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DESY 06-016KIAS{P06005hep-ph/0602131Neutralino Prodution and Deay at an e+e� LinearCollider with Transversely Polarized BeamsS.Y. Choi1, M. Drees2, and J. Song31 Deutshes Elektronen{Synhrotron DESY, 22603 Hamburg, GermanyandDepartment of Physis and RIPC, Chonbuk National University, Jeonju 561-756, Korea�2 KIAS, Shool of Physis, Seoul 130{012, KoreaandPhysikalishes Institut, Universit�at Bonn, Nussallee 12, D53115 Bonn, Germanyy3 Department of Physis, Konkuk University, Seoul 143{701, KoreaAbstratOne supersymmetri neutralinos ~�0 are produed opiously at e+e� linear ollid-ers, their harateristis an be measured with high preision. In partiular, thefundamental parameters in the gaugino/higgsino setor of the minimal supersym-metri extension of the standard model (MSSM) an be analyzed. Here we fous onthe determination of possible CP{odd phases of these parameters. To that end, weexploit the eletron/positron beam polarization, inluding transverse polarization,as well as the spin/angular orrelations of the neutralino prodution e+e� ! ~�0i ~�0jand subsequent 2{body deays ~�0i ! ~�0kh; ~�0kZ; ~̀�R`�, using (partly) optimized CP{odd observables. If no �nal{state polarizations are measured, the Z and h modesare independent of the ~�0i polarization, but CP{odd observables onstruted fromthe leptoni deay mode an help in reonstruting the neutralino setor of theCP{noninvariant MSSM. In this situation, transverse beam polarization does notseem to be partiularly useful in probing expliit CP violation in the neutralinosetor of the MSSM. This an most easily be aomplished using longitudinal beampolarization.�Permanent AddressyPermanent Address



1 IntrodutionIn the minimal supersymmetri standard model (MSSM) [1℄, the spin-1/2 partners of theneutral gauge bosons, ~B and fW3, and of the neutral Higgs bosons, ~H01 and ~H02 , mix toform the neutralino mass eigenstates �0i (i=1,2,3,4). The orresponding mass matrix inthe ( ~B;fW3; ~H01 ; ~H02 ) basisM = 0BBBB� M1 0 �mZ�sW mZs�sW0 M2 mZ�W �mZs�W�mZ�sW mZ�W 0 ��mZs�sW �mZs�W �� 0 1CCCCA (1)ontains several fundamental supersymmetry parameters: the U(1) and SU(2) gauginomasses M1 and M2, the higgsino mass parameter �, and the ratio tan � = v2=v1 of thevauum expetation values of the two neutral Higgs �elds. Here, s� = sin�, � = os�and sW ; W are the sine and osine of the eletroweak mixing angle �W .In CP{noninvariant theories, the mass parameters M1;2 and � are omplex. By re-parameterizing the �elds, M2 an be taken real and positive without loss of generality.Two remaining non{trivial phases are attributed to M1 and �:M1 = jM1j ei�1 and � = j�j ei�� (0 � �1;�� < 2�) : (2)The existene of CP{violating phases in supersymmetri theories indues, in general,eletri dipole moments (EDM) [2℄. The urrent experimental bounds on the EDM'sonstrain the parameter spae inluding many parameters outside the neutralino/harginosetor [3℄. Detailed analyses of the eletron EDM show [3, 4℄ that the phase �� mustbe quite small, unless seletrons are very heavy.� In ontrast, large values of �1 areallowed even for rather small seletron masses. The CP{violating phase �1 an thereforeplay a signi�ant role in the prodution and deay of neutralinos, whih is most easilyinvestigated at (linear) e+e� olliders [5, 6, 7, 4, 8℄.Neutralinos are produed in e+e� ollisions, either in diagonal or mixed pairs [9℄. Ifthe ollider energy is high enough to produe all four neutralino states, the underlyingSUSY parameters fjM1j;�1;M2; j�j;��; tan �g an be extrated from the masses m~�0i(i=1,2,3,4) and the ross setions [10, 11℄. At the �rst stage of operations of a linear e+e�ollider, however, only the lighter neutralinos may be aessible. If ~�01~�02 is the only visibleneutralino pair that is aessible, measuring their masses and (polarized) produtionross setions may not suÆe to determine the parameters of the neutralino mass matrixompletely; the detailed analysis of ~�02 deays will then be very useful. Moreover, evenif suÆiently many di�erent ~�0i ~�0j states are aessible to determine all the parametersappearing in Eq. (1), analyses of neutralino deay will o�er valuable redundany. After�Large values of �� an also be tolerated for moderate seletron masses if tan � is lose to 1. However,this possibility is essentially exluded by Higgs boson searhes at LEP.1



e�e+ Z ~�0i~�0j e�e+ ~eL;R ~�0i~�0j e�e+ ~eL;R ~�0i~�0jFigure 1: Feynman diagrams for �ve mehanisms ontributing to the prodution of di-agonal and non{diagonal neutralino pairs in e+e� annihilation, e+e� ! ~�0i ~�0j (i; j=1{4).all, a theory an only be said to be tested suessfully if experiments over{onstrain itsparameters.In the present work we systematially investigate, both analytially and numerially,the usefulness of eletron and positron beam polarization, inluding transverse polariza-tion, for the analysis of neutralino prodution and deay at e+e� olliders. To this end,we exploit spin/angular orrelations of the neutralino prodution e+e� ! ~�02~�01 and sub-sequent two{body deays of ~�02 ! ~�01h; ~�01Z; and ~�02 ! ~̀�`� followed by ~̀� ! `� ~�01 forprobing the CP properties of the neutralino setor in the MSSM. Due to the Majorananature of neutralinos, the deay distributions of two{body deays ~�02 ! ~�01h; ~�01Z areindependent of the ~�02 polarization, unless the polarization of the Z boson is measured.These modes an still be used to probe a prodution{level CP{odd asymmetry, whihhowever turns out to be small in the MSSM. The slepton mode ~�02 ! ~̀�R`� is an opti-mal polarization analyzer of the deaying neutralino. We an onstrut several CP{odd\deay" asymmetries that are sensitive to the ~�02 polarization vetor. Our main emphasisis on observables that fully reet the non{trivial angular dependene of CP{odd terms,exept for the angular dependene appearing in the propagators. Although they are notperfetly optimal, these CP{odd asymmetries have muh higher statistial signi�anethan the onventional ones, as demonstrated with numerial examples below.The remainder of this artile is organized as follows. Setion 2 desribes neutralinoprodution, inluding the polarization of the neutralinos, for arbitrary beam polarization.Two{body deays of polarized neutralinos are disussed in Se. 3. Setion 4 deals withthe reonstrution of ~�01~�02 �nal states with invisible ~�01. The formalism of \e�etiveasymmetries" is desribed in Se. 5, and numerial examples for these asymmetries areshown in Se. 6. Finally, Setion 7 ontains a brief summary and some onlusions.2 Neutralino prodution in e+e� ollisionsThe neutralino pair prodution proesses in e+e� ollisionse�(p; �) + e+(�p; ��)! ~�0i (pi; �i) + ~�0j(pj ; �j) ( i; j = 1; 2; 3; 4) (3)2



