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SUPERSYMMETRY SEARCHES AT e+e�LINEAR COLLIDERS�J. KalinowskiInstitute of Theoreti
al Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Re
eived April 2, 1999)The physi
s potential of dis
overing and exploring supersymmetry atfuture e+e� linear 
olliders is reviewed. Su
h 
olliders are planned to startto operate at a 
enter-of-mass energy of 500 GeV to 800 GeV, with a �nalenergy of about 2 TeV expe
ted. They are ideal fa
ilities for the dis
overy ofsupersymmetri
 parti
les. High pre
ision measurements of their propertiesand intera
tions will help to un
over the me
hanism of supersymmetrybreaking and will allow for tests of grand uni�
ation s
enarios.PACS numbers: 12.60.Jv, 14.80.Ly, 13.88.+e, 13.10.+q1. Introdu
tionThe Standard Model is ex
eedingly su

essful in des
ribing leptons,quarks and their intera
tions. Nevertheless, the Standard Model (SM) isnot 
onsidered as the ultimate theory sin
e neither the fundamental param-eters, masses and 
ouplings, nor the symmetry pattern are predi
ted. Theseelements are merely built into the model. Likewise, the spontaneous ele
-troweak symmetry breaking is simply parametrized by a single Higgs doublet�eld.Even though many aspe
ts of the Standard Model are experimentallysupported to a very high a

ura
y [1℄, the embedding of the model into amore general framework is to be expe
ted. The argument is 
losely relatedto the me
hanism of the ele
troweak symmetry breaking. If the Higgs bosonis light, the Standard Model 
an naturally be embedded in a grand uni-�ed theory. The large energy gap between the low ele
troweak s
ale andthe high grand uni�
ation s
ale 
an be stabilized by supersymmetry. Super-symmetry [2℄ a
tually provides the link between the experimentally explored� Presented at the Cra
ow Epiphany Conferen
e on Ele
tron�Positron Colliders,Cra
ow, Poland, January 5�10, 1999.(1921)
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tions at ele
troweak energy s
ales and physi
s at s
ales 
lose to thePlan
k s
ale where the gravity is important. If the Higgs boson is veryheavy, or if no fundamental Higgs boson exists, new strong intera
tions be-tween the massive ele
troweak gauge bosons are predi
ted by unitarity atthe TeV s
ale. With possibly many more new layers of matter before thePlan
k s
ale is rea
hed, no dire
t link between ele
troweak and Plan
k s
alesin su
h a s
enario is expe
ted at present. In either 
ase, the next generationof a

elerators whi
h will operate in the TeV energy range 
an un
over thestru
ture of physi
s beyond the Standard Model.Despite the la
k of dire
t experimental eviden
e1 for supersymmetry(SUSY), the 
on
ept of symmetry between bosons and fermions has so manyattra
tive features that the supersymmetri
 extension of the Standard Modelis widely 
onsidered as a most natural s
enario. SUSY ensures the 
an
ella-tion of quadrati
ally divergent quantum 
orre
tions from s
alar and fermionloops and thus the Higgs boson mass 
an be kept in the desired range of order102 GeV, whi
h is preferred by pre
ision tests of the SM. The predi
tion ofthe renormalized ele
troweak mixing angle sin2 �W , based on the spe
trum ofthe Minimal Supersymmetri
 Standard Model (MSSM), is in striking agree-ment with the measured value. Last but not least, supersymmetry providesthe opportunity to generate the ele
troweak symmetry breaking radiatively.In the next se
tion the silent features of supersymmetri
 models arebrie�y summarized. We will stress the importan
e of determining experi-mentally all SUSY parameters in a model independent way. For this purposethe e+e� linear 
olliders (LC) [4℄ are indispensable tools. It is illustrated inthe next 
hapter where some of the re
ently developed strategies to �mea-sure� SUSY parameters in the gaugino and sfermion se
tors are dis
ussed.For a dis
ussion of the SUSY Higgs se
tor we refer to [5℄.2. Low-energy MSSMSupersymmetry predi
ts the quarks and leptons to have s
alar partners,
alled squarks and sleptons, the gauge bosons to have fermioni
 partners,
alled gauginos. In the MSSM [6℄ two Higgs doublets with opposite hyper-
harges, and with their superpartners � higgsinos � are required to givemasses to the up and down type fermions and to ensure anomaly 
an
ella-tion. Thus the parti
le 
ontent of the MSSM is given by(la; �a)L l
aL (ua; da)L u
aL d
aL 
 W� Z0 gi H1 H2(~la; ~�a)L ~l
aL (~ua; ~da)L ~u
aL ~d
aL ~
 ~W� ~Z0 ~gi ~H1 ~H21 The status of low-energy supersummetry is dis
ussed by Pokorski [3℄.



