossse
tion is only slightly modulated on the path P from the N=1 Majorana limit to the Dira
 limit. It should be notedthat the Dira
 
ross se
tions are identi
al to the 2-Majorana 
ross se
tions owing to destru
tive interferen
es betweenthe ~g1 and ~g2 ex
hange diagrams.3 We 
ould equivalently de�ne SM matter fermions to 
arry non-vanishing D, with D[qL℄ = �D[qR℄, with sfermions having vanishingDira
 
harge.



12Near-Dira
 �eld: Generalizing the de�nitions Eqs. (3.21) and (3.22) for the Dira
 �eld, the 
ontinuous approa
h oftwo nearly mass degenerate, nearly 
hirally 
oupled Majorana �elds to the Dira
 limit 
an be framed quantitatively.We de�ne the �elds ~gÆ = sin �3 ~g1 � i 
os �3 ~g2 � 
os Æ ~gD + sin Æ ~g
TD ; (3.30)~g
TÆ = � sin �3 ~g1 � i 
os �3 ~g2 � sin Æ ~gD + 
os Æ ~g
TD :With 
os = sin Æ = (
os �3 � sin �3)=p2 they are identi
al to the standard Dira
 �elds for 
os �3 = sin �3 = 1=p2, orÆ = 0, but keep the approximate 
hara
ter of Dira
 �elds nearby (0 < jÆj � 1). The 
ontra
tion of the �eld with itself,� 
os 2�3, nearly vanishes for �3 � �=4, while the 
ontra
tion with the 
onjugate �elds is unity. Thus the LL and RRtransition amplitudes are proportional to 
os 2�3 and non-zero, while the LR transition remains 1. The ex
hanges ofthe near-Dira
 �elds is equivalent to the ex
hanges of the two Majorana �elds, generating transition amplitudes LL,RR = 
os2 �3 � sin2 �3 = 
os 2�3 and LR = 
os2 �3 + sin2 �3 = 1. Taking the N=2 gluino as an example in the limitM 03 ! 0, the parameters des
ribing the approa
h to the Dira
 �eld are given by
os �3 = 1p1 + (1�M 03=m~g1)2 � 1p2 �1 + 12 M 03m~g1 � (3.31)sin �3 = 1�M 03=m~g1p1 + (1�M 03=m~g1)2 � 1p2 �1� 12 M 03m~g1 � ; (3.32)generating 
os Æ � 1 and sin Æ �M 03=2m~g1 : (3.33)In 
ontrast to the wave fun
tions, the two mass eigenvalues m~g1;2 remain equal up to se
ond order in M 03. As a result,ex
hanging the near-Dira
 �elds between L- and R-
urrents reprodu
es the 
ross se
tions 
al
ulated otherwise by theex
hange of the almost degenerate Majorana �elds.3.5. Summary of Chara
teristi
 S
attering Pro
essesThe entire ensemble of partoni
 
ross se
tions for the N=1 Majorana theory has been 
al
ulated in Ref. [22℄, improvingon the Born approximations [23℄ by in
luding the radiative super-QCD 
orre
tions [for threshold resummations see[24℄℄. Ele
troweak tree-level 
ontributions to the produ
tion of two (anti)squarks have been 
al
ulated in Ref. [25℄,while ele
troweak one-loop 
orre
tions to squark antisquark produ
tion have been derived in Ref. [26℄. Sin
e thenumber of rea
tions is approximately tripled when the theory is followed along the Majorana-Dira
 path, we restri
tthe dis
ussion to a set of 
hara
teristi
 examples.4 To highlight the 
hara
teristi
 di�eren
es between Majorana andDira
 theories, it is suÆ
ient to work out the 
ross se
tions at the Born level.(a) Di�erent-
avor quark s
attering:These 
hannels have been used in the previous se
tions to develop the di�eren
es between Majorana and Dira
theories. The results are presented in Eqs. (3.8), (3.27){(3.29) and Fig. 3.(b) Di�erent-
avor quark-antiquark s
attering:The Feynman diagrams for q�q0 ! ~qL~q0�L , ~qR~q0�R , ~qL~q0�R are shown in Fig. 4 (a). In the Majorana and Dira
 limits, the4 The 
omplete set of 
ross se
tions is available at http://www.pitt.edu/~afreitas/formulas.pdf.
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avor squark produ
tion in quark annihilation (a), squark-gluino produ
tion (b,
),gluino produ
tion in quark annihilation (d,e) and gluino produ
tion in gluon fusion (f,g). [The indi
es i; j 
ount the two gluinosin the N=2 hybrid model, and should be ignored for the N=1 MSSM.℄partoni
 
ross se
tions readMajorana = Dira
 : �[q�q0 ! ~qL~q0�L ℄ = �[q�q0 ! ~qR~q0�R ℄ = 2��2s9s2 �(s+ 2(m2~g1 �m2~q))L1 � 2�s� (3.34)Majorana : �[q�q0 ! ~qL~q0�R ℄ = 2��2s9 �m2~g1sm2~g1 + (m2~g1 �m2~q)2 (3.35)Dira
 : �[q�q0 ! ~qL~q0�R ℄ = 0: (3.36)As before, � = (1� 4m2~q=s)1=2 is the velo
ity of the produ
ed squarks. Numeri
al results for the 
ross se
tions alongthe path �1! y ! 0 are displayed in Fig. 5 (a).For equal-
avor quark-antiquark s
attering the additional gluino s-
hannel ex
hange must be added to the t-
hannelex
hange diagrams.(
) Squark-gluino produ
tion:The Feynman diagrams for the super/hyper-Compton pro
esses gq ! ~q~g1, ~q~g2 are given in Fig. 4 (b,
). As before,we give formulas for the 
ross se
tions in the two limiting 
ases:Majorana = Dira
 : �[gq ! ~qL;R~g℄ = �[gq ! ~qL~gD℄ = �[gq ! ~qR~g
D℄ (3.37)= ��2s18s3 �2(4s� 4m2~g1 � 5m2~q)(m2~g1 �m2~q)L01+9(s(s+ 2m2~g1) + 2m2~q(m2~q �m2~g1 � s))L1��s(7s+ 32(m2~g1 �m2~q))�Dira
 : �[gq ! ~qL~g
D℄ = �[gq ! ~qR~gD℄ = 0; (3.38)with L1 = log (1 + �) + 2(m2~g1 � 2m2~q)=s(1� �) + 2(m2~g1 � 2m2~q)=s L01 = log (1 + �)� 2(m2~g1 � 2m2~q)=s(1� �)� 2(m2~g1 � 2m2~q)=s: (3.39)Here � = �[s� (m~q +m~g1)2℄[s� (m~q �m~g1)2℄�1=2 =s denotes the momenta of the �nal-state squarks and gluinos inunits of half the total 
.m. parton energy, i.e. the velo
ity for equal-mass parti
les. Fig. 5 (b) shows the 
ross se
tionsfor the two Majorana mass eigenstates along the interpolated path between the two limits. As 
an be seen in the
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) (d)FIG. 5: Partoni
 