are generated by the �ve mehanisms of the Feynman diagrams in Fig. 1, with s{hannelZ exhange, or t{ or u{hannel ~eL;R exhange. Here �, ��, �i, and �j denote heliities. Forthe analytial alulation, we take a oordinate system where the prodution ours in the(x; z) plane and the inident eletron beam moves into +z diretion. The four{momentaappearing in Eq. (3) are then given byp = ps2 (1; 0; 0; 1) ;�p = ps2 (1; 0; 0;�1) ;pi = ps2 (ei; �1=2 sin�; 0; �1=2 os �) ;pj = ps2 (ej;��1=2 sin�; 0;��1=2 os �) ; (4)where ei = 1 + �2i � �2j ; ej = 1 + �2j � �2i ;�i;j = m~�0i;j=ps ; � = (1 � �2i � �2j )2 � 4�2i �2j : (5)The transition matrix element, after an appropriate Fierz transformation of the ~eL;Rexhange amplitudes, an be expressed in terms of four generalized bilinear harges Q��:T �e+e� ! ~�0i ~�0j� = e2s Q�� ��v(e+)�P�u(e�)� ��u(~�0i )�P�v(~�0j)� : (6)These generalized harges orrespond to independent heliity amplitudes whih desribethe neutralino prodution proesses for ompletely (longitudinally) polarized eletronsand positrons, negleting the eletron mass as well as ~eL{~eR mixing.� They are de�ned interms of the lepton and neutralino ouplings as well as the propagators of the exhanged(s)partiles [6, 11℄: QLL = + DZs2W 2W (s2W � 12 )Zij �DuLgLij ;QRL = +DZ2W Zij +DtRgRij ;QLR = � DZs2W 2W (s2W � 12 )Z�ij +DtLg�Lij ;QRR = �DZ2W Z�ij �DuRg�Rij : (7)� ~fL{ ~fR mixing is proportional to mf unless one tolerates deeper minima of the salar potential whereharged sfermion �elds obtain nonvanishing vauum expetation values; although it an be enhaned atlarge tan � or for large trilinear A�parameters, seletron mixing is generally negligible for ollider physispurposes. 3



The �rst index in Q�� refers to the hirality of the e� urrent, the seond index to thehirality of the ~�0 urrent. The �rst term in eah bilinear harge is generated by Z{exhange and the seond term by seletron exhange; DZ , DtL;R and DuL;R respetivelydenote the s{hannel Z propagator and the t{ and u{hannel left/right{type seletronpropagators: DZ = ss�m2Z + imZ�Z ;DtL;R = st�m2~eL;R and t! u ; (8)with s = (p+ �p)2, t = (p� pi)2 and u = (p� pj)2. The matries Zij , gLij and gRij an beomputed from the matrix N diagonalizing the neutralino mass matrix [1℄Zij = (Ni3N�j3 �Ni4N�j4)=2 ;gLij = (Ni2W +Ni1sW )(N�j2W +N�j1sW )=4s2W 2W ;gRij = Ni1N�j1=2W : (9)They satisfy the hermitiity relations ofZij = Z�ji ; gLij = g�Lji ; gRij = g�Rji : (10)If the deay width �Z is negleted in the Z boson propagator DZ, the bilinear hargesQ�� satisfy similar relations, Q��(~�0i ; ~�0j ; t; u) = Q���(~�0j ; ~�0i ; u; t). These relations are veryuseful in lassifying CP{even and CP{odd observables.2.1 Prodution heliity amplitudesWith the e� mass negleted, the matrix element in Eq. (6) is nonzero only if the eletronheliity is opposite to the positron heliity. We write the heliity amplitudes asT (�; ��; �i; �j) = T (�;��; �i; �j) Æ��;�� � 2�� h�;�i �ji Æ��;�� ; (11)where �; �i; �j = �. Expliit expressions for these heliity amplitudes are [6℄:h+;++i = � �QRRp�i+�j� +QRLp�i��j+� sin� ;h+;+�i = � �QRRp�i+�j+ +QRLp�i��j�� (1 + os �) ;h+;�+i = + �QRRp�i��j� +QRLp�i+�j+� (1� os �) ;h+;��i = + �QRRp�i��j+ +QRLp�i+�j�� sin� ;h�; ++i = � �QLLp�i��j+ +QLRp�i+�j�� sin� ;h�; +�i = + �QLLp�i��j� +QLRp�i+�j+� (1 � os�) ;h�;�+i = � �QLLp�i+�j+ +QLRp�i��j�� (1 + os�) ;h�;��i = + �QLLp�i+�j� +QLRp�i��j+� sin � ; (12)where �i� = ei � �1=2 and �j� = ej � �1=2. In the high energy asymptoti limit, �i+ and�i� approah 1 and 0, respetively; only the heliity amplitudes with opposite ~�0i and ~�0jheliities survive. 4



2.2 Prodution ross setionsWe analyze neutralino prodution for general e� polarization states. With the satteringplane �xed as the (x; z) plane, the azimuthal sattering angle appears in the desriptionof the e� polarization vetors:�!P e� = (PT os �;�PT sin�; PL); �!P e+ = (P T os(� � �); P T sin(� � �);�PL) ; (13)where � is the relative angle between the transverse omponents of two polarization ve-tors. The density matries � (�) of the eletron (positron) in the f+;�g heliity basis are[13℄ � = 12 � 1 + PL PT ei�PT e�i� 1� PL � ; � = 12 � 1 + PL �P T e�i(���)�P T ei(���) 1 � PL � : (14)The polarized di�erential ross setion is given byd�d
 = �1=264�2s jT j2 ; (15)where jT j2 = X�;��;�i;�j T (�; ��; �i; �j)T �(�0; ��0; �i; �j) ���0 ���0 �� : (16)Note that the order of indies of ���0 �� is opposite of that of ���0 due to the di�erenebetween the partile and the antipartile. Inserting Eqs. (12) and (14) into Eq. (16)yields d�d
fijg = �24s �1=2h(1� PL �PL)�ijUU + (PL � �PL)�ijUL+ PT �PT os(2�� �)�ijUT + PT �PT sin(2� � �)�ijUNi ; (17)where �ijUU = �1� (�2i � �2j )2 + � os2��Q1 + 4�i�jQ2 + 2�1=2Q3 os�;�ijUL = �1 � (�2i � �2j )2 + � os2��Q01 + 4�i�jQ02 + 2�1=2Q03 os �;�ijUT = �Q5 sin2�;�ijUN = ��Q06 sin2� : (18)Expressions for all relevant quarti harges Q(0)i in terms of bilinear harges Q�� are givenin Table 1, whih also lists the transformation properties under P and CP. Non{zerotransverse e� beam polarization allows to probe four new quarti harges, Q5, Q6, Q05,and Q06. 5



Table 1: The independent quarti harges desribing e+e� ! ~�0i ~�0j .P CP Quarti hargeseven even Q1 = 14 [jQRRj2 + jQLLj2 + jQRLj2 + jQLRj2℄Q2 = 12<e [QRRQ�RL +QLLQ�LR℄Q3 = 14 [jQRRj2 + jQLLj2 � jQRLj2 � jQLRj2℄Q5 = 12<e [QRRQ�LR +QLLQ�RL℄odd Q4 = 12=m[QRRQ�RL +QLLQ�LR℄Q6 = 12=m[QRRQ�LR +QLLQ�RL℄odd even Q01 = 14 [jQRRj2 + jQRLj2 � jQLLj2 � jQLRj2℄Q02 = 12<e [QRRQ�RL �QLLQ�LR℄Q03 = 14 [jQRRj2 + jQLRj2 � jQLLj2 � jQRLj2℄Q05 = 12<e [QRRQ�LR �QLLQ�RL℄odd Q04 = 12=m[QRRQ�RL �QLLQ�LR℄Q06 = 12=m[QRRQ�LR �QLLQ�RL℄2.3 Neutralino polarization vetorThe polarization vetor ~P i = (P iT ;P iN ;P iL) of the neutralino ~�0i is de�ned in its rest frame.The longitudinal omponent P iL is parallel to the ~�0i ight diretion in the .m. frame, P iTis in the prodution plane, and P iN is normal to the prodution plane. In order to extratthe vetor ~P i, we �rst de�ne the polarization density matrix for the out{going neutralino~�0i : �i�i�0i = P�;�j h�;�i�jih�;�0i�ji�P�;�i;�j h�;�i�jih�;�i�ji� : (19)Expliit expressions for the heliity amplitudes h�;�i�ji are given in Eq. (12). The po-larization vetor of the neutralino ~�0i is then given by~P i = Tr(�!� �i) = 1�ijU ��ijT ;�ijN ;�ijL� : (20)We an deompose the three polarization omponents as well as the unpolarized partaording to ombinations of e� polarizations:�ijU = (1 � PLPL)�ijUU + (PL � PL)�ijUL + PTP Tf�ijUT(2���) + �ijUNs(2���)g ;6