Supersymmetry Sear
hes at e+e� Linear Colliders 1923where the �rst row lists the (left-handed) fermion �elds of one generation(a=1�3), the gauge �elds (for gluons i=1�8) and two Higgs doublets, and these
ond row � their superpartners. The higgsinos and ele
troweak gauginosmix; the mass eigenstates are 
alled 
harginos and neutralinos for ele
tri-
ally 
harged and neutral states, respe
tively. The MSSM is de�ned by thesuperpotentialW = Y eabL̂aĤ1Ê
b + Y dabQ̂aĤ1D̂
b + Y uabQ̂aĤ2Û 
b � �Ĥ1Ĥ2 ; (1)where standard notation is used for the super�elds of left-handed doubletsof (s)leptons (L̂a) and (s)quarks (Q̂a), the right-handed singlets of 
harged(s)leptons (Êa), up- (Ûa) and down-type (s)quarks (D̂a), and for the Higgsdoublet super�elds whi
h 
ouple to the down (Ĥ1) and up quarks (Ĥ2);the indi
es a; b denote the generations and a summation is understood, Y fabare Yukawa 
ouplings and � is the Higgs mixing mass parameter. The Wrespe
ts a dis
rete multipli
ative symmetry under R-parity, de�ned as Rp =(�1)3B+L+2S , where B, L and S denote the baryon and lepton number,and the spin of the parti
le. The Rp 
onservation implies that the lightestsupersymmetri
 parti
le (LSP � preferably the lightest neutralino) is stableand superpartners 
an be produ
ed only in pairs in 
ollisions and de
ays ofparti
les.If realized in Nature, supersymmetry must be broken at low energy sin
eno superpartners of ordinary parti
les have been observed so far. It is te
h-ni
ally a
hieved [7℄ by introdu
ing the soft�supersymmetry breaking(i) gaugino mass terms for bino ~B, wino ~W i [i=1-3℄ and gluino ~gi [i=1-8℄12M1 ~B ~B + 12M2 ~W i ~W i + 12M3 ~gi ~gi ; (2)(ii) trilinear 
ouplings (generation indi
es are understood)AuH2 ~Q~u
 +AdH1 ~Q ~d
 +AlH1 ~L~l
 � �BH1H2 ; (3)(iii) and squark and slepton mass termsm2~Q[~u�L~uL + ~d�L ~dL℄ +m2~u~u�R~uR +m2~d ~d�R ~dR + � � � ; (4)where the ellipses stand for the soft mass terms for sleptons and Higgsbosons.The more than doubling the spe
trum of states in the MSSM togetherwith the ne
essity of in
luding the SUSY breaking terms gives rise to a large



1924 J. Kalinowskinumber of parameters. Even with the R-parity 
onserving and CP-invariantSUSY se
tor, whi
h we will assume in what follows, in total more than 100new parameters are introdu
ed! This number of parameters 
an be redu
edby additional physi
al assumptions. The most radi
al redu
tion is a
hievedin the so 
alled mSUGRA, by embedding the low�energy supersymmetri
theory into a grand uni�ed (SUSY-GUT) framework by requiring at theGUT s
ale MG:(i) the uni�
ation of the U(1), SU(2) and SU(3) 
oupling 
onstants�3(MG) = �2(MG) = �1(MG) = �G; (5)(ii) a 
ommon gaugino mass m1=2. The gaugino masses Mi at the ele
-troweak s
ale are then related through renormalization group equa-tions (RGEs) to the gauge 
ouplingsMi = �i(MZ)�G m1=2; (6)(iii) a universal trilinear 
oupling AGAG = Au(MG) = Ad(MG) = Al(MG); (7)(iv) a universal s
alar mass m0m0 = m ~Q = m~u = m ~d = � � � ; (8)(v) radiative breaking of the ele
troweak symmetry.The last requirement allows to solve for B and � (to within a sign) on
ethe values of the GUT parameters m1=2, m0, AG as well as the ratio ofthe va
uum expe
tation values of the �elds H02 and H01 , tan� = v2=v1, are�xed. As a result, the mSUGRA is fully spe
i�ed by m1=2, m0, AG, tan�and sign(�) � the 
ouplings, masses and mixings at the ele
troweak s
aleare determined by the RGEs [8℄.From the experimental point of view, however, all low-energy parametersshould be measured independently of any theoreti
al assumptions. Thereforethe experimental program to sear
h for and explore SUSY at present andfuture 
olliders should in
lude the following points:(a) dis
over supersymmetri
 parti
les and measure their quantum num-bers to prove that they are the superpartners of standard parti
les,