ross se
tions for di�erent-
avor squark produ
tion in quark annihilation (a), squark-gluino produ
tion (b)and gluino produ
tion (
,d). The 
ross se
tions are given as fun
tions of the Dira
/Majorana 
ontrol parameter y. Soft breakingparameters are as in Fig. 3.�gure, the se
ond gluino ~g2 
an only be produ
ed if, for the �xed parton 
.m. energy, it be
omes light enough so thatthe kinemati
al threshold is 
rossed. Approa
hing the Dira
 limit y ! 0, the 
ross se
tions for ~q~g1 and ~q~g2 produ
tionbe
ome equal. Note that the total ~q~g produ
tion 
ross se
tion is the same in the Dira
 limit as in the original MSSM.(d) Gluino pairs:Gluino pairs 
an be produ
ed through quark annihilation, q�q ! ~g1~g1, ~g1~g2, ~g2~g2 (see Fig. 4 (d,e)), or through gluonfusion gg ! ~g1~g1, ~g2~g2 (see Fig. 4 (f,g)). The produ
tion of gluino pairs in gluon-gluon 
ollisions is based solely onQCD gauge intera
tions. By 
onservation of the 
olor 
urrent, mixed ~g1; ~g2 gluino pair produ
tion is therefore notpossible. The 
ross se
tions are given byMajorana : �[q�q ! ~g~g℄ = 4��2s27s3 ��28s2m2~q + s(7m4~g1 � 32m2~g1 m2~q + 25m4~q)� 18(m2~g1 �m2~q)3s� 2m2~g1 + 2m2~q L01+��13s2 � 6s(m2~g1 � 3m2~q)� 8s3m2~qsm2~q + (m2~g1 �m2~q)2�� (3.40)Dira
 : �[q�q ! ~gD~g
D℄ = 4��2s27s3 ��2�9(m2~g1 �m2~q)2 + s(m2~g1 + 8m2~q)�L01+��19s2 + 6s(m2~g1 + 3m2~q)� 8s3m2~qsm2~q + (m2~g1 �m2~q)2�� (3.41)�[q�q ! ~gD~gD℄ = �[q�q ! ~g
D~g
D℄ = 0;



15and Majorana : �[gg ! ~g~g℄ = 3��2s4s3 �3(s2 + 4sm2~g1 � 4m4~g1) log 1+�1�� � �s(4s+ 17m2~g1)� (3.42)Dira
 : �[gg ! ~gD~g
D℄ = 3��2s2s3 �3(s2 + 4sm2~g1 � 4m4~g1) log 1+�1�� � �s(4s+ 17m2~g1)� (3.43)�[gg ! ~gD~gD℄ = �[gg ! ~g
D~g
D℄ = 0;in the same notation as before, with L01 de�ned in (3.39) but � = (1 � 4m2~g1=s)1=2. As the nature of the gluino is
hanged smoothly fromMajorana to Dira
 along the path P , several thresholds are 
rossed for �xed parton 
.m. energy,see Fig. 5 (
,d), whenever the se
ond Majorana parti
le be
omes light enough to allow ~g1~g2 and ~g2~g2 pair produ
tion,respe
tively.Again, the identity of the 2-Majorana with the Dira
 theory 
an be re-examined by verifying the equality of the
ross se
tions, �[q�q ! ~gD~g
D℄ = 2Xk;l=1 �[q�q ! ~gk~gl℄ ;�[gg ! ~gD~g
D℄ = 2Xk �[gg ! ~gk~gk℄ ; (3.44)in a meti
ulous a

ounting of interferen
e e�e
ts in double-gluino produ
tion. In the Dira
 limit, the total produ
tion
ross se
tion for gg ! gluinos is therefore twi
e as large as in the MSSM.The hadron 
ross se
tions will be dis
ussed for the LHC in the �nal se
tion, in
luding 
ru
ial tests for dis
riminatingthe MSSM Majorana theory from a Dira
 theory experimentally.3.6. Gluino De
aysIf squarks are heavier than gluinos the dominant 
hannels are de
ays to gluinos. Otherwise squarks de
ay intoele
troweak 
hargino and neutralino 
hannels. Gluinos in turn always de
ay to pairs of quarks and squarks, eitherreal or virtual. The partial widths of all these strong [27℄ and ele
troweak modes [28℄ are known in next-to-leadingorder in N=1 supersymmetry. In this subse
tion only strong de
ay 
hannels will be dis
ussed, while ele
troweakde
ays are postponed to the next se
tion.(a) m~q > m~g: The partial widths for squark de
ays to Majorana and Dira
 gluinos,�[~qL ! q~g℄ = �[~qR ! q~g℄ = �[~qL ! q~g
D℄ = �[~qR ! q~gD℄ = 2�s3 (m2~q �m2~g)2m3~q ; (3.45)�[~qR ! q~g
D℄ = �[~qL ! q~gD℄ = 0 ; (3.46)[and 
orrespondingly for the 
harge-
onjugate states℄ are the same for equal masses and 
ouplings. This applies forthe two endpoints of the path P , the standard N=1 Majorana limit and the Dira
 limit. Even though the de
ayme
hanism is strong, the P-wave de
ay width is suppressed nevertheless when the squark/gluino mass di�eren
ebe
omes small.(b) m~g > m~q : A similar relation applies for Majorana and Dira
 gluino de
ays into quarks and squarks [and
harge-
onjugate states℄:�[~g ! q~q�L℄ = �[~g ! q~q�R℄ = �[~gD ! q~q�L℄ = �[~g
D ! q~q�R℄ = �s8 (m2~g �m2~q)2m3~g ; (3.47)�[~gD ! q~q�R℄ = �[~g
D ! q~q�L℄ = 0 : (3.48)
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 angular distributions follow the familiar 
os � distribution for spin 1/2 ! spin 1/2 + spin 0 de
ays.Squarks de
ay either to Dira
 parti
les or to Dira
 antiparti
les. These modes 
an be distinguished in the subsequentDira
 de
ays.The Majorana or Dira
 