�ijL = (1 � PLPL)�ijLU + (PL � PL)�ijLL + PTP Tf�ijLT (2���) + �ijLNs(2���)g ;�ijT = (1 � PLPL)�ijTU + (PL � PL)�ijTL + PTP Tf�ijTT(2���) + �ijTNs(2���)g ;�ijN = (1 � PLPL)�ijNU + (PL � PL)�ijNL + PTP Tf�ijNT(2���)+ �ijNNs(2���)g ; (21)where (2���) = os(2�� �), s(2���) = sin(2�� �), and the �UB (B = U; L; T; N) are inEq. (18). The �BU , whih survive even without beam polarization, are given by�ijLU = 2(1� �2i � �2j ) os�Q01 + 4�i�j os�Q02 + �1=2f1 + os2�� sin2�(�2i � �2j )gQ03 ;�ijTU = �2 sin� hf(1� �2i + �2j )Q01 + �1=2 os�Q03g�i + (1 + �2i � �2j )�j Q02i ;�ijNU = 2�1=2�j sin�Q4 : (22)The remaining �AB, whih ontribute only with non{trivial e� polarization, are�ijLL = [�+ 1� (�2i � �2j )2℄ os �Q1 + 4�i�j os �Q2+�1=2[1 + os2�� sin2�(�2i � �2j )℄Q3 ;�ijLT = �1=2(1 + �2i � �2j ) sin2�Q05 ;�ijLN = ��1=2(1 + �2i � �2j ) sin2�Q6 ;�ijTL = �2 sin��[(1� �2i + �2j )Q1 + �1=2 os �Q3℄�i + (1 + �2i � �2j )�j Q2	 ;�ijTT = �1=2�i sin 2�Q05 ;�ijTN = ��1=2�i sin 2�Q6 ;�ijNL = 2�1=2�j sin�Q04 ;�ijNT = �2�1=2�i sin�Q6 ;�ijNN = �2�1=2�i sin�Q05 : (23)The P and CP properties of all these quantities are idential to those of the quarti hargesin Table 1. In partiular, the �ve quantities �UN ;�LN ;�TN ;�NU and �NL are CP{odd.Brief omments on the referene frame are in order here. In the oordinate systemwhih we have employed so far, the sattering plane is �xed, while the diretion of e�transverse polarization vetors di�ers from event to event. For a real experiment, �xede� polarization vetors should be more onvenient. We de�ne the transverse part of ~Pe�as +x diretion; the x and y omponents of the outgoing neutralino four{momentumpi are then proportional to os � and sin�, respetively. In this oordinate system thesattering plane hanges from event to event. Sine only the relative angles between thee� polarization vetors and the sattering plane are relevant, the �nal results in Eqs. (17)and (21) are still valid. In this new oordinate frame, the ~�0i polarization vetor an beexpliitly written as ~P i = P iT~eT + P iN~eN + P iL~eL ; (24)where the following three unit vetors form a o{moving orthonormal basis of the three{dimensional spae: ~eT = (os� os �; sin� os �; � sin�) ;7



~eN = (� sin�; os �; 0) ;~eL = (os� sin�; sin� sin�; os�) : (25)Probing CP violation in the MSSM neutralino setor involves the four quarti hargesQ4; Q04; Q6 and Q06 for i 6= j. Their harateristi features an be analytially understoodfrom their expliit expressions in terms of the neutralino mixing matrix N . With �Znegleted in the high energy limit, they areQ(0)4 = 124W s4W �s4W � (s2W � 1=2)2�D2Z=m(Z2ij)+ DZ22W �(DtR +DuR)=m(ZijgRij)� s2W � 1=2s2W (DtL +DUL)=m(ZijgLij)�+12DuRDtR=m(g2Rij)� 12DuLDtL=m(g2Lij) ;Q(0)6 = 122WDZ(DtL �DuL)=m(Zijg�Lij) + s2W � 1=22s2W 2W DZ(DuR �DtR)=m(Zijg�Rij)+12(DuRDtL �DtRDuL)=m(gLijg�Rij) ; (26)where the expliit form of Zij, gLij and gRij are listed in Eq. (9). From the propagatorombinations, we see that the quarti harge Q06 is forward{bakward asymmetri withrespet to the sattering angle � while the other three quarti harges, Q(0)4 and Q6, areforward{bakward symmetri.The relative sizes of the four CP{violating quarti harges indiate whih observablesshould be promising to investigate experimentally. Let us �rst onsider the generi ase ofsmall gaugino{higgsino mixing (with substantial CP phase �1). Small mixing is generallyobtained if the entries in the o�{diagonal 2 � 2 bloks in the neutralino mass matrixare smaller than those in the diagonal bloks, allowing an expansion in powers of mZ.Analyti expressions for N using this expansion, given in Ref. [4℄, help to estimate thesizes of the Q Q(0)4;6. In partiular, the last term ontributing to Q(0)4 in Eq. (26), whih isproportional to sin�1, is not suppressed by small mixing angles: Q4 and Q04 survive evenwithout any gaugino{higgsino mixing. In ontrast Q6 and Q06 only start at O(m2Z). This isrelated to the observation that, in the notation of Ref. [11℄, Q(0)6 probe Dira{type phases,whih vanish in the absene of nontrivial mixing between neutralino urrent eigenstates,whereas Q(0)4 probe Majorana{type phases, whih survive in this limit. In the generi aseof small gaugino{higgsino mixing, therefore, the size of Q(0)4 is muh larger than that ofQ(0)6 . In the ase of strong gaugino{higgsino mixing, however, Q(0)6 , whih an only beprobed with transversely polarized beams, ould exeed Q4 and/or Q04.8



3 Two{body neutralino deaysThe deay patterns of heavy neutralinos (~�0i>1) depend on their masses and the massesand ouplings of other spartiles and Higgs bosons. In this artile we fous on the two{body deays of neutralinos. It is possible that the kinematis prohibits some two{bodytree{level deays. However, a suÆiently heavy neutralino an deay via tree{level two{body hannels ontaining a Z or a Higgs boson and a lighter neutralino [14℄, and/or intoa sfermion{matter fermion pair.Of partiular interest in the present work are the following two{body deay modes:~�0i ! ~�0k Z; ~�0i ! ~�0k h and ~�0i ! ~̀�R`� ; (27)with ` = e or �. If any of these proesses is kinematially allowed, it will dominate anytree{level three{body deay.The relevant ouplings areh `�L j ~̀�R j~�0i i = +h `+L j ~̀+R j~�0i i� = �p2gtW N�i1; h`�Rj~̀�Rj~�0i i = 0 ; (28)h~�0kRjZj~�0iRi = �h~�0kLjZj~�0iLi� = + g2W [Ni3N�k3 �Ni4N�k4℄ ;h~�0kLjhj~�0iRi = +h~�0kRjhj~�0iLi� = g2 [(Nk2 � tWNk1)(s�Ni3 + �Ni4) + (i$ k)℄ ;where s� = os�, � = sin�, and � being the mixing angle between the two CP{evenHiggs states in the MSSM [1℄. Note that the Z oupling is proportional to the higgsinoomponents of both partiipating neutralinos, whereas the Higgs oupling requires a hig-gsino omponent of one neutralino and a gaugino omponent of the other.� Sine thelighter neutralino states ~�01;2 are often gaugino{like, this pattern of ouplings implies that~�0i ! ~�01h deays will often dominate over the (kinematially preferred) ~�0i ! ~�01Z deays.However, the ~�0i ! ~̀�R`� deays only depend on the gaugino omponents of the deayingneutralino. If kinematially aessible, they an have the largest branhing ratios.Note also that the Majorana nature of neutralinos relates the left{ and right{handedouplings of the Z and h boson to a neutralino pair; they are omplex onjugate to eahother, having an idential absolute magnitude. These relations lead to a harateristiproperty of the orresponding two{body deays, ~�0i ! ~�0kZ and ~�0i ! ~�0kh: the deaydistributions are independent of the polarization of the deaying neutralino ~�0i , unless thepolarization of the Z boson or ~�0k is measured. In ontrast, the slepton mode in Eq. (27)an be exploited as optimal polarization analyzer of the deaying neutralino, if the smalllepton mass is ignored; as noted earlier, this implies that ~̀L{~̀R mixing is ignored as well.y�If Æm~� � m~�02 � m~�01 � mZ , the deay into longitudinally polarized Z bosons gets enhaned by afator (Æm~�=mZ)2. If Æm~� � O(mZ), three{body deays ~�02 ! ~�01f �f may dominate over ~�02 ! ~�01Zdeays if j�j � m ~f ; this does not happen in models where the entire spartile spetrum is desribed bya small number of parameters.y~�i ! ~��1 �� deays, where ~�L{~�R mixing an be important, have been analyzed in Refs. [7℄.9