Supersymmetry Sear
hes at e+e� Linear Colliders 1925(b) determine the low-energy Lagrangian parameters,(
) verify the relations among them in order to distinguish between variousSUSY models.If SUSY is at work it will be a matter of days for the LC to dis
over the kine-mati
ally a

essible supersymmetri
 parti
les. On
e they are dis
overed, thepriority will be to measure the low-energy SUSY parameters independentlyof theoreti
al prejudi
es and then 
he
k whether the 
orrelations among pa-rameters, if any, support a given theoreti
al framework, like SUSY-GUTrelations. A 
lear strategy is needed to deal with so many a prori arbi-trary parameters. One should realize, that the low-energy parameters areof two distin
t 
ategories. The �rst one in
ludes all the gauge and Yukawa
ouplings and the Higgs mixing mass parameter �. They are related byexa
t supersymmetry whi
h is 
ru
ial for the 
an
ellation of quadrati
 di-vergen
ies. For example, at tree-level the qqZ, ~q~qZ gauge and q~q ~Z Yukawa
ouplings have to be equal. The relations among these parameters (with 
al-
ulable radiative 
orre
tions) have to be 
on�rmed experimentally; if not �the supersymmetry is ex
luded. The se
ond 
ategory en
ompasses all softsupersymmetry breaking parameters: Higgs, gaugino and sfermion massesand mixings, and trilinear 
ouplings. They are soft in the sense that theydo not reintrodu
e dangerous quadrati
 divergen
ies. Ea
h one should bemeasured independently by experiment to shed light on the me
hanism ofsupersymmetry breaking.Parti
ularly in this respe
t (points (b) and (
) above) the e+e� linear
olliders are invaluable. An intense a
tivity during last de
ade in Europe,the USA and Japan on physi
s at a linear e+e� 
ollider [9℄ has 
onvin
inglydemonstrated the advantages and bene�ts of su
h a ma
hine and its 
omple-mentarity to the Large Hadron Collider (LHC). Many studies have shownthat the LHC 
an 
over a mass range for SUSY parti
les up to � 2 TeV, inparti
ular for squarks and gluinos [10℄. The problem however is that manydi�erent sparti
les will be a