hara
ter of the gluinos 
an be demonstrated ni
ely in the 
harge assignments of squarksin the de
ays of gluino pairs: Majorana : ~g ! qL ~q�L � qL ~qL and qR ~q�R � qR ~qR (3.49)Dira
 : ~gD ! qL ~q�L and qR~qR~g
D ! qL ~qL and qR~q�R; (3.50)where � 
onne
ts �nal states that are produ
ed at equal rates.For the �rst two generations, mixing between L- and R-squarks is expe
ted to be negligible. In this 
ase, the
hiralities of the squarks 
an be distinguished 
learly by their de
ay modes. For instan
e, if the lightest neutralinois mainly bino and the next-to-lightest neutralino is dominantly wino, the L-squarks have sizable bran
hing fra
tionsinto de
ay 
as
ades leading to additional leptons, ~qL ! q ~�02 ! q l+l� ~�01 or ~qL ! q ~��1 ! q l��l ~�01, l = e; �; � . On theother hand, R-squarks would almost always de
ay dire
tly to the lightest neutralino, ~qR ! q ~�01. Furthermore, thede
ay 
hain ~qL ! q ~��1 ! q l��l ~�01 allows to determine the 
harge of the ~qL experimentally.Produ
tion of Majorana gluino pairs leads to equal amounts of same-sign and opposite-sign L-squarks, while Dira
gluino pairs generate only the ordinary opposite-sign 
ombination:Majorana : pp! ~g~g ! q q ~q�L ~q�L � q �q ~qL ~q�L � �q q ~q�L ~qL � �q �q ~qL ~qL (3.51)Dira
 : pp! ~gD~gD = 0pp! ~gD~g
D ! q �q ~qL ~q�L ; (3.52)and 
orrespondingly for R-squarks and mixed L/R �nal states. In se
tion 5 the LHC phenomenology of this pro
esswill be dis
ussed in more detail.For gluino de
ays into tops and stops the situation is more 
omplex due to potentially sizable stop mixing. Never-theless, unless the stop mixing is maximal, i.e. �~t = �=4, Dira
 gluinos will lead to an asymmetry in the stop 
hargeassignment as a result of mass di�eren
e between the two stop mass eigenstates:Majorana : pp! ~g~g ! t t ~t� ~t� � t �t ~t ~t� � �t t ~t� ~t� �t �t ~t ~t (3.53)Dira
 : pp! ~gD~gD = 0pp! ~gD~g
D ! �D �tL tR ~t� ~t� � tL tR ~t ~t� and �D �tL tL ~t ~t� � tR tR ~t� ~t� : (3.54)The gluinos will de
ay with a larger bran
hing fra
tion into the lighter of the two stop states. For Majorana pairs thisleads to universal 
harge assignments independent of stop mixing. On the other hand, a Dira
 gluino ~gD (antigluino~g
D) de
ays more often into a stop (antistop) if the lighter stop state is mostly R-
hiral. If the lighter stop is mostlyL-
hiral, the opposite de
ay patterns dominate. Either way one obtains�D < �D ; (3.55)leading to more opposite-sign top pairs than same-sign top pairs in the �nal state. In addition, the Majorana gluinos ~gde
ay to top and antitop quarks of both 
hiralities L,R with equal probability while the Dira
 gluino pairs ~gD~g
D de
ayto quarks [or antiquarks℄ whi
h 
arry di�erent L and R 
hiralities as indi
ated in Eq.(3.54), giving rise to di�erentde
ay distributions.
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 theory the \Majorana-like" de
ay pattern �D = �D 
an only be realized for maximal stop mixing.Using leptoni
 de
ay modes of the top quarks to identify their 
harge, multi-top �nal states therefore o�er a powerfultesting ground for distinguishing Majorana from Dira
 gluinos.4. THE ELECTROWEAK SECTORIf for N=1 the supersymmetry breaking s
ale is mu
h larger than the ele
troweak mass s
ale v, the neutralino se
torin
ludes two Majorana gauginos asso
iated with the hyper
harge U(1) and the isospin SU(2) gauge groups, and twonearly mass degenerate Majorana higgsinos. Thus, in the limit v=�! 0 the system 
onsists of two Majorana gauginosand one Dira
 higgsino. Extending the N=1 supersymmetry to the N=2 supersymmetry, the two gaugino degrees offreedom are doubled and, in parallel to the gluino se
tor, the two U(1) and SU(2) related gaugino �elds may transformfrom Majorana to Dira
 �elds.54.1. N=1/N=2 Neutralino and Chargino Masses and Spinor Wave Fun
tionsIn the limit of asymptoti
ally high N=2 supersymmetry s
ales, the neutralino mass matrix (2.10) disintegrates intothree weakly 
oupled 2�2 sub-matri
es asso
iated with the gauginos of the gauge groups U(1) and SU(2), and thehiggsino se
tor. If the new gaugino mass parameters M 01;2 are in�nitely large, the system is redu
ed to the familiarN=1 MSSM. On the other hand, if the on-diagonal elements of the two 2�2 gaugino sub-matri
es vanish and thesub-matri
es are redu
ed to equal o�-diagonal elements, the two Majorana �elds of ea
h group 
an be joined to aDira
 �eld. In the limit v ! 0 the me
hanisms operate stri
tly parallel to the gluino se
tor.Sin
e the N=1 Majorana limit for neutralinos has been worked out in all of its fa
ets in the past, we will here restri
tourselves solely to the dis
ussion of the Dira
/near-Dira
 limit. The original 
urrent �elds in Cartesian 
oordinatesare denoted by ~�
urr = f ~B0; ~B; ~W 03; ~W 3; ~Hd; ~HugT (4.1)the mass eigen�elds, for v ! 0, are maximally mixed superpositions of the 
urrent eigen�elds:~�mass = f ~B1; ~B2; ~W 31 ; ~W 32 ; ~H1; ~H2gT ; (4.2)where, for real and non-negativeMD1 ;MD2 and �, the six mass eigenstates are written in terms of the 
urrent �elds as~B1;2 = fig[( ~B0L � ~B0R)� ( ~BL � ~BR)℄=p2~W1;2 = fig[( ~W 0L � ~W 0R)� ( ~WL � ~WR)℄=p2~H2;1 = fig[( ~HuL � ~HuR)� ( ~HdL � ~HdR)℄=p2 ; (4.3)with mass eigenvalues m ~B1;2 = MD1 , m ~W 31;2 = MD2 and m ~H1;2 = j�j, respe
tively. [The 
oeÆ
ient fig is asso
iatedwith the se
ond entry in ea
h row.℄The neutral Majorana �elds 
an be joined pairwise to form three Dira
 �elds in the v = 0 limit:~�0D = f ~BD; ~W 3D; ~HDg (4.4)5 The dis
ussion of the ele
troweak se
tor is restri
ted, almost ex
lusively, to those points whi
h a�e
t the phenomenology of squark/gluinode
ays; the only ex
eption will be sele
tron pair produ
tion for polarized beams.
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 �elds are expressed in terms of the mass eigen�elds as~W 3D = ( ~W 31 � i ~W 32 )=p2 and ~W 3 ) ~B ;~H0D = ( ~H1 � i ~H2)=p2 ; (4.5)while the 
orresponding 
harge-
onjugated �elds read:~W 3
D = �( ~W 31 + i ~W 32 )=p2 and ~W 3
 ) ~B
 ;~H0
D = +( ~H1 + i ~H2)=p2 : (4.6)The 
harged Dira
 �elds, in parallel to the neutral �elds but in 
ir
ular notation, are given by~W�1;2 = fig[( ~W 0�L � ~W 0�R )� ( ~W�L � ~W�R )℄=p2 ;~H� = ~H�uL=R + ~H�dR=L : (4.7)These �elds are mutually 
onjugate to ea
h other. The � �elds 
an be rotated to three new 
harged Dira
 �elds:~��D1 = ( ~W�1 � i ~W�2 )=p2 ;~��D2 = ( ~W�1 � i ~W�2 )=p2 ;~��D3 = ~H� ; (4.8)generating, in asso
iation of the 
harged gaugino and higgsino �elds, an ensemble of three 
hargino �elds. Again the� 
omponents are related by C-
onjugation.In the limit of small but non-zero v, all the �elds are weakly mixed after ele
troweak symmetry breaking, i.e. theoriginal mass eigen�elds de�ned in Eqs. (4.5) and (4.8) re
eive small admixtures. The �nal neutralino mass eigen�eldsmay be written, up to terms linear in v=MSUSY:~�phys �  14�4 �
D
yD 12�2! ~�mass (4.9)with the 4� 2 matrix 
D a