Furthermore, the deay distributions are ompletely determined by the relevant par-tile masses, as well as by the ~�0i polarization vetor (in ase of ~�0i ! ~̀�R`� deay). Moreexpliitly, the angular distribution in the rest frame of the deaying neutralino ~�0i is1�X d�Xd
� = 14� �1� �X ~P i � k̂�1� ; (29)where �Z;h = 0 for the Z and h deay modes, and �l� = �1 for ~�0i ! ~̀�R`� with k̂�1 beingthe unit vetor in `� diretion. The former two deay modes an probe only \prodution"asymmetries, whereas the (s)leptoni deay mode an probe \deay" asymmetries also,whih are sensitive to the ~�0i polarization.4 Event reonstrutionWe fous on e+e� ! ~�02~�01 prodution, and assume ~�01 to be stable (or possibly to deayinvisibly). The only visible �nal state partiles therefore result from ~�02 deay, whihsimpli�es the analysis. Moreover, this is the kinematially most aessible neutralino pairprodution with visible �nal state; indeed, it is often the �rst spartile prodution hannelaessible at e+e� olliders [15℄.An important di�erene between ~�02 ! ~�01(h;Z) and ~�02 ! ~̀�R`� ! ~�01`+`� is the de-gree of event reonstrution. The latter deay hain allows omplete event reonstrution(with an, at least, two{fold ambiguity), whereas the former does not. This an be seen byounting unknowns. The ~�01~�01(h;Z) �nal states ontain six unknown omponents of ~�01momenta (we are assuming that the masses of all produed partiles have already beendetermined [10℄, so that the energies an be omputed from three{momenta); this hasto be ompared with four onstraints from energy{momentum onservation, and a singlemass onstraint, (p~�01 + p(h;Z))2 = m2~�02. One quantity remains undetermined.In ontrast, ~�01~�01`+`� �nal states produed from an on{shell ~̀�R have two invariantmass onstraints. With an equal number of onstraints and unknowns, the event anbe reonstruted [8℄. An expliit reonstrution may proeed as follows. Let k1 and k2be the four{momenta of the two harged leptons in the �nal state, and p1 and q thefour{momenta of the two neutralinos; here k2 and q originate from ~̀R deay. Note thatthe energy p01 is �xed from two{body kinematis, see Eq. (4). Then q0 is determinedfrom energy onservation, one the lepton energies are measured. The invariant massonstraint (k2 + q)2 = m2~̀R an �x the salar produt ~k2 � ~q. The seond mass onstraint(k1 + k2 + q)2 = m2~�02 is used for ~k1 � ~q. When writing the unknown three{momentum ~qas ~q = a~k1 + b~k2 + (~k1 � ~k2), the two oeÆients a and b an be omputed from the twosalar produts ~k2 � ~q and ~k1 � ~q determined above; note that the term proportional to drops out here. The last oeÆient  an be omputed from the known energy q0 withtwo{fold ambiguity. 10



One ~q is known, ~p1 follows immediately from momentum onservation. We an reado� the prodution angles � and �. This also allows to ompute the ~�02 three{momentum~p2 = ~k1 + ~k2 + ~q = �~p1 (in the .m. frame). With the known ~�02 energy, we boost intothe ~�02 rest frame, and read o� the ~�02 deay angles �� and ��; reall that there is anon{trivial dependene on these deay angles via Eq. (29).So far we have assumed that we know whih of the two harged leptons in the �nalstate originates from the ~�02 deay, and whih one from ~̀R deay. Sine, owing to itsMajorana nature, ~�02 will deay into both ~̀+R`� and ~̀�R`+ �nal states with equal branhingratios, the harge of the leptons does not help this disrimination of the origin of twoharged leptons. A unique assignment is nevertheless possible if the two mass di�erenesÆ2R � m~�02�m~̀R and ÆR1 � m~̀R�m~�01 are very di�erent from eah other: if Æ2R � ÆR1, themore energeti (harder) lepton will originate from the �rst step of ~�02 deay, and the lessenergeti (softer) lepton omes from ~̀R deay; if Æ2R � ÆR1 the opposite assignment holds.However, if Æ2R ' ÆR1, both assignments often lead to physial solutions if the proedurefor event reonstrution outlined above is applied. In this unfavorable situation there isa four{fold ambiguity in the event reonstrution.Finally, we note that bakground events an be also reonstruted, in some ases againwith two{fold ambiguity. The main bakgrounds to ~�02 ! ~�01(Z; h) deays are e+e� !ZZ; Zh prodution with one Z deaying invisibly. The e+e� ! ZZ(! ���`+`�); W+W�(!`+�``���`); ~̀+ ~̀�(! `+`� ~�01~�01) are the main bakgrounds to ~�01 ~�02 ! `+`� ~�01~�01 produ-tion.� We an obtain a pure sample of signal events by disarding all events that an bereonstruted as one of the bakground proesses. This ignores the e�ets of measure-ment errors, beam energy spread (partly due to bremsstrahlung), as well as initial stateradiation, but should nevertheless give a reasonable indiation of the e�ets of uts thathave to be imposed to isolate the signal.5 E�etive asymmetriesWe are interested in onstruting CP{odd observables. Shematially, they are written asF = Z d
 d�d
f(
) �L ; (30)where d�=d
 is the di�erential ross setion, L = R Ldt is the total integrated lumi-nosity, and f(
) is a dimensionless funtion of phase spae observables. Introduing theluminosity in Eq. (30) simpli�es the statistial analysis as presented below.Simple asymmetries are onstruted from the hoie f = �1, where the phase spaeregion giving f = +1 is the CP{onjugate of that giving f = �1 [5, 8℄. While verystraightforward, this hoie usually does not yield the highest statistial signi�ane. We�Note that we inlude supersymmetri slepton prodution as bakground, sine it does not ontributeto the CP{odd asymmetries we wish to analyze here.11