essed at on
e with the heavier ones 
as
adinginto the lighter whi
h will in turn 
as
ade further leading to a 
ompli
atedpi
ture. Simulations for the extra
tion of parameters have been attemptedfor the LHC [10℄ and demonstrated that some of them 
an be extra
tedwith a good pre
ision. However it must be stressed that these 
he
ks weredone with the assumption of an underlying model, like mSUGRA and it hasnot been demonstrated so far that the same 
an be a
hieved in a modelindependent way.From the pra
ti
al point of view it is very important that the energyof the e+e� ma
hine 
an be optimized so that only very few thresholds are
rossed at a time. Another important feature is the availability of beampolarization as well as a possibility of running in e�e� [11℄ or in e
 and
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 [12℄ modes. Making judi
ious 
hoi
es of these features, the 
onfusingmixing of many �nal states, unavoidable at the LHC, with the 
as
ade de
aysmight be avoided and analyses restri
ted to a spe
i�
 subset of pro
essesperformed. The measurements that 
an be performed in the Higgs se
torare dis
ussed in the talk by Zerwas [5℄. Here I will dis
uss some methodsof extra
ting SUSY parameters from the gaugino (
hargino/neutralino) andsfermion se
tors. In 
ontrast to many earlier analyses [13℄, we will notelaborate on global �ts but rather we will dis
uss attempts at �measuring�the fundamental parameters. Su
h attempts generi
ally involve two steps:A: from the observed quantities: 
ross se
tions, asymmetries et
.=) determine the physi
al parameters: the masses, mixings and 
ou-plings of sparti
lesB: from the physi
al parameters=) extra
t the Lagrangian parameters: Mi, �, tan �, Au, m ~Q et
.Ea
h step 
an su�er from both experimental problems and theoreti
al am-biguities. Con
entrating �rst on the theoreti
al ones, re
ently these twosteps have been fully realized for the 
hargino se
tor [14℄ and the work onexploiting the neutralinos is in progress [15℄. Similar strategies have beendeveloped for sleptons and squarks [16,17℄. An alternative approa
h for thestep B, based only on the masses of some of the 
harginos and neutralinos,
an be found in [18℄.3. Determining the Lagrangian parameters3.1. Charginos: extra
ting tan �, M2 and �The spin�1/2 superpartners of the W boson and 
harged Higgs boson,~W� and ~H�, mix to form 
hargino mass eigenstates ~��1;2. Their massesm~��1;2 and the mixing angles �L; �R are determined by the elements of the
hargino mass matrix in the ( ~W�; ~H�) basis [6℄MC = � M2 p2mW 
�p2mW s� � � (9)whi
h is given in terms of fundamental parameters: M2, �, and tan� =v2=v1; s� = sin�, 
� = 
os �. As outlined above, we will dis
uss �rst howto determine the 
hargino masses and mixing angles [step A℄ and then thepro
edure of extra
ting M2, �, and tan� = v2=v1 [step B℄.Charginos are produ
ed in e+e� 
ollisions, either in diagonal or in mixedpairs e+e� ! ~�+i ~��j :



Supersymmetry Sear
hes at e+e� Linear Colliders 1927With the se
ond 
hargino ~��2 expe
ted to be signi�
antly heavier than the�rst one, at LEP2 or even in the �rst phase of e+e� linear 
olliders, the
hargino ~��1 may be, for some time, the only 
hargino state that 
an bestudied experimentally in detail. Therefore, we 
on
entrate on the diagonalpair produ
tion of the lightest 
hargino ~�+1 ~��1 in e+e� 
ollisions. Next,assuming an upgrade in energy, we 
onsider additional informations availablefrom ~��1 ~��2 and ~�+2 ~��2 produ
tion pro
esses.Two di�erent matri
es a
ting on the left- and right-
hiral ( ~W; ~H) statesare needed to diagonalize the asymmetri
 mass matrix (9). The two (posi-tive) eigenvalues are given bym2~��1;2 = 12 �M22 + �2 + 2m2W ��� ; (10)where � = �(M22 + �2 + 2m2W )2 � 4(M2��m2W sin 2�)2�1=2 : (11)The left- and right-
hiral 
omponents of the mass eigenstate ~��1 are relatedto the wino and higgsino 
omponents in the following way,~��1L = ~W�L 
os�L + ~H�1L sin�L ;~��1R = ~W�R 
os�R + ~H�2R sin�R (12)with the rotation angles given by
os 2�L = �(M22 � �2 � 2m2W 
os 2�)=� ;sin 2�L = �2p2mW (M2 
os � + � sin�)=� ;
os 2�R = �(M22 � �2 + 2m2W 
os 2�)=� ;sin 2�R = �2p2mW (M2 sin� + � 
os �)=� : (13)As usual, we take tan � positive, M2 positive and � of either sign.Light 
harginos are produ
ed in pairs in e+e� 
ollisions through s-
han-nel 
 and Z, and t-
hannel sneutrino ex
hange. The produ
tion 
ross se
tionwill thus depend on the 
hargino mass m~��1 , the sneutrino mass m~� andthe mixing angles, Eq. (13), whi
h determine the 
ouplings of the 
harginostates to the Z and the sneutrino. The unpolarized total 
ross se
tion form~��1 = 95 GeV is illustrated in Fig. 1 for representative 
ases of dominanthiggsino, gaugino or mixed 
ontent of the lightest 
hargino state. The sharprise near threshold should allow a pre
ise determination of the 
harginomass. The sensitivity to the sneutrino mass with the typi
al destru
tiveinterferen
e in the gaugino and mixed 
ases ne
essitates the knowledge ofthis parameter [19℄.
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Fig. 1. Total 
ross se
tion for the 
hargino pair produ
tion for a representative set ofM2; �: solid line for the gaugino 
ase, dashed line for the higgsino 
ase, dot-dashedline for the mixed 
ase. In the left panel m~� = 200 GeV. (Taken from [14℄.)Charginos are not stable and ea
h will de
ay dire
tly to a pair of mat-ter fermions (leptons or quarks) and the (stable) lightest neutralino ~�01.The de
ay pro
eeds through the ex
hange of a W boson (
harged Higgsex
hange is suppressed for light fermions) or s
alar partners of leptonsor quarks. The de
ay matrix elements will depend on further parame-ters like the s
alar masses and 
ouplings to the neutralino. In addition,the presen
e of two invisible neutralinos in the �nal state of the pro
ess,e+e� ! ~�+1 ~��1 ! ~�01 ~�01(f1 �f2)( �f3f4), makes it impossible to measure di-re
tly the 
hargino produ
tion angle � in the laboratory frame. Integratingover this angle and also over the invariant masses of the fermioni
 systems(f1 �f2) and ( �f3f4), one 
an write the di�erential 
ross se
tion in the followingform:d4�(e+e� ! ~�01 ~�01(f1 �f2)( �f3f4))d 
os ��d��d 
os ���d��� = �2�124�sB �B�(��; ��; ���; ���) ; (14)where � is the �ne stru
ture 
onstant, � the velo
ity of the 
hargino in the
.m. frame. For the ~��1 de
ay we have B = Br(~��1 ! ~�01f1 �f2), �� is thepolar angle of the f1 �f2 system in the ~��1 rest frame with respe
t to the
hargino's �ight dire
tion in the lab frame, and �� is the azimuthal anglewith respe
t to the produ
tion plane; quantities with a bar refer to the ~�+1de
ay. The di�erential 
ross se
tion �(��; ��; ���; ���) is expressed in terms ofsixteen independent angular 
ombinations of heli
ity produ
tion amplitudes� = �unpol + � 
os ��P + �� 
os ��� �P + 
os �� 
os ������Q+sin �� sin ��� 
os(�� + ���)���Y + : : : (15)