ounting for the admixture between gauginos and higgsinos,
D = mZ 0BBB� isW s�=�1+ sW 
�=�1�� sW 
�=�1� �isW s�=�1+�i
W s�=�2+ � 
W 
�=�2�
W 
�=�2� i
W s�=�2+ 1CCCA (4.10)with �1+ = �+MD1 et
. For the 
hargino states, one �nds similarly:~��phys �  12�2 �
�
y� 1 ! ~��mass (4.11)with the 2� 1 matrix 
� taking into a

ount the small mixing between gauginos and higgsinos,
� = mW  
�=�2� � s�=�2+�is�=�2+ � i
�=�2� ! : (4.12)Up to linear a

ura
y in v=MSUSY the neutralino and 
hargino mass eigenvalues are unaltered.The Dira
 
harge has been introdu
ed for 
onvenient book-keeping of allowed and forbidden rea
tions in the N=2hybrid theory. Of 
ourse, the 
harginos form Dira
 �elds even in the MSSM. However, for non-zero masses one 
annotde�ne a 
onserved Dira
 
harge in this more restri
ted theory. The gauge-strength Yukawa-type 
ouplings of the
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harginos to a sfermion and an outgoing left-handed matter fermion involve both the L and R 
omponents of the(
urrent) Dira
 wino spinor [3℄, LMSSM~W ~qq � uL ~W+R ~dL + dL � ~W+L �
 ~uL. In the MSSM these 
omponents, whi
h 
arryopposite D�
harge, are 
oupled by the mass M2. In 
ontrast, in the N=1/N=2 hybrid theory a 
onserved Dira

harge (3.26) 
an be de�ned for v ! 0, sin
e the L and R 
omponents of the original N=1 wino ~W belong to di�erentDira
 �elds in this limit. Sin
e no se
ond \partner" �eld has been introdu
ed in the higgsino se
tor, their 
ouplingsto fermions and sfermions, whi
h are determined by the standard Yukawa intera
tions, will not 
onserve D either.The transition to mixed gaugino/higgsino states will be dis
ussed in a sequel to this report.The formalism 
an now be applied to 
ompare signatures distinguishing the original N=1 Majorana theory from aDira
 theory in the ele
troweak se
tor as formulated expli
itly in the hybrid model.4.2. Ele
troweak Squark Cas
ade De
ays in Majorana and Dira
 S
enariosThe generi
 stru
tures of sfermion de
ays to neutralinos/
harginos and of neutralino/
hargino de
ays to sfermion plusfermion pairs are similar to those of squark and gluino de
ays in super- and hyper-QCD. The 
omplexity in
reasesdue to the mixing between gauginos and higgsinos and between left- and right-handed sfermions originating fromele
troweak symmetry breaking. However, for the �rst and se
ond generation (s)fermions with small Yukawa 
ouplingsthe 
ontamination is negligible.A ri
h ensemble of observables for measuring the properties of supersymmetri
 parti
les at the LHC is provided by
as
ade de
ays involving neutralinos. In parti
ular, the squark 
as
ades with intermediate neutralinos and sleptonshave served to study experimental prospe
ts of measuring masses and spins. In addition, the Majorana or Dira
nature of the neutralinos 
an be determined by measuring the distributions of the 
harged leptons in the �nal state.In the following dis
ussion we assume that only SU(2) singlet sleptons ~lR are a

essible in the de
ay of the relevantneutralino ~�02. Ignoring lepton mass e�e
ts, the 
harged \near" lepton produ
ed together with the slepton is theneither a left-handed l+ or a right-handed l�. [We will see in a moment that only one of these possibilities is allowedin the Dira
 theory.℄ Neutralinos produ
ed in ~qL de
ays are produ
ed in asso
iation with a left-handed quark, i.e.they are predominantly left-handed. Angular momentum 
onservation then implies that a near l� [l+℄ preferentiallygoes opposite [parallel℄ to the neutralino 
ight dire
tion. In the rest frame of the de
aying ~qL a near l� will thus tendto be softer, and 
loser to the quark in phase spa
e, than a near l+. These 
orrelations are re
e
ted in the invariantql mass distributions [29, 30℄. The same argument implies that the slepton, and hen
e the \far" lepton that resultsfrom its de
ay, will be harder [softer℄ if it has positive [negative℄ 
harge.In Majorana theories the neutralino ~�02 
an de
ay into sleptons ~lR of both positive and negative 
harge:~qL ! q ~�02 ! q l�n ~l�R ! q l�n l�f ~�01 : (4.13)The near (n) leptons and the far (f) leptons, produ
ed dire
tly in the ~�02 de
ays and in the subsequent ~lR de
aysrespe
tively, both 
an have either negative or positive 
harges, albeit with di�erent energy distributions as a result ofthe neutralino polarization dis
ussed above.By 
ontrast, the transition from Majorana to Dira
 parti
les leads to a simpler situation. In the Dira
 theory,evaluating the generi
 fermion-sfermion-neutralino Lagrangian, restri
ted to gauginos for the �rst two generations,results in Lf ~f ~� = gL �fL ~�0D ~fL + ~�0D fL ~f�L�+ gR �fR ~�
0D ~fR + ~�
0D fR ~f�R� : (4.14)[The L- and R-
ouplings gL; gR are de�ned in terms of the neutralino mixing matrix and the fermion isospin andhyper-
harges, as frequently noted in the literature; re
all that D[ ~�0D℄ = �D[ ~�
0D ℄ = +1.℄ A �xed sequen
e of 
harges
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FIG. 6: ql invariant mass distributions for squark de
ay 
hains involving Majorana or Dira
 neutralinos. The masses have beentaken from the SPS1a0 s
enario [31℄.in leptoni
 de
ay modes is thus predi
ted. The squark de
ay generates, together with the quark, an antineutralino~�
0D2, the antineutralino in turn de
ays to a lepton l� and an antislepton ~l+R whi
h �nally de
ays into an antileptonl+: ~qL ! q ~�
0D2 ! q l�n ~l+R ! q l�n l+f ~�
0D1 : (4.15)In other words, only one of the two possibilities available in the Majorana theory 
an be realized in the Dira
 theory.Following the 
al
ulations of Ref. [30℄ we derive the ql� and ql+ distributions as shown in Fig. 6 for the de
ay 
hainsin Eqs. (4.13) and (4.15). In order to understand these �gures, note �rst that for the given 
hoi
e of superparti
lemasses the endpoint of the qln invariant mass distribution is larger than that for the qlf distribution. Comparisonof the solid 
urves in the �rst two frames 
learly shows that, for ~qL de
ay, the ql+ distribution is signi�
antly harderthan the ql� distribution; re
all that this is true for both the near and far lepton. Turning to the Dira
 s
enario,we saw that the l+ from ~qL de
ay has to be the far lepton; the dashed 
urve in the �rst frame therefore 
uts o� atthe lower qlf endpoint. Note that this distribution is indeed quite hard, i.e. it peaks fairly 
lose to this endpoint.In 
ontrast, the dashed 
urve in the se
ond frame shows the distribution of the near lepton in ~qL de
ay. Sin
e thislepton is negatively 
harged, the above dis
ussion leads us to expe
t this distribution to be relatively soft, and indeedit peaks well below its endpoint.As demonstrated in the �gure, the invariant mass distributions are markedly di�erent for the Dira
 
as
ade s
enario
ompared to the Majorana 
as
ade s
enario. Though the sensitivity is redu
ed to some extent, this is true even whenthe 
harge of the lepton is undetermined, as a result of the polarization of the ~�02 stemming from the squark de
ay.Quite generally, the 
harge 
onjugated pro
ess~q�L ! �q ~�0D2 ! �q l+n ~l�R ! �q l+n l�f ~�0D1 (4.16)leads, by CP -invarian
e, to 
harge-
hirality 
orrelations exa
tly opposite to Eq. (4.15), so that the ql� distributionfrom ~qL de
ays is identi
al to the �ql� distribution from ~q�L de
ays. As a result, the ql� spe
trum, in 
ontrast tothe ql+ and ql� spe
tra, is insensitive to the squark 
harge so that the analysis of this distribution, not requiringknowledge of the parton distribution fun
tions, is parti
ularly simple.66 At the LHC one expe
ts more ~qL than ~q�L to be produ
ed, i.e. the 
harge averaging should be done with di�erent weights. This wouldin
rease the di�eren
e between the two theories even further. Also note that these distributions 
an be measured dire
tly only forl = e; �.



