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CP-VIOLATION IN THE NEUTRALINO SYSTEMJan KalinowskiInstitute of Theoretial Physis, University of WarsawHo»a 69, 00-681 Warszawa, Poland(Reeived April 24, 2003)Dediated to Jan Kwiei«ski in honour of his 65th birthdaySupersymmetri extensions of the Standard Model provide new souresof CP-violation. Here the CP properties of neutralinos are desribed andpossible experimental signatures of CP-violation in the neutralino produ-tion proesses at e+e� linear olliders are disussed.PACS numbers: 11.30.Er, 12.60.Jv, 13.10.+q1. IntrodutionThe eletroweak setor of the Standard Model (SM) ontains only oneCP-violating phase whih arises in the Cabibbo�Kobayashi�Maskawa (CKM)quark mixing matrix. Adding right-handed neutrinos to aount for non-zero neutrino masses and their mixing opens up a possibility of new CP-violating phases in the Maki�Nakagawa�Sakata (MNS) lepton mixing ma-trix. In both ases unitarity imposes onstraints on mixing matries, whihan be represented graphially as unitarity triangles. After many years ofexperimentation with the K and B mesons, the CKM unitarity triangleVudV �ub + VdV �b + VtdV �tb = 0 is essentially reonstruted and the requiredamount of CP-violation an be aommodated within the SM. (Reonstrut-ing MNS triangles will be far more di�ult.) The CP-violation in the SMalso indues eletri dipole moments (EDM) of elementary partiles. How-ever, in the lepton setor1 they are indued at a multiloop level and, as aresult, EDM's generated by the CKM phase are extremely small [1℄ and be-yond urrent and foreseeable future experiments. Therefore the observationof a lepton EDM would be a lear signal of new physis beyond the StandardModel.1 An additional CP-violation due to strong interations of the form �s8� �G ~G ouldgenerate a very large neutron EDM, unless � is tuned to be very small.(3441)



3442 J. KalinowskiWhile the CP properties of the K and B systems appear to be onsistentwith the SM, another (indiret) piee of evidene of CP-violation, the baryonasymmetry in the universe, requires a new soure of CP-violation beyondwhat is in the SM [2℄. Thus new CP-violating phases must exist in nature.Supersymmetri extensions of the SM based on soft supersymmetrybreaking mehanism introdue a plethora of CP-phases. This poses a SUSYCP problem (assuming even that the strong CP is solved), sine if the phasesare large O(1), SUSY ontributions to the lepton EDM an be too large tosatisfy urrent experimental onstraints [3℄. Many models have been pro-posed [4℄ to overome this problem: �ne tune phases to be small, pushspartile spetra above a few TeV to suppress e�ets of large phases onthe EDM, onstrain phases present in the �rst two generations to be small,arrange for internal anellations et.In the absene of any reliable theory that fores in a natural way thephases to be vanishing or small, it is mandatory to onsider senarios withsome of the phases large and arranged onsistent with experimental EDMdata. In suh senarios many phenomena will be a�eted: spartile masses,their deay rates and prodution ross setions, SUSY ontributions to SMproesses et. It is one of the main physis goals of future ollider experi-ments to �nd SUSY and verify its CP properties [5℄. Detailed analyses of theneutralino setor an prove partiularly useful in this respet. In this notewe will disuss the CP properties of neutralinos strengthening an argumentof Ref. [6℄ that measurements of the neutralino prodution ross setions anprovide a qualitative, unambiguous evidene for non-trivial CP-phases.2. Neutralino setor of the MSSMIn the minimal supersymmetri extension of the Standard Model (MSSM),the mass matrix of the spin-1/2 partners of the neutral gauge bosons, ~B and~W 3, and of the neutral Higgs bosons, ~H01 and ~H02 , takes the formM = 0BBBB� M1 0 �mZ�sW mZs�sW0 M2 mZ�W �mZs�W�mZ�sW mZ�W 0 ��mZs�sW �mZs�W �� 0