Supersymmetry Sear
hes at e+e� Linear Colliders 1929Out of the sixteen terms, 
orresponding to the unpolarized, 2�3 polarization
omponents and 3�3 spin�spin 
orrelations in the produ
tion pro
ess, only7 are independent (negle
ting small e�e
ts from the Z-boson width andloop 
orre
tions) and � = ��� in the CP-invariant theory. The polarization
omponent P 
oming from the ~��1 system, for example, readsP = 14 Z d 
os�X�=� �jA�;++j2 + jA�;+�j2 � jA�;�+j2 � jA�;��j2� ; (16)where 2��A�;��0 is the heli
ity amplitude with �;��0 denoting the heli
itiesof the ele
tron and ~��1 ~�+1 pair, respe
tively. All the 
ompli
ted dependen
eon the 
hargino de
ay dynami
s (neutralino and sfermion masses and their
ouplings) is 
ontained in the spin analysis-powers � and ��.The 
ru
ial observation of [14℄ is that all expli
itly written terms inEq. (3.1) 
an be extra
ted and three �-independent physi
al observables,�unpol;P2=Q and P2=Y, 
onstru
ted. Indeed, it is possible by means ofkinemati
al proje
tions, sin
e 
os ��; 
os ��� and sin �� sin ��� 
os(�� + ���) arefully determined by the measurable parameters E; j~pj (the energy and mo-mentum of ea
h of the de
ay systems fi �fj in the laboratory frame) and the
hargino mass. As a result, the 
hargino properties 
an be determined inde-pendently of the other se
tors of the model2. The measurements of the 
rossse
tion and either of the ratios P2=Q or P2=Y 
an be interpreted as 
ontourlines in the plane f
os 2�L; 
os 2�Rg whi
h interse
t with large angles so thata high pre
ision in the resolution 
an be a
hieved. A representative examplefor the determination of 
os 2�L and 
os 2�R is shown in Fig. 2. The mass ofthe light 
hargino is set to m~��1 = 95 GeV, and the �measured� 
ross se
tion,P2=Q and P2=Y at ps = 500 GeV are taken to be�(e+e� ! ~�+1 ~��1 ) = 0:37 pb; P2=Q = �0:24; P2=Y = �3:66 (17)in the left panel of Fig. 2. The three 
ontour lines meet at a single pointf
os 2�L; 
os 2�Rg = f�0:8;�0:5g. The sneutrino mass is set to m~� =250 GeV. Note that the m~� 
an be determined together with the mixingangles by requiring a 
onsistent solution from the �measured quantities� �,P2=Q and P2=Y at several values of in
oming energy, as exempli�ed in bothpanels of Fig. 2 for ps = 500 and 300 GeV.If polarized beams are available, the left-right asymmetry ALR 
an pro-vide an alternative way to extra
t the mixing angles (or serve as a 
onsis-ten
y 
he
k). This is also demonstrated in Fig. 2, where 
ontour lines for2 A
tually to determine the kinemati
al variables, 
os �� et
., the knowledge of m~�01is also needed, whi
h 
an be extra
ted from the energy distributions of �nal stateparti
les, see later. However, it must be stressed that the above pro
edure does notdepend on the details of de
ay dynami
s nor on the stru
ture of (potentially more
omplex) neutralino and sfermion se
tors.
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Fig. 2. Contours for the �measured values� of the total 
ross se
tion (solid line),P2=Q, and P2=Y (dot-dashed line) for m~��1 = 95 GeV [m~� = 250 GeV℄. Su-perimposed are 
ontour lines (solid, almost verti
al lines) for the �measured� LRasymmetry.the �measured� values of ALR are also shown. Moreover, with right-handedele
tron beams one 
an turn o� the sneutrino ex
hange in the produ
tionpro
ess and sin
e at high energy the 
 and Z �demix� ba
k to the W 03 andB0 gauge bosons, only the higgsino 
omponent of the 
hargino is sele
ted.Thus the polarization alone will give us the 
omposition of 
harginos. Inshort, the step A 
an be fully realized for the lightest 
harginos.Let us now dis
uss the step B and des
ribe brie�y how to determine theLagrangian parameters M2; � and tan� from m~��1 , 
os 2�L and 
os 2�R. Itis most transparently a
hieved by introdu
ing the two triangular quantitiesp = 
ot(�R � �L) and q = 
ot(�R + �L) : (18)They are expressed in terms of the measured values 
os 2�L and 
os 2�R upto a dis
rete ambiguity due to undetermined signs of sin 2�L and sin 2�Rp2 + q2 = 2(sin2 2�L + sin2 2�R)(
os 2�L � 
os 2�R)2 ;pq = 
os 2�L + 
os 2�R
os 2�L � 
os 2�R ;p2 � q2 = 4 sin 2�L sin 2�R(
os 2�L � 
os 2�R)2 : (19)Solving then Eqs (13) for tan � one �nds at most two possible solutions, and