214.3. Ele
troweak Majorana signatures in e�e� 
ollisionsPolarized ele
tron-ele
tron 
ollisions [32, 33℄ o�er a 
lassi
al and most transparent method for studying the Majorana
hara
ter of neutralinos: e�Le�L ! ~e�L~e�L ; e�Re�R ! ~e�R~e�Re�Le�R ! ~e�L~e�R : (4.17)All three pro
esses are a
tivated in Majorana theories while, in analogy to qq s
attering, the equal-heli
ity amplitudesvanish for Dira
 neutralino ex
hange. Ele
tron beams 
an be polarized at linear 
olliders to nearly 100% and, as aminor idealization, we will assume 
omplete polarization for the sake of 
larity in the following analysis [
orre
tionsto this assumption 
an trivially be implemented℄.In the hybrid theory on whi
h we have based the detailed analyses, the s
attering amplitudes 
an be written as:A[e�Le�L ! ~e�L ~e�L ℄ = �2e2 [MLL(s; t) +MLL(s; u)℄ ;A[e�Re�R ! ~e�R~e�R℄ = 2e2 [M�RR(s; t) +M�RR(s; u)℄ ;A[e�Le�R ! ~e�L ~e�R℄ = e2�1=2 sin � DLR(s; t) : (4.18)Here � is the s
attering angle, and the dimensionless neutralino fun
tions Mab and Dab (a; b = L;R) are de�ned byMab(s; t(u)) = 6Xk=1 m~�0kps VakVbkDkt(u) ;Dab(s; t(u)) = 6Xk=1VakV�bkDkt(u) ; (4.19)They are determined by the t(u)-
hannel neutralino propagators Dkt(u) = s=(t(u) �m2~�0k ) and the e�e
tive mixing
oeÆ
ients VLk = N2k=2
W +N4k=2sW ;VRk = N2k=
W : (4.20)The neutralino mixing matrix N diagonalizes the neutralino mass matrix as N TMnN = diag(m~�01 ; : : : ;m~�06). Thedi�erential 
ross se
tions, d�LLd 
os � = ��24s �1=2 jMLL(s; t) +MLL(s; u)j2 ;d�RRd 
os � = ��24s �1=2 jMRR(s; t) +MRR(s; u)j2 ;d�LRd 
os � = ��24s �3=2 sin2 � jDLR(s; t) +DLR(s; u)j2 ; (4.21)
an easily be derived from the s
attering amplitudes.In the standard Majorana limit the expressions redu
e to the familiar MSSM form, see e.g. Ref. [34℄. The di�erential
ross se
tions are the same in their form as those in Eq. (4.21), with the t- and u-
hannel ex
hanges mediated onlyby the four mass eigenstates ~�01;3;5;6; the other two states ~�2;4 are de
oupled as M 01;2 be
ome in�nite.The Dira
 limit, on the other hand, is ex
eptionally simple in the sele
tron se
tor in whi
h the Yukawa 
ouplings� me=v 
an be negle
ted. The higgsino 
ouplings vanish in this limit and the higgsino admixtures to the U(1) andSU(2) gauginos are ine�e
tive. Hen
e the neutralino system is isomorphi
, apart from the SU(3) symmetry group, to
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FIG. 7: Partoni
 
ross se
tions for same-sign sele
tron produ
tion as a fun
tions of the Dira
/Majorana 
ontrol parameter y,for ps = 500 GeV and SPS1a0 parameters [31℄. Not shown is the 
ross se
tion for e�e� ! ~e�R~e�R, whi
h, apart from thedi�erent normalization, shows a similar behavior as the 
ross se
tion for e�e� ! ~e�L ~e�L .the gluino system. The di�erential 
ross se
tions in the Dira
 limit with the gaugino and higgsino mixing negle
tedgreatly simplify to d�LLd 
os � = d�RRd 
os � = 0 ;d�LRd 
os � = d�RLd 
os � = ��216
4W s�3=2 sin2 � st�m2~�01 + su�m2~�01!2 : (4.22)The two representative 
ross se
tions �LL and �LR are shown along the path P , de�ned analogously to the QCDse
tor, in Fig. 7. In the �gure, gaugino and higgsino mixing indu
ed by ele
troweak symmetry breaking has beenin
luded by diagonalizing the 
omplete mass matrix (2.10) numeri
ally, but the quantitative e�e
t of this mixing isvery small.In Ref. [35℄ a detailed phenomenologi
al analysis for sele
tron produ
tion in e�e� 
ollisions was performed. It wasshown that, by using di�erent de
ay modes of the sele
trons, their masses 
an be re
onstru
ted experimentally, thusallowing a 
lear distin
tion between the pro
esses e�e� ! ~e�R~e�R; ~e�R~e�L ; ~e�L ~e�L . Therefore the Majorana nature of theneutralinos with dominant gaugino 
omponent 
an be tested unambiguously in e�e� 
ollisions.5. LIKE-SIGN DILEPTONS AND UNLIKE-SIGN DILEPTONS AT THE LHCIn the previous se
tions, two methods have been identi�ed for the experimental dis
rimination between Dira
 andMajorana gauginos at the LHC: The 
orrelation between 
harge and heli
ity of fermions from Dira
 neutralino de
aysleaves a 
hara
teristi
 imprint on the quark-lepton distributions, as shown in Se
tion 4.2, whi
h 
annot be the result ofmodi�
ations in the sparti
le spe
trum. Se
ondly, the produ
tion 
ross se
tions for squarks and gluinos are di�erent inthe two 
ases, as analyzed in Se
tion 3. In the following it will be shown how this di�eren
e 
an be measured throughlike-sign and unlike-sign dilepton signals at the LHC. Before des
ribing the detailed phenomenologi
al analysis forthe rates of like-sign dilepton events, a general overview of like-sign and unlike-sign dileptons will be given to set theframe for expe
tations in various 
hannels of the sub-pro
esses.
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FIG. 8: Sket
h of allowed de
ay 
hains for L-type and R-type u squarks, ~uL;R, for SPS1a0 masses. Here h stands for fullyhadroni
 de
ay 
hannels without 
harged leptons, while ` stands for an ele
tron or muon. The numbers in light green/graydenote approximate bran
hing ratios for the asso
iated de
ay 
hannels. The de
ay patterns for the other (anti)squarks 
an bederived by the repla
ements given on the right side.5.1. A Coarse Pi
ture of Like-Sign and Unlike-Sign Dilepton ChannelsTo get a transparent view of 
hannels whi
h allow us to 
onfront the Majorana nature of the gluinos with the Dira
alternative, we will �rst 
onsider 
hara
teristi
 examples, fo
using on the ratio of like-sign dilepton events of di�erent
harge and the ratio of like-sign over unlike-sign dileptons. Like-sign lepton pairs 
an be produ
ed from de
ays ofL-squark pairs mediated by 
harginos, e.g. for ~u and ~d-squarks~uL ! d ~�+1 ! d l+�l ~�01~dL ! u ~��1 ! u l���l ~�01 ; (5.1)as sket
hed in Fig. 8. For easy lepton and 
harge identi�
ation, we restri
t ourselves to l = e; � � `, or l = � withleptoni
 tau de
ays � ! e���; ����. Owing to the valen
e quark distribution in the proton beams, `+`+ and `�`�pairs are not produ
ed in equal numbers in SUSY events. De
ay 
hains with neutralinos, on the other hand,~uL ! u ~�02 ! u l+l� ~�01 ; (5.2)lead to predominantly opposite-sign and same-
avor leptons in the �nal state. [They give only a small 
ontaminationto the like-sign dilepton signal when mixed lepton-hadron de
ays of neutralinos to tau pairs are observed, or, forexperimental reasons, when one of the leptons is missed in the dete
tor.℄ An overview of like-sign and unlike-signdilepton ratios is presented in Tab. II.For spe
ifying the de
ay bran
hing ratios, the referen
e s
enario SPS1a0 [31℄ will be adopted. In this s
enario,BR[~qL ! q0 ~��1 ℄ � 2=3, BR[~qL ! q ~�02℄ � 1=3 and BR[~qR ! q ~�01℄ � 1, whi
h is typi
al for s
enarios with wino-like ~�02and bino-like ~�01. The 
harginos ~��1 and the neutralino ~�02 de
ay preferentially to taus with bran
hing ratios � 3=4.(a) Squark pair produ
tion:In the Majorana theory the most prominent squark produ
tion 
hannels are the subpro
esses uu ! ~u~u, dd ! ~d ~dand ud ! ~u ~d, initiated by valen
e quarks and mediated by gluino ex
hange. In the Majorana theory, the ~uL~uL and~dL ~dL pair produ
tion pro
esses lead to same-sign leptons, whereas opposite-sign dileptons are generated in ~uL ~dLevents, if both squarks de
ay into 
harginos. In both the Dira
 and Majorana theory opposite-sign dileptons 
an