deompose the di�erential ross setion into CP{even and CP{odd terms:d�d
 =Xi eif (e)i (
) +Xj ojf (o)j (
) ; (31)where the ei and oj are onstant oeÆients (produts of ouplings and possibly masses)while the f (e) and f (o) are CP{even and CP{odd funtions, respetively, of phase spaevariables. The optimal variable to extrat the oeÆient oj is then proportional to f (o)j[16℄.In our ase this would lead to very ompliated observables, due to the non{trivialangular dependene of the seletron propagators D(t;u)(L;R) in Eq. (7). Moreover, theoptimal variables would depend on both seletron masses. For simpliity, we onstrutour CP{odd observables by fully inluding the angular dependene in the numerators ofEqs. (17), (18), (21), (22), (23) and (29), but ignoring the angular dependene in thepropagators.For dimensionless f , the quantity F in Eq. (30) is also dimensionless. The statistialunertainty of F is then given by�2(F ) = L � Z d
 d�d
f2(
) : (32)This an be seen from the fat that L(d�=d
)d
 is the number of events in the phasespae interval d
. For the simple ase of f = �1, �2(F ) is simply the total number ofevents. With the quantity F and its statistial unertainty �(F ), we an onstrut ane�etive asymmetry: Â[f ℄ = F�(F )pL : (33)Note that Â is by onstrution independent of the luminosity. It is also invariant undertransformations f(
)! f(
) for onstant , making Â independent of the normalizationof f . The statistial signi�ane for Â[f ℄ is simply given by Â[f ℄ � pL.6 Numerial analysisWe are now ready to present some numerial results. We will �rst briey disuss therelevant quarti harges that enode CP violation, before disussing \prodution" and\deay" asymmetries.6.1 Quarti hargesTable 1 shows that the four quarti harges Q4; Q6; Q04 and Q06 are CP-odd. Equation (18)shows thatQ06 is responsible for the prodution{level asymmetry, whih requires transverse12



beam polarization.� The remaining three CP{odd quarti harges an be probed onlyvia the ~�02 polarization. Equations (22) and (23) show that Q4 ontributes even forunpolarized e� beams, whereas Q04 (Q6) only ontributes in the presene of longitudinal(transverse) beam polarization.
0 0.5 1 1.5 2

Φ1/π
-1

-0.5

0

0.5

1

Q
a/

Q
1

E
beam

=250 GeV, m
e~R

=300 GeV, µ= 325 GeV

Q’
4
/Q

1

Q
6
/Q

1

Q’
6
/Q

1

Q
4
/Q

1

100 200 300 400 500 600 700
m

e~R
 [GeV]

-1

-0.5

0

0.5

1

Q
a/

Q
1

E
beam

=250 GeV, Φ1=0.6π, µ= 325 GeV

Q’
4
/Q

1

Q
4
/Q

1

Q’
6
/Q

1

Q
6
/Q

1

200 300 400 500 600 700
µ [GeV]

-1

-0.5

0

0.5

1

Q
a/

Q
1

E
beam

=250 GeV, m
e~R

=300 GeV, Φ1=0.6π

Q’
4
/Q

1

Q
4
/Q

1

Q’
6
/Q

1

Q
6
/Q

1

500 600 700 800 900 1000 1100 1200 1300 1400 1500
2 E

beam
 [GeV]

-1

-0.5

0

0.5

1

Q
a/

Q
1

m
e~R

=300 GeV, µ= 325 GeV, Φ1=0.6π

Q’
4
/Q

1

Q
6
/Q

1

Q’
6
/Q

1

Q
4
/Q

1

Figure 2: The ratios of quarti harges Q4=Q1 (dotted green), Q04=Q1 (dashed blue),Q6=Q1 (solid red) and Q06=Q1 (dot{dashed blak). We �xed jM1j = 0:5M2 = 150 GeV,tan � = 5; m~eL = 500 GeV and �� = 0; the values of the other relevant parameters areas indiated in the �gures.Figure 2 presents these four harges normalized to Q1, whih largely determines thesize of the unpolarized ross setion far above threshold. All these ratios lie between �1�We note in passing that the orresponding asymmetry for hargino prodution vanishes [17℄: thereis no equivalent of the ~eR exhange diagram, and the relevant 2 � 2 matrix diagonalizing the harginomass matrix does not ontain a reparametrization invariant phase.13



and 1. We took jM1j = 150 GeV, M2 = 300 GeV (so that jM1j and M2 unify at thesale of Grand Uni�ation [1℄), a moderate tan � = 5, m~eL = 500 GeV, and �� = 0 (asindiated by onstraints on the eletri dipole moments of the eletron and neutron [2, 3℄).The default hoies of the other relevant parameters are j�j = 325 GeV, m~eR = 300 GeV,�1 = 0:6� and ps = 2Ebeam = 500 GeV, but one of these parameters is varied in eah ofthe four frames of Fig. 2. Finally, we hose sattering angle os � = 1=p2 ; note that Q06vanishes at os � = 0.The behavior of the urves in Fig. 2 an be understood with the help of the expressionsin Eq. (26). The top{left frame shows the dependene of the four ratios on the phase �1.We see the typial behavior of CP{odd quantities, hanging sign when sin�1 hangessign, although not simple sine funtions. Sine we took j�j to be lose to M2, ~�02 isa strongly mixed state. However, ~�01 is still mostly gaugino{like, so that jZ12j is quitesmall. As a result, inreasing m~eR (top{right frame) redues jQ6j and jQ06j, while a�etingjQ4j and jQ04j very little; reall that the latter two quarti harges reeive the dominantontribution from the interferene of t� and u�hannel ~eL exhange diagrams. Inreasingj�j (bottom{left frame) has the same e�et, as expeted from our earlier observation thatQ6 and Q06 need sizable gaugino{higgsino mixing, while Q4 and Q04 do not. Finally, thebottom{right frame shows that the dependene on the beam energy is relatively mild.Another onlusion from Fig. 2 is that jQ06j is usually the smallest of the four CP{oddquarti harges. The reason is that in this ase t� and u�hannel diagrams tend toanel, whereas they add up in jQ6j. This indiates that measuring the prodution{levelasymmetry will be quite hallenging, as will be disussed in the next Subsetion.6.2 Prodution asymmetriesThe simplest hoie for probing the CP{odd ontribution from Q06 to the prodution rosssetion in Eq. (17) is [8℄ fprod = sign[os� sin(2�)℄ : (34)Instead a partly optimized asymmetry is suggested from the hoiefoptprod = os� sin2�sin(2�) ; (35)where we have set the angle � = 0 for simpliity; nothing is gained by onsidering non-vanishing angles between the transverse e+ and e� polarization vetors. The fators ofsin2� and sin(2�) appear expliitly in the di�erential ross setion in Eq. (17); inlusionof the fator os �, whih stritly speaking violates the onstrution priniple desribedin Se. 5, is neessary in this ase, sine this ontribution to the ross setion hanges signwhen os �!� os �.Here it is appropriate to show that the asymmetries de�ned in Eqs. (30), (34) and(35) are indeed CP{odd. This an most easily be seen by using the so{alled naive or eTtransformation, whih inverts the signs of all three{momenta and spins, but (unlike a trueT{transformation) does not exhange initial and �nal state. In the absene of absorptive14