1CCCCA : (1)Here M1 and M2 are the fundamental supersymmetry breaking parameters:the U(1) and SU(2) gaugino masses, and � is the higgsino mass parameter.As a result of the eletroweak symmetry breaking by the vauum expetationvalues of the two neutral Higgs �elds v1 and v2 (s� = sin�, � = os �where tan� = v2=v1), non-diagonal terms with sW = sin �W and W =



CP-Violation in the Neutralino System 3443os �W appear and gauginos and higgsinos mix to form the neutralino masseigenstates �0i (i=1,2,3,4).In general the mass parameters M1, M2 and � in the mass matrix (1)an be omplex. By reparameterization of the �elds, M2 an be takenreal and positive; the two remaining non-trivial phases, whih are there-fore reparameterization-invariant, may be attributed to M1 and �:M1 = jM1j ei�1 and � = j�j ei�� (0 � �1; �� < 2�) : (2)Sine the existene of CP-violating phases in supersymmetri theoriesin general indues eletri dipole moments (EDM), urrent experimentalbounds an be exploited to derive indiret limits on the parameter spae [3℄.In fat the experimental limits on EDM's of the eletron, neutron and mer-ury atom have been used to (partly) justify the assumption of real SUSYparameters, and most phenomenologial studies on supersymmetri partilesearhes have been performed within the CP-onserving MSSM. However,the EDM onstraints an be avoided assuming masses of the �rst and seondgeneration sfermions large (above the TeV sale), or arranging anellationsbetween the di�erent SUSY ontributions to the EDMs. As a result, theomplex phase of the higgsino mass parameter � is muh less restritedthan previously assumed, while the omplex phase of M1 is pratially un-onstrained. The possibility of non-zero CP-phases should therefore be in-luded in phenomenologial analyses.The neutralino mass eigenvalues mi � m~�0i (i = 1; 2; 3; 4) an be hosenpositive by a suitable de�nition of the unitary mixing matrix N . In generalthis matrix involves 6 angles and 10 phases, and an be written as [6, 7℄N = diag �ei�1 ; ei�2 ; ei�3 ; ei�4 	R34R24R14R23R13R12 ; (3)where Rjk are rotations in the [jk℄ plane haraterized by a mixing angle�jk and a (Dira) phase �jk. For example,R12 = 0BB� 12 s�12 0 0�s12 12 0 00 0 1 00 0 0 1 1CCA (4)with jk � os �jk, sjk � sin �jk ei�jk . One of (Majorana) phases �i isnonphysial and, for example, �1 may be hosen to vanish. None of theremaining 9 phases an be removed by rotating the �elds sine neutralinosare Majorana fermions.Neutralino setor is CP onserving if � and M1 are real, whih is equiva-lent to �ij = 0 (mod �) and �i = 0 (mod �=2). Majorana phases �i = ��=2indiate only di�erent CP-parities of the neutralino states [8℄.



3444 J. KalinowskiThe matrix elements of N de�ne the ouplings of the mass eigenstates~�0i to other partiles. Like in the quark setor, it is useful [6,9℄ to representthe unitarity onstraints on the elements NijMij = Ni1N�j1 +Ni2N�j2 +Ni3N�j3 +Ni4N�j4 = Æij ; (5)Dij = N1iN�1j +N2iN�2j +N3iN�3j +N4iN�4j = Æij (6)in terms of unitarity quadrangles. For i 6= j, the above equations de�ne theM - and D-type quadrangles in the omplex plane. The M -type quadran-gles are formed by the sides NikN�jk onneting two rows i and j, and theD-type by NkiN�kj onneting two olumns i and j of the mixing matrix. Bya proper ordering of sides the quadrangles are assumed to be onvex withareas given by area[Mij ℄ = 14 (jJ12ij j+ jJ23ij j+ jJ34ij j+ jJ41ij j) ; (7)area[Dij ℄ = 14 (jJ ij12j+ jJ ij23j+ jJ ij34j+ jJ ij41j) ; (8)where Jklij are the Jarlskog-type CP-odd �plaquettes� [10℄Jklij = =mNikNjlN�jkN�il : (9)Note that plaquettes, and therefore the areas of unitarity quadrangles, arenot sensitive to the Majorana phases �i.Unlike in the quark or lepton setor, the orientation of all quadrangles isphysially meaningful, and determined by the CP-phases of the neutralinomass matrix. In terms of quadrangles, CP is onserved if and only if allquadrangles have null area (ollapse to lines or points) and are orientedalong either real or imaginary axis.3. Experimental signatures of CP-violationIn priniple, the imaginary parts of the omplex parameters involvedould most diretly and unambiguously be determined by measuring suitableCP-violating observables.Neutralinos an opiously be produed at prospetive e+e� linear ollid-ers [5℄ via the s-hannel Z exhange and t- and u-hannel seletron exhange.The polarized di�erential ross setion for the ~�0i ~�0j prodution is given by [6℄d�fijgd os � d� = �216 s �1=2�(1� PL �PL)�U + (PL � �PL)�L+PT �PT os(2�� �)�T + PT �PT sin(2�� �)�N� ; (10)