24Pro
ess Majorana Dira
`+`+ `�`� `+`� `+`+ `�`� `+`�uLuL ! ~uL~uL 49 1 46 � � �dLdL ! ~dL ~dL 1 49 46 � � �uLdL ! ~uL ~dL 7 7 82 � � �uLqR ! ~uL~qR 0 0 36 0 0 36qL�qL ! ~qL~q�L 7 7 82 7 7 82uL �dL ! ~uL ~d�L 49 1 46 49 1 46uL�qR ! ~uL~q�R 0 0 36 � � �guL ! ~g(D)~uL 14 2 50 14 2 50g�uL ! ~g(
)(D)~u�L 2 14 50 2 14 50gqR ! ~g(
)(D)~qR 0 0 18 0 0 18g�qR ! ~g(D)~q�R 0 0 18 0 0 18gg! ~g(D)~g(
)(D) 4 4 34 4 4 34TABLE II: Approximate relative probabilities of like-sign lepton pairs `+`+ and `�`�, and unlike-sign lepton pairs `+`�,separately for 
hara
teristi
 
hannels [q = u or d℄; the proper normalization of the probabilities requires dividing all entries bythe 
ommon denominator Nn = 324. Probabilities for ~d pro
esses whi
h 
an be derived by isospin rotation of ~u pro
esses arenot noted expli
itly. Parton pro
esses forbidden in the Dira
 theory are marked by the symbol �.originate from ~qL~qR �nal states via ~�02 ! `+`� and hadroni
 de
ays of ~qL and ~qR squarks, respe
tively. The followingevent fra
tions and ratios N(`+`+)=N(`�`�) � 3 (Majorana)N(`�`�)=N(`+`�) � 1=4 (5.3)and N(`�`�)=N(`+`�) = 0 (Dira
) (5.4)are obtained for (2u+ d) valen
e partons in the proton.In both the Majorana and the Dira
 theory, squark pairs 
an also be produ
ed from quark-antiquark s
attering andgluon annihilation. The dominant 
ontributions for dileptons 
ome from the pro
esses, uLuL ! ~uL~u�L, dLdL ! ~dL ~d�L,uLdL ! ~uL ~d�L and dLuL ! ~dL~u�L . These 
hannels have one valen
e quark and one sea antiquark in the initialstate, so that the 
ross se
tions are smaller than the quark-quark 
ross se
tions. The 
hannels predi
t a ratioN(`+`+)=N(`�`�) � 2, for an approximate fra
tion 1/4 of like-sign events within the total dilepton sample. Theseleading 
hannels are not altered by swit
hing from the Majorana to the Dira
 theory.Channels that are initiated by two sea (anti)quarks are doubly suppressed.(b) Super-Compton Pro
ess:Gluinos ~g de
ay in the Majorana theory demo
rati
ally at equal rates to ~u; ~u� and ~d; ~d� squarks, both L- andR-types, of the �rst two generations. Therefore the super-Compton pro
ess qg ! ~q~g generates like-sign leptons witha bran
hing ratio that is independent of the squark 
harge. [Se
ond generation ~s; ~
 squarks will be in
luded in thesubsequent phenomenologi
al analysis.℄ However, sin
e the super-Compton pro
ess is predominantly initiated byvalen
e quarks, positively 
harged like-sign leptons pairs outnumber negatively 
harged like-sign pairs by the ratio



25N(`+`+)=N(`�`�) � 2. The number of unlike-sign dilepton events is dominant, the ratio N(`+`++`�`�)=N(`+`�) �1=4, due to the additional enhan
ement of the �nal states generated by ~qL ! ~�02 de
ays a

ompanied by non-leptoni
~qR jet de
ays.The pi
ture be
omes a bit more subtle when swit
hing to the Dira
 theory. L-squarks ~qL are only produ
ed togetherwith ~gD gluinos, whereas �[gq ! ~qL~g
D℄ = 0, see Eq. (3.38). A

ording to Eqs. (3.49) and (3.50), the ~gD gluinossubsequently de
ay only into ~u�L; ~d�L, but not into ~uL; ~dL. Nevertheless, sin
e gluinos de
ay demo
rati
ally to ea
h
avor (anti)-squark for equal masses, the probabilities of the like-sign and unlike-sign lepton pairs are not altered byswit
hing from the Majorana to the Dira
 theory. [For tan� > 1, ~dL squarks are slightly heavier than ~uL squarks, sothat the latter are slightly preferred in gluino de
ays. This small e�e
t has been taken into a