phasesy a violation of eT invariane is equivalent to CP violation, as long as CPT isonserved (whih is ertainly the ase in the MSSM). Reall that we �xed the +z and +xdiretions via the e� beam and spin diretions, respetively, whih are themselves eT oddquantities.z In this oordinate frame a eT transformation therefore amounts to ippingthe signs of only the y�omponents of all three{momenta and spins. This is equivalent toipping the sign of the azimuthal angle � (as well as that of ��, whih is however irrelevantfor the prodution{level asymmetry), leaving � (and ��) unhanged. Our prodution{level asymmetries are therefore eT odd, whih probe CP{violation if absorptive phases anbe ignored.The e�etive asymmetries resulting from Eqs. (34) and (35) are shown by the (green)dotted and (blak) solid urves, respetively, in three frames in Fig. 3. In these �gures wehave hosen the same default parameters as in Fig. 2, whih ensures that ~�02 ! ~�01Z is theonly possible two{body deay of ~�02.x As noted in Se. 3, in this ase we an measure the~�02 polarization only if the polarization of the Z boson is determined. In partiular, onehas to be able to distinguish between the two transverse polarization states in order toonstrut CP{odd asymmetries involving the Z polarization. Although this measurementis, in priniple, possible for Z ! `+`� deays, the eÆieny is quite low due to its smallbranhing ratio (� 7% after summing over e and � �nal states), and a very poor analyzingpower (from almost purely axial vetor oupling for Z`+`�). Although q�q �nal states havelarger analyzing power, the measurement of the harge is very diÆult. It may be onlypossible to probe the prodution level asymmetry through this deay mode.Unfortunately the event annot be reonstruted in this mode, as noted in Se. 4. Thismeans that we do not know the angles � and � appearing in the de�nitions of Eqs. (34)and (35); the best we an do is to approximate them by the orresponding angles of the Zboson. This leads to the (blue) dashed urves in the frames of Fig. 3 that show e�etiveasymmetries, whih are based on the \optimized" hoie in Eq. (35).The top{left frame shows these asymmetries as funtions of the CP{odd phase �1.We see that the \optimized" e�etive asymmetry exeeds the simple asymmetry based onEq. (34) by typially � 20%, leading to a � 40% redution of the luminosity required toestablish the existene of a non{vanishing asymmetry at a given on�dene level. Unfor-tunately replaing the true prodution angles (� and �) by those of the Z boson reduesthe e�etive asymmetry by a fator of 2.5�3.5. This suppression fator depends on themasses of the two lightest neutralinos, whih in turn depend on �1. In this ase even forthe most favorable hoie of parameters an integrated luminosity of several ab�1 would beneeded to establish a non{vanishing optimized asymmetry at the 1� level, even assuming100% beam polarization! This is well beyond the urrently expeted performane of theinternational linear ollider.yIn the present ontext absorptive phases an only ome from the �nite width in the Z�propagator,whih is entirely negligible for s� m2Z , or from loop orretions.zNote that for � = 0 the initial state is eT self{onjugate in this oordinate frame.xThe e�etive asymmetry onstruted from ~�02 ! ~�01h deays is very similar to that from ~�02 ! ~�01Zdeays; we therefore do not show numerial results for this deay mode.15
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deay produts then fall in a narrow one around the ~�02 diretion, so that the di�erenesbetween the real prodution angles (� and �) and the orresponding angles derived fromthe ight diretion of the Z boson beome small. However, even in this ase 1 ab�1 wouldonly allow to establish an asymmetry with a signi�ane of 3.5 standard deviations atbest, ignoring experimental resolutions and eÆienies, and assuming 100% transversebeam polarization. The bottom{right frame shows that the situation is even worse if themass of the SU(2) singlet seletron ~eR is lose to that of the SU(2) doublet ~eL, whih istaken as 500 GeV in this �gure.The top{right �gure is a reminder that ~�01~�02 prodution an nevertheless provide usefulinformation on the phase �1 [4℄, simply through a measurement of the total produtionross setion, whih inreases by almost a fator of three when �1 is varied from 0 to �;no beam polarization is needed for this measurement. As explained in Refs. [11, 4℄ thisis due to the fat that the prodution ours in a pure P�wave for �1 = 0, but has alarge S�wave omponent for �1 = �. This �gure also shows that, for the hosen set ofparameters, utting against the ZZ bakground as desribed in Se. 4, as well as applyingthe aeptane ut j os�X j � 0:9 (36)for all visible �nal state partiles X (in this ase, the Z boson), only redues the rosssetion by � 15%. The (red) short{dashed urve in the bottom{left frame shows thatthese uts a�et the e�etive asymmetries even less.6.3 Deay asymmetriesWe now turn to the \deay" asymmetries, whih are sensitive to the ~�02 polarization. Wesaw in Se. 3 that these an be only probed through ~�02 ! ~̀�`� deays (ignoring three{body deays, whih will be highly suppressed if any two{body deay is allowed). Thedisussion of Se. 4 showed that in this ase we an reonstrut the event with two{ orfour{fold ambiguity.Equation (21) shows that there are three CP{odd terms in the ~�02 polarization vetor,whih are sensitive to transverse beam polarization. In order to onstrut the orrespond-ing \optimized" asymmetries, we �rst need an expliit expression for the salar produtappearing in Eq. (29). Working in the referene frame where the +x diretion is de�nedby the transverse part of the e� polarization vetor, and using the same set of axes forthe de�nition of the ~�02 deay angles ��;�� in the ~�02 rest frame, we �nd using Eqs. (24)and (25): �!P � k̂�1 = PT [os � sin�� os(� � ��)� sin� sin��℄+PL [sin � sin�� os(� ���) + os � os ��℄+PN sin �� sin(� � ��) ; (37)where we have suppressed the supersript 2 on the omponents of the ~�02 polarizationvetor. This, together with Eqs. (21) and (23), leads to the following hoies for f in17



Eq. (30):� fLN = [sin� sin�� os(�� ��) + os� os ��℄ sin(2�) sin2� ;fTN = [os� sin�� os(�� ��)� sin� sin��℄ sin(2�) sin(2�) ;fNT = [sin�� sin(�� ��)℄ os(2�) sin� : (38)In eah of the three expressions the fator in square brakets omes from Eq. (37), theseond fator from Eq. (21), and the last fator from the expressions for �LN ; �TN and�NT , respetively, in Eq. (23).Similarly, the expression for �21N in Eq. (21) ontains two CP{odd terms that an beprobed with only longitudinal beam polarization, or even with unpolarized beams. Sinethe expressions for �NU and �NL in Eqs. (22) and (23) are idential exept for di�er-ent quarti harges, we an ombine these two terms into the \optimized" longitudinale�etive asymmetry ÂL � Â[fL℄ withfL = [sin�� sin(�� ��)℄ sin� : (39)Note that the four funtions fi de�ned in Eqs. (38) and (39) are all orthogonal to eahother, i.e., the produt of any two di�erent funtions will vanish when integrated over theentire phase spae.Although the three asymmetries de�ned in Eqs. (38) are independent of eah other(probing di�erent �AB), in the ontext of the MSSM they all probe the same quartiharge Q6. If m~�01 and m~�02 are known, one an therefore onstrut a single asymmetry toprobe Q6, alled the total \optimized" transverse deay asymmetry ÂT � Â[fT ℄ withfT = [sin� sin�� os(�� ��) + os � os ��℄ sin(2�) sin2� � �1 + �21 � �22�+ [os � sin�� os(�� ��)� sin � sin��℄ sin(2�) sin(2�) � �2+ [sin�� sin(� ���)℄ os(2�) sin� � 2�2 ; (40)where the �i have been de�ned in Eq. (5). The �rst, seond and third line in Eq. (40)orrespond to the ontributions from �LN ; �TN and �NT , respetively.Finally, we also onsider an e�etive asymmetry based on the measurement of themomentum of the positive lepton `1 oming from the �rst stage of ~�02 deay, de�ned byÂ+1 � Â[f+1 ℄ with f+1 = sin(2�`+1 ) : (41)The advantage of this asymmetry, whih is somewhat similar to the deay asymmetry on-sidered in Ref. [8℄, is that it does not need event reonstrution, as long as the \primary"and \seondary" leptons an be distinguished.As disussed in the previous Subsetion, a CP{odd observable hanges sign when� ! �� and �� ! ���. Evidently the asymmetries de�ned in Eqs. (38) through (41)�Note that the denominator �21U in Eq. (20) anels against the fator �21U from the prodution rosssetion (17) in the �nal result for the ross setion di�erential in prodution and deay angles.18