CP-Violation in the Neutralino System 3445where P=(PT; 0; PL) [ �P=( �PT os �; �PT sin �;� �PL)℄ is the eletron [positron℄polarization vetor; the eletron-momentum diretion de�nes the z-axis andthe eletron transverse polarization-vetor the x-axis; � = [1�(�i+�j)2℄[1�(�i � �j)2℄ with �i = mi=ps. The oe�ients �U , �L, �T and �N dependonly on the polar angle � and their expliit form is given in [6℄.An interesting feature of neutralino prodution is enoded in the term�N of Eq. (10). Unlike �U , �L and �T, the �N is a funtion of plaquettes�N = 4� sin2 � hA1(J31ij � J41ij )�A2( ~J32ij � ~J42ij ) +A3 ~J21ij i ; (11)where tilde means that in alulating J the Ni2 should be replaed by N 0i2 =sWNi1 + WNi2. The ombinations of propagator fators Ai areA1 = 144W DZ(DtL �DuL) ;A2 = s2W � 1=216s4W 4W DZ(DtR �DuR) ;A3 = 18s2W 4W (DtLDuR �DtRDuL) ; (12)with DtL;R = s=(t�m2~eL;R), DuL;R = s=(u�m2~eL;R) and the Z-boson propa-gator DZ = s=(s�m2Z) is taken real by negleting the Z width in the limitof high energies. Therefore �N is nonvanishing only in CP-noninvariant the-ories and already the detailed measurement of the angular distribution ofprodued neutralino pairs in ollisions of transverse polarized beams ouldindiate the presene of CP-phases.However, sine �N depends on plaquettes, nonvanishing �N requiresspei� form of CP-violation: the area of some unitarity quadrangles hasto be non-zero, i.e. at least one of Dira phases �kl 6= 0. Moreover, thee�et might be quite small due to anellations between ~H01 and ~H02 higgsinoomponents of ~�0i and ~�0j in Eq. (11), and between t- and u-hannel seletronexhanges in Eq. (12).If the initial beams are not polarized, the CP-phases ould be inferredfrom the PN omponent of the polarization of the ~�0i ~�0j pairs produedin e+e� annihilation [6, 11℄. The polarization vetor ~P = (PL;PT;PN ) isde�ned in the rest frame of the partile ~�0i , with omponents parallel to the~�0i �ight diretion in the .m. frame, in the prodution plane, and normalto the prodution plane, respetively. The normal omponent PN an onlybe generated by omplex prodution amplitudes in the non-diagonal ~�0i ~�0jpair prodution proess with i 6= j. For example, the ontribution to PNfrom the ~eR exhange readsPN = 8�1=2�j sin �2W�U DuRDtR=m � (Ni1N�j1)2 � : (13)



3446 J. KalinowskiThe normal polarization an be non-zero even if all the �-type CP-phasesvanish, i.e. it ould signal the existene of non-trivial �-type CP-phases.The non-zero values of CP-odd harateristis �N or PN would unam-biguously indiate CP-violation in the neutralino setor. However, theirexperimental measurements will be very di�ult. On the other hand, onean also try to identify the presene of CP-phases by studying their im-pat on the CP-even quantities, like neutralino masses, branhing ratios et.Sine these quantities are non-zero in CP onserving ase, the detetion ofCP-odd phases will require a areful quantitative analysis of a number ofphysial observables. In partiular, for numerially small CP-odd phases,their deviations from CP-even values will also be small. As an example,in Fig. 1 the unitarity quadrangles for a partiular point in the parameterspae (onsistent with all experimental onstraints) are shown. The phaseof � is set to zero, and �1 = �=5. In this ase the quadrangles are almostdegenerate to lines parallel to either real or imaginary axis, and revealingthe phase of M1 will be quite di�ult.