ount in the numeri
alanalysis to be des
ribed in the following subse
tion.℄(
) Gluino Pair-Produ
tion:Pair produ
tion of gluinos in the Majorana theory leads to same-sign L-squark pairs (~uL~uL, ~u�L~u�L, ~dL ~dL, ~d�L ~d�L,~uL ~d�L and ~u�L ~dL) in half of the 
ases, whi
h in turn generate same-sign leptons pairs through the 
hargino de
ay 
hain,with the 
harge ratio N(`+`+)=N(`�`�) � 1. In the Dira
 theory, only ~gD~g
D gluino pairs are generated and ~gDde
ays only into L-antisquarks ~q�L (and R-squarks ~qR) while ~g
D de
ays only into L-squarks ~qL (and R-antisquarks~q�R). However, as for 
ase (b), owing to the 
avor-demo
rati
 de
ays of (Dira
) gluinos the relative rates for like-signand unlike-sign lepton pairs are un
hanged for the Dira
 theory 
ompared to the Majorana theory. In other words,
ontrary to popular belief the frequent o

urren
e of like-sign dilepton pairs in gluino pair events is not a signal forthe Majorana nature of the gluino.The total produ
tion 
ross se
tion for gluino pairs is roughly twi
e as large in the Dira
 theory 
ompared to theMajorana theory, as a result of the doubling of the physi
al degrees of freedom of the gluinos.In summary, the population of like-sign dileptons predi
ted in the Majorana theory is altered signi�
antly whenswit
hing to the Dira
 theory, with the suppression of like-sign as well as unlike-sign dileptons in the valen
e 
hannelsbeing most prominent. Properly weighing the individual 
hannels,`+`+=`�`�=`+`� =X�kf��=+�k =X�k ; (5.5)the valen
e-valen
e and super-Compton 
hannels generate the leading 
ontributions, of similar size as demonstrated inthe next subse
tion. In addition to the absolute rates for `+`+ and `�`� produ
tion, it is very useful to tag the largetransverse momentum jets in the like-sign dilepton events, sin
e this observation allows us to dis
riminate betweensquark and gluino produ
tion as the primary hard pro
ess [9, 10℄. Thus, detailed analyses of dilepton events 
anprovide powerful dis
riminants between the Majorana and Dira
 nature of the gluinos.5.2. A Detailed Analysis of Like-Sign Dileptons in Majorana/Dira
 TheoriesSin
e our numeri
al analysis of like-sign dileptons follows stri
tly the report on the measurement of the Yukawa
oupling in super-QCD, we will not repeat any of the te
hni
al points des
ribed 
omprehensively in Refs. [9, 10℄. Forrepresentative numeri
al results, we will adopt the MSSM s
enario of this study, whi
h is 
lose to the referen
e pointsSPS1a0 [31℄ and the Snowmass point SPS1a [36℄. Though the supersymmetry mass spe
trum is 
omparatively light,it is 
ompatible, nevertheless, with analyses of high pre
ision ele
troweak measurements [37℄. Higher supersymmetri
masses redu
e the produ
tion rates and would thus require larger integrated luminosities at the LHC to obtain similarevent numbers. We note, however, that the pro
esses initiated purely by valen
e quarks will drop o� most slowly.Heavier spe
tra thus mean less \pollution" of the SUSY dilepton sample by events with gluinos in the �nal state; wesaw above that ratios of dilepton �nal states in these gluino events are identi
al in the Dira
 and Majorana theories.In
reasing the sparti
le masses should therefore redu
e the number of events needed to 
leanly distinguish between



26Pro
ess Majorana Dira
 N(`+`+)=N(`�`�)Total 
ross-se
tion With BRs and 
uts Total 
ross-se
tion With BRs and 
uts Majorana Dira
�[~qL~q(0)L ℄ 2.1 pb 6.1 fb 0 0 2.5 ��[~qL~q(0)�L ℄ 1.4 pb 3.1 fb 1.4 pb 3.1 fb 1.4 1.4�[~qL~g(D)℄ 7.0 pb 7.6 fb 7.0 pb 7.6 fb 1.5 1.5�[~g(D)~g(
)(D)℄ 3.2 pb 1.4 fb 7.0 pb 3.2 fb 1.0 1.0�[SM℄ 800 pb <0.6 fb 800 pb <0.6 fb 1.0TABLE III: Signal and ba
kground 
ross-se
tions before and after in
luding bran
hing ratios (BRs) and applying the 
uts ofRef. [10℄. The numbers always in
lude also the 
harge 
onjugate of the pro
esses in the �rst 
olumn.the two theories.The masses and bran
hing ratios for squarks, gluinos and 
harginos/neutralinos of SPS1a0 are tabulated in Ref. [9,10℄. In this s
enario, gluinos are heavier than squarks so that they de
ay via ~g ! ~q �q; ~q�q. The bran
hing ratiosinvolving 
harginos and neutralinos are not altered when swit
hing from the Majorana to the Dira
 theory, ex
ept forthe 
harge-heli
ity 
orrelations dis
ussed in Se
tion 4.2, whi
h however do not matter for this analysis.7Based on the parton 
ross se
tions derived in the pre
eding se
tions, the theoreti
al predi
tions for the pp 
rossse
tions at the LHC are summarized in Tab. III. The values are given, in the Majorana as well as the Dira
 theory, forthe relevant squark and gluino 
hannels. Parallel to Ref. [10℄ a set of 
uts has been applied to �ght the huge ba
kground
ross se
tion from the Standard Model pro
esses: at least two jets with pT;j > 200 GeV, missing transverse energyE=T > 300 GeV, exa
tly two isolated same-sign leptons ` = e; � with pT;` > 7 GeV, and a bottom-
avor veto.After applying the 
uts, this SM ba
kground is suppressed to a level of 5%. Also shown in the table is the ratio ofre
onstru
ted positively and negatively 
harged lepton pairs, N(`+`+)=N(`�`�), for ea
h of the produ
tion 
hannels.As a result of the more realisti
 simulation, the values for N(`+`+)=N(`�`�) are washed out 
ompared to the naiveestimates of the previous subse
tion.For an integrated luminosity of RL = 300 fb�1 at the LHC one obtains the following event numbers for the �nalstates with `+`+ and `�`�,Majorana: N(`+`+) = 3; 500 N(`�`�) = 2; 100 N(`+`+)=N(`�`�) = 1:66 (5.6)Dira
: N(`+`+) = 2; 400 N(`�`�) = 1; 800 N(`+`+)=N(`�`�) = 1:33: (5.7)It is advantageous to fo
us on 
ross se
tion ratios only, so that un
ertainties for the total luminosity and the bran
hingratios in the de
ay 
hains Eq. (5.1) 
an
el out. From the measurement of the ratioN(`+`+)=N(`�`�) the Dira
 theory,in 
omparison to the Majorana theory, 
an be reje
ted with a statisti
al signi�
an
e of more than 7�.However, systemati
 error sour
es are important and need to be taken into a