satisfy this ondition. Due to the sign ip in Eq. (29) all asymmetries disussed in thisSubsetion have opposite signs for ~�02 ! ~̀+R`� and ~�02 ! ~̀�R`+ deays; events of these twokinds should be treated separately. Sine there are equal number of events from these twodeay hains, we an simply fous on events with only positively harged primary leptons.
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in the right �gure we remove events that an be reonstruted asW or ~eR pair bakgroundevents. Also, we apply the aeptane ut in Eq. (36) to both �nal state leptons. Forthe ase at hand these uts only redue the e�etive asymmetries by 10% to 20%. Thishigh ut eÆieny is also due to our hoie of masses, whih implies that the two leptonsin the �nal state have very di�erent energies. In ontrast, both bakground proesseshave idential energy distributions for the two leptons in the �nal state. Signal eventsan be rarely reonstruted as bakground in this senario. As a result we �nd that evenafter uts one would only need an integrated luminosity of � 10 fb�1 to measure a non{vanishing asymmetry at the 3� level. This still assumes 100% beam polarization. Evenfor the more realisti hoie PTP T ' 0:5 one might ahieve 3� signi�ane with � 40fb�1 of data. This integrated luminosity should be ahievable, assuming that transversebeams will be available.Finally, the four �gures in Fig. 5 ompare the simple asymmetry Â+1 of Eq. (41), thetotal optimized transverse deay asymmetry ÂT , and the optimized longitudinal deayasymmetry ÂL. We note that the longitudinal deay asymmetry is usually bigger thanour total optimized transverse asymmetry. At least for probing the CP-violating phase inthe ontext of the MSSM (where �1 is the only relevant phase in the onvention whereM2 is real), therefore, one does not really seem to gain anything by transverse beampolarization. The only exeption is at large energy (bottom{right frame); this is due tothe extra fator m~�01=ps appearing in the expressions for �NU in Eq. (22), and �NL inEq. (23), whih determine the size of ÂL.The upper right panel shows a quite ompliated dependene of the e�etive asym-metries on m~eR. For intermediate ~eR masses both �nal{state leptons in signal events anhave similar energies. As a result one often has four solutions for the event reonstru-tion. In this ase one annot identify the \primary" lepton used in Eq. (41). We havedealt with this by simply disarding events with four solutions, sine averaging over allfour solutions would dilute the asymmetries a lot. Unfortunately this redues the rosssetion signi�antly. At the same time ~eR pair events beome more similar to our ~�01~�02events, sine, as we just mentioned, the signal now has similar distributions for both �nal`� energies. Hene the ut against seletron pair prodution removes more signal eventsin the present ase. As a result, the omplete set of uts redues the total ross setionby up to a fator of 5, the worst ase being m~eR ' 195 GeV. Note that the di�erentasymmetries are not equally sensitive to these uts. The total \optimized" transversedeay asymmetry ÂT is redued by at worst a fator of 2, whereas the simple asymmetryÂ+1 an go down by a fator of 4. The reason for this is that the ut eÆieny depends onthe same prodution and deay angles that appear in the de�nitions of our asymmetries.The lower left panel inludes the longitudinal deay asymmetry ÂL for two di�erenthoies of longitudinal e� beam polarization. In both ases we take opposite polarizationfor the e+ and e� beams, sine we are dealing with hiral ouplings, see Eq.(11). Usuallytaking a right{handed eletron beam is most advantageous, sine it maximizes the ~eRexhange ontribution; note that the ~eR oupling to Binos, whih is needed to probe theCP{odd phase �1, is two times larger than that of ~eL. However, for very large j�j this20
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In the ase of longitudinal beams one an then suppress the W or ~eR pair bakground(but not both), by appropriate hoie of polarization. However, in pratie the beampolarization will be signi�antly smaller than this; we therefore left the uts against bothbakgrounds in plae. We also note that longitudinal beam polarization an inrease ÂLsigni�antly, although the very small size of this e�etive asymmetry for our \default"parameters and transversely polarized beams (top left frame) is learly aidental.Last but not least, we have heked numerially the e�et of varying the left{handedseletron mass m~eL on the CP{odd asymmetries. The transverse deay asymmetries, withtransversely polarized beams, are sensitive to the mass; in fat, they get a bit bigger withsmaller mass values. Nevertheless, we have noted that the longitudinal asymmetry forunpolarized beams beomes muh bigger when the left{handed seletron mass is redued.For example, taking parameters as in the top{left frame in Fig. 5, exept for a reduedm~eL = 250 GeV, the maximal value of jÂT j after uts inreases to about 1.2 fb�1=2, whereasthe maximumof jÂLj reahes about 2.2 fb�1=2. We emphasize that we do not atually needany beam polarization to probe this asymmetry, although it an be inreased signi�antlyby using longitudinal polarized beams; for redued ~eL mass, taking left{handed e� andright{handed e+ beams is often optimal. Therefore, reduing the left{handed seletronmass does not a�et the ordering of AT and AL, i.e. the inequalityAL > AT (for optimizedhoie of longitudinal beam polarization.)7 Summary and ConlusionsIn this paper we studied the prodution of neutralino pairs at future linear e+e� olliders,with subsequent two{body deays of the heavier neutralinos. We found that deays ofthe type ~�0i ! ~�0j(h;Z) are not sensitive to the ~�0i polarization, unless one an measurethe polarization of the Z�boson (or that of the �nal{state neutralino ~�0j ). These deaysan therefore only be used to probe CP violation in neutralino prodution. Unfortunatelythe orresponding CP{odd term su�ers from anelations between t� and u�hanneldiagrams, and is nonzero only in the presene of higgsino{gaugino mixing. As a result,measuring this asymmetry, whih an be done only with transversely polarized e� beams,will be very diÆult, if not impossible, with the urrently foreseen linear ollider perfor-mane.In ontrast, ~�0i deays into a slepton plus a lepton allows to probe the ~�0i polariza-tion state, thereby opening up the possibility to onstrut several deay asymmetries.Moreover, this deay, followed by subsequent ~̀! `~�01 deays, allows to reonstrut eventhe simplest neutralino pair events, ~�02~�01 prodution with invisible (e.g., stable) ~�01, withtwo{ or four{fold ambiguity. Under favorable irumstanes experiments at a olliderwith (suÆiently strongly) transversely polarized beams should then be able to determinenon{vanishing asymmetries with high statistial signi�ane. However, even in this asea di�erent asymmetry, whih does not depend on transverse beam polarization (but anbe maximized using longitudinal beam polarization), is generally larger in size than even22



the best of the transverse deay asymmetries we studied. We saw in Fig. 5 that this istrue both for gaugino{ and higgsino{like ~�02. It also remains true when we vary the ratiojM1j=M2, in partiular for jM1j > M2. However, if jM1j � M2; j�j, or if both produedneutralinos are higgsino{like, all CP{odd asymmetries beome small. Reall that in theMSSM all these asymmetries essentially result from a single (potentially large) phase,assoiated with the U(1) gaugino mass (in the onvention where the SU(2) gaugino massis real and positive).We therefore onlude that, at least in the ontext of neutralino prodution in theMSSM, transverse beam polarization is not partiularly useful in probing expliit CPviolation. One the relevant masses have been determined, the most sensitive probe ofthe relevant CP{odd phases remains the total ross setion [4℄, although it is a CP{evenobservable. If this measurement indiates that some phase di�ers from 0 or �, one needsto see expliit CP violation, in order to onvine oneself that the variation of the rosssetion is indeed due to a phase, rather than due to some extension of the MSSM. However,as noted above, this an be most easily aomplished by using longitudinal, rather thantransverse, beam polarization.The situation might be di�erent in extensions of the MSSM, however. Whenever thequarti harges Q6 and Q06 de�ned in Se. 2.2 ontain (ombinations of) phases that areindependent of those in Q4 and Q04, the option of transverse beam polarization might bevery useful for determining these phases. In the NMSSM, for example, the neutralino massmatrix ontains additional CP{odd phases assoiated with the singlino setor, whih anbe large. A dediated analysis along the lines presented in this paper would be required todeide whether transverse beam polarization ould be helpful in disentangling this moreompliated neutralino setor.AknowledgmentsWe thank Saurabh Rindani for disussions that triggered this investigation, and Peter Zer-was for disussions and suggestions. The work of JS was supported by the Korea ResearhFoundation Grant (KRF-2005-070-C00030). The work of SYC was supported partially bythe Korea Researh Foundation Grant (KRF{2004{041{C00081) and by KOSEF throughCHEP at Kyungpook National University. MD thanks the Center for Theoretial Physisat Seoul National University, as well as the partile theory group at the University ofHawaii at Manoa, for hospitality.Referenes[1℄ M. Drees, R.M. Godbole and P. Roy, Theory and Phenomenology of Spartiles, WorldSienti� (Singapore, 2004); D.J.H. Chung, L.L. Everett, G.L. Kane, S.F. King, J.Lykken and L.T. Wang, Phys. Rep. 407, 1 (2005).23