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34Fig. 1. The D-type (left panel) and M -type (right panel) quadrangles in the om-plex plane, illustrated for tan� = 10, jM1j = 100:5 GeV, �1 = �=5, M2 = 190:8GeV, j�j = 365:1 GeV and �� = 0; ij as indiated in the �gure.In this respet, as pointed out in Ref. [6℄, a lear indiation of non-zeroCP-violating phases an be provided by studying the energy behavior of theross setions for non-diagonal neutralino pair prodution near thresholds.In CP-invariant theories, the CP-parity of a pair of Majorana fermions~�0i ~�0j is given by � = �i�j(�1)L ; (14)where �i is the CP-parity of ~�0i and L is the angular momentum [12℄. There-fore neutralinos with the same CP-parities (for example for i = j) an beexited only in the P -wave via the s-hannel  and Z prodution proesses.



CP-Violation in the Neutralino System 3447The exitation in the S-wave, with the harateristi steep rise � �1=2 ofthe ross setion near threshold, an our only for non-diagonal pairs withopposite CP-parities of the produed neutralinos [8℄.The power of the seletion rule (14) an learly be seen by inspetingthe expressions for the total ross setion �fijg (i 6= j) near threshold�fijg � ��2 �1=2(mi +mj)2 � 4mimj(mi +mj)2 (j=mG(0)R j2 + j=mG(0)L j2) +O(�)� ;(15)whereG(0)R = 122W D0(Ni3N�j3 �Ni4N�j4)� 12W FRNi1N�j1 ;G(0)L = (s2W � 1=2)22W s2W D0(Ni3N�j3 �Ni4N�j4) + 14s2W 2W FLN 0i2N 0�j2 ;and the kinemati funtionsD0 = (mi +mj)2=((mi +mj)2 �m2Z) ;FL;R = (mi +mj)2=(m2~eL;R +mimj) :In the CP-invariant theory, the imaginary parts of Nij an only be generatedby Majorana phases �i = 0 and �j = �=2 or vie versa, i.e. the S-waveexitation is possible when the CP-parities of the produed neutralinos areopposite, as ditated by the Eq. (14). This immediately implies that if thefijg and fikg pairs are exited in the S-wave, the pair fjkg must be exitedin the P -wave haraterized by the slow rise � �3=2 of the ross setion,Fig. 2, left panel.If, however, CP is violated the angular momentum of the produed neu-tralino pair is no longer restrited by the Eq. (14) and all non-diagonalpairs an be exited in the S-wave. This is illustrated in Fig. 2, wherethe threshold behavior of the neutralino pairs f12g, f13g and f23g for theCP-onserving (left panel) ase is ontrasted to the CP-violating ase (rightpanel).Even for relatively small CP-phase �1 = �=5, implying small impaton CP-even quantities, the hange in the energy dependene near thresholdan be quite dramati. Thus, observing the fijg, fikg and fjkg pairs to beexited all in S-wave states would therefore signal CP-violation.
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Fig. 2. The threshold behavior of the neutralino prodution ross-setions �fijgfor the CP-onserving (left panel) and the CP-violating (right panel) ases. Otherparameters as in Fig. 1. 4. ConlusionsThe supersymmetri extension of the Standard Model an ome with newsoures of CP-violation. In the absene of natural suppression of the SUSYCP-phases, their non-zero values have to be onsidered in phenomenologialstudies. In this paper we have disussed the CP properties of neutralinos,whih are quite peuliar due to their Majorana nature.The CP-violation in the neutralino setor an reveal itself in many dif-ferent ways. The most ambitious analysis would require the experimentalreonstrution of the unitarity quadrangles. Sine all phases of the mixingmatrix N (at least at the tree level) are ultimately determined by the phasesof the fundamental parameters � and M1, the reonstrution of the quad-rangles would provide many onsisteny heks of the underlying theory.On the other hand, the �rst qualitative indiation of the CP-violationan be provided by the energy dependene of the neutralino prodution rosssetions. The steep rise of ross setions for the prodution of at least threedi�erent non-diagonal neutralino pairs an be interpreted as a �rst diretsignature of the presene of CP-violation in the neutralino setor.Work supported in part by the Polish State Committee for Sienti�Researh (KBN) Grant 2 P03B 040 24 (2003-2005).
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