ount. Large sour
es for systemati
un
ertainties are the measurement of the squark and gluino masses, the proton parton distribution fun
tions (PDFs)and missing next-to-next-to-leading order radiative 
orre
tions for the produ
tion 
ross se
tions. Following Ref. [10℄,we assume Æm~g = 12 GeV and Æm~q = 10 GeV and derive the error from higher order 
orre
tions from the s
aledependen
e of the next-to-leading order result [22℄. For the PDFs we expe
t that the 
urrent un
ertainty will beimproved by a fa
tor of two due to the �nal HERA analyses for the gluon PDF, and Tevatron and LHC data for thequark PDFs. In
luding these systemati
 errors, the signi�
an
e is redu
ed to a level of about 2�.7 The simulation has been performed using PYTHIA [38℄, whi
h does not keep tra
k of the polarization of de
aying neutralinos. Sin
ewe use very mild 
uts on the 
harged leptons, these polarization e�e
ts should not 
hange the event numbers signi�
antly.
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pp→ (3 + n)j ℓ−ℓ− E/TFIG. 9: Distribution of the transverse momentum of the third jet for the `+`+ (left) and the `�`� (right) signal stemming fromsquark and/or gluino produ
tion, for Majorana theory (solid) and Dira
 theory (dashed). The plots show the distributions inthree bins, for SPS1a0 masses.Fortunately the result 
an be improved 
onsiderably by 
onsidering the distribution of the transverse momentum ofthe third hardest jet, pT;3 in the signal events, whi
h a

entuates gluino de
ays. Due to the extra jet from the gluinode
ay ~g ! ~q �q; ~q�q, this distribution is sensitive to the relative 
ontributions from squark pair produ
tion, squark-gluino produ
tion, and gluino pair produ
tion. As shown in Fig. 9, in the Majorana theory the pT;3-distribution ispeaked at low values of pT;3, as a result of the sizable 
ontribution from ~qL~qL produ
tion. On the other hand, theDira
 theory predi
ts a relatively larger signal from the squark-gluino super-Compton pro
ess 
ompared to squarkpair produ
tion. The gluino de
ay leads to a hard third jet, so that the pT;3-distribution falls o� more slowly towardshigh momenta.Dividing the pT;3-spe
trum into 3 bins in the range pT;3 2 [30; 200℄ GeV, a �t to the distributions for the `+`+and `�`� �nal states allows a statisti
al dis
rimination between the Majorana and Dira
 theory with 11.3 standarddeviations (for RL = 300 fb�1). Taking into a

ount systemati
 errors as above, we �nd that the Dira
 theory 
anbe separated from the Majorana theory by more than 10.7�.Finally, we 
omment on a subtle issue: If the Yukawa 
oupling between gluinos, squarks and quarks is treated as anunknown parameter, as in Ref. [9, 10℄, one may worry that a non-standard value of the Yukawa 
oupling mimi
s thee�e
t of the Dira
 theory at the LHC. We have analyzed this problem by repeating the �t to the pT;3-spe
trum withthe Yukawa 
oupling as a free parameter. We have also in
luded a total 
ross se
tion measurement in this �t, witha 
onservative error of 30%. It turns out that with a free-
oating Yukawa 
oupling the Majorana and Dira
 theories
an be distinguished with a redu
ed statisti
al signi�
an
e of 4.7� (4.5� in
luding systemati
s). Thus, with a mediumsigni�
an
e, the Yukawa 
oupling and the Majorana/Dira
 nature of the gluinos 
an be determined simultaneouslyand independently. 6. SUMMARYIf supersymmetry is realized in nature at low energies, the next steps after the dis
overy of supersymmetri
 parti
leswill be the measurement of their properties. While the measurements of masses, spins and Yukawa 
ouplings at theLHC has been dis
ussed in earlier reports [9, 10, 29, 30, 39℄, we have fo
used here on studies of the Majorana natureof gluinos [and in a restri
ted form on neutralinos whi
h will be treated in depth in a later investigation℄.The parallelism between self-
onjugate neutral gauge bosons and their fermioni
 supersymmetri
 partners indu
esthe Majorana nature of these parti
les in the minimal formulation of the theory. Nevertheless, experimental tests of



28the Majorana 
hara
ter would provide non-trivial insight into the potential realization of supersymmetry in nature,sin
e extended supersymmetri
 models 
an in
lude Dira
 gauginos. N=2 supersymmetry provides a solid theoreti
albasis for formulating su
h a testing ground. Sin
e the fermioni
 degrees of freedom are doubled in the gauge se
tor,the ensuing two Majorana �elds 
an be joined to a single Dira
 �eld if the masses are 
hosen identi
al. Moreover, a
ontinuous path 
ould be designed 
onne
ting the original MSSM N=1 Majorana theory and the N=2 Dira
 theoryby variation of mass parameters. The MSSM 
orresponds in this frame to a parameter spa
e point in whi
h one ofthe N=2 mass parameters is shifted to in�nity, leading to the de
oupling of the additional gaugino states. For equalmass parameters, on the other side, the Dira
 theory emerges in a natural way.It is interesting to note that the transition from the Majorana to the Dira
 theory is smooth, suggesting the notionof a near-Dira
 �eld in the approa
h to the Dira
 limit. This notion proves very useful in the analysis of the twotheories.There are several methods to investigate the Majorana nature of gluinos. In the original form, de
ays to heavystop/top quarks are exploited [12℄ to study that the �nal state in the fermion de
ay ~g ! ~t�t + ~t�t is self-
onjugate.In this report we have explored an alternative by studying the nature of t-
hannel ex
hanged gluinos. While the
ross se
tion for the s
attering pro
esses with equal-
hirality quarks qLqL ! ~qL~qL is non-zero in the Majorana theory,it vanishes in the Dira
 theory. Likewise for two R-
hiralities. However, note that two unlike-
hirality quarks 
angenerate squarks also in the Dira
 theory. L-squarks in the �nal state 
an be tagged by measuring the lepton 
hargesin their 
hargino de
ay modes. Owing to the dominan
e of u-quarks over d-quarks in the proton, the Majoranatheory predi
ts large rates of like-sign dilepton �nal states from squark pair produ
tion with an ex
ess of positively
harged leptons while they are absent, apart from a small number of remnant 
hannels, in the Dira
 theory. In arealisti
 analysis one has to in
lude gluino produ
tion pro
esses whi
h 
an also feed the like-sign dilepton signal but
an be dis
riminated by extra jet emission from the gluino de
ays. Con
lusio generalis, the Majorana theory 
an bedis
riminated from the Dira
 theory using like-sign dilepton events at the level of more than 10�.In this analysis we fo
ussed on a s
enario where gluinos are somewhat heavier than �rst and se
ond generationsquarks. If gluinos are mu
h lighter, most squarks will de
ay into gluinos rather than into neutralinos and 
harginos.In this 
ase one expe
ts, in toto, approximately equal `+`+ and `�`� events in both the Majorana and the Dira
theory. However, the dominant pro
ess will then be gluino pair produ
tion, whi
h has a two times larger 
ross se
tionin the Dira
 theory. In addition, left/right-
hiral 
orrelations among top or bottom quark pairs in gluino-pair de
aysare di�erent in the Majorana and Dira
 theory and they generate di�erent experimental signatures. While we did notperform a detailed analysis of su
h a s
enario, we expe
t that the two dis
riminants should allow a 
lean separationof the Majorana and Dira
 theories also in this 
ase.Similar analyses 
an also be designed for ele
troweak neutralinos. Some of these tests 
an be performed at the LHCwhile other very 
lean rea
tions, like e�e� ! ~e�~e�, 
an be 
arried out at TeV linear 
olliders. The results of theseinvestigations will be presented in a sequel to this report.A
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