[2℄ J.R. Ellis, S. Ferrara and D.V. Nanopoulos, Phys. Lett. B 114, 231 (1982); F. delAguila, M.B. Gavela, J.A. Grifols and A. Mendez, Phys. Lett. B 126, 71 (1983),Erratum-ibid. B 129, 473 (1983).[3℄ T. Ibrahim and P. Nath, Phys. Lett. B 418, 98 (1998); Phys. Rev. D 57, 478(1998); D 58, 019901 (1998) (E); ibid, 111301 (1998); ibid. D 61, 095008 (2000),hep{ph/9907555; M. Brhlik, G.J. Good and G.L. Kane, Phys. Rev. D 59, 115004(1999), hep{ph/9810457; M. Brhlik, L.L. Everett, G.L. Kane and J.D. Lykken, Phys.Rev. Lett. 83, 2124 (1999), hep{ph/9905215.[4℄ S.Y. Choi, M. Drees and B. Gaissmaier, Phys. Rev. D 70, 014010 (2004), hep{ph/0403054.[5℄ S.T. Petov, Phys. Lett. B 178, 57 (1986); Y. Kizukuri and N. Oshimo, Phys. Lett.B 249 (1990) 449; V. Barger, T. Han, T. Li and T. Plehn, Phys. Lett. B 475,342 (2000), hep{ph/9907425; V.D. Barger, T. Falk, T. Han, J. Jiang, T. Li and T.Plehn, Phys. Rev. D 64, 056007 (2001), hep{ph/0101106; J. Kalinowski, Ata Phys.Polon. B 34, 3441 (2003), hep{ph/0306272; A. Bartl, H. Fraas, O. Kittel and W.Majerotto, Phys. Rev. D 69, 035007 (2004), hep{ph/0308141, and Eur. Phys. J. C36, 233 (2004), hep{ph/0402016; A. Bartl, H. Fraas, S. Hesselbah, K. Hohenwarter{Sodek and G. Moortgat{Pik, JHEP 0408, 038 (2004), hep{ph/0406190; S.Y. Choi,Phys. Rev. D 69, 096003 (2004), hep{ph/0308060.[6℄ S.Y. Choi, H.S. Song and W.Y. Song, Phys. Rev. D 61, 075004 (2000), hep{ph/9907474.[7℄ A. Bartl, T. Kernreiter and O. Kittel, Phys. Lett. B 578, 341 (2004), hep{ph/0309340; S.Y. Choi, M. Drees, B. Gaissmaier and J. Song, Phys. Rev. D69,035008 (2004), hep{ph/0310284.[8℄ A. Bartl, H. Fraas, S. Hesselbah, K. Hohenwarter-Sodek, T. Kernreiter and G.Moortgat-Pik, hep{ph/0510029.[9℄ J.R. Ellis, J.M. Fr�ere, J.S. Hagelin, G.L. Kane and S.T. Petov, Phys. Lett. B 132,436 (1983); V. Barger, R.W. Robinett, W.Y. Keung and R.J.N. Phillips, Phys. Lett.B 131, 372 (1983); A. Bartl, H. Fraas and W. Majerotto, Nul. Phys. B 278, 1(1986), and Z. Phys. C 30, 441 (1986); G. Moortgat{Pik and H. Fraas, Phys. Rev.D 59, 015016 (1999), hep{ph/9708481℄; G. Moortgat{Pik, H. Fraas, A. Bartl andW. Majerotto, Eur. Phys. J. C 9, 521 (1999), Erratum-ibid. C 9, 549 (1999), hep{ph/9903220; G. Moortgat-Pik, A. Bartl, H. Fraas and W. Majerotto, Eur. Phys. J.C 18, 379 (2000), hep{ph/0007222.[10℄ T. Tsukamoto, K. Fujii, H. Murayama, M. Yamaguhi and Y. Okada, Phys. Rev. D51, 3153 (1995); J.L. Feng, M.E. Peskin, H. Murayama and X. Tata, Phys. Rev. D52, 1418 (1995), hep{ph/9502260: H. Baer, R. Munroe and X. Tata, Phys. Rev. D54, 6735 (1996), Erratum-ibid. D 56, 4424 (1997), hep{ph/9606325; J.L. Kneur and24



G. Moultaka, Phys. Rev. D 59, 015005 (1999), hep{ph/9807336, and Phys. Rev. D61, 095003 (2000), hep{ph/9907360; G.A. Blair, W. Porod and P.M. Zerwas, Phys.Rev. D63, 017703 (2001), hep{ph/0007107.[11℄ S.Y. Choi, J. Kalinowski, G. Moortgat-Pik and P.M. Zerwas, Eur. Phys. J. C 22,563 (2001); ibid. C 23, 769 (2002).[12℄ D. Piere and A. Papadopoulos, Phys. Rev. D 50, 565 (1994), hep{ph/9312248, andNul. Phys. B 430, 278 (1994), hep{ph/9403240; A.B. Lahanas, K. Tamvakis andN.D. Traas, Phys. Lett. B 324, 387 (1994), hep{ph/9312251; H. Eberl, M. Kinel,W. Majerotto and Y. Yamada, Phys. Rev. D 64, 115013 (2001), hep{ph/0104109;T. Fritzshe and W. Hollik, Eur. Phys. J. C 24, 619 (2002), hep{ph/0203159; W.Oller, H. Eberl, W. Majerotto and C. Weber, Eur. Phys. J. C 29, 563 (2003), hep{ph/0304006; W. Oller, H. Eberl and W. Majerotto, Phys. Lett. B 590, 273 (2004),hep{ph/0402134.[13℄ K. Hagiwara and D. Zeppenfeld, Nul. Phys. B 274, 1 (1986); G.A. Ladinsky, Phys.Rev. D 46, 2922 (1992).[14℄ J.F. Gunion and H.E. Haber, Phys. Rev. D 37, 2515 (1988); S.Y. Choi and Y.G.Kim, Phys. Rev. D 69, 015011 (2004).[15℄ A. Djouadi, M. Drees and J.-L. Kneur, JHEP 0108, 055 (2001), hep{ph/0107316.[16℄ D. Atwood and A. Soni, Phys. Rev. D 45, 2405 (1992); M. Diehl and O. Nahtmann,Z. Phys. C 62, 397 (1994); M. Davier, L. Duot, F. Le Dieberder and A. Roug�e,Phys. Lett. B 306, 411 (1993); J.F. Gunion, B. Grzadkowski and X.-G. He, Phys.Rev. Lett. 77, 5172 (1996).[17℄ A. Bartl, K. Hohenwarter{Sodek, T. Kernreiter and H. Rud, Eur. Phys. J. C 36, 515(2004), hep{ph/0403265.
25