Supersymmetry Sear
hes at e+e� Linear Colliders 1931using M2 = mW [(p+ q)s� � (p� q)
� ℄=p2 ;� = mW [(p� q)s� � (p+ q)
� ℄=p2 ; (20)we arrive at tan�, M2 and � up to a two-fold ambiguity. For example,taking the �measured values� from Eq. (17), the following results are foundin [14℄ [tan�;M2; �℄ = 8<: [1:06; 83GeV; �59GeV℄[3:33; 248GeV; 123GeV℄ : (21)To summarize, from the lightest 
hargino pair produ
tion, the measurementsof the total produ
tion 
ross se
tion and either the angular 
orrelationsamong the 
hargino de
ay produ
ts (P2=Q, P2=Y) or the LR asymmetry, thestep A 
an be realized and the physi
al parametersm~��1 , 
os 2�L and 
os 2�Rdetermined unambiguously. Then the fundamental parameters tan �, M2and � are extra
ted (step B) up to a two-fold ambiguity.If the 
ollider energy is su�
ient to produ
e the two 
hargino statesin pairs, the above ambiguity 
an be removed [20℄. The new ingredientin this 
ase is the knowledge of the heavier 
hargino mass. Like for theligter one, m~��2 
an be determined very pre
isely from the sharp rise of theprodu
tion 
ross se
tions �(e+e� ! ~��i ~�+j ). Then the value of tan � isuniquely determined in terms of the mass di�eren
e of two 
hargino states,� = m2~��2 �m2~��1 , and two mixing angles as followstan� =s4m2W +� (
os 2�R � 
os 2�L)4m2W �� (
os 2�R � 
os 2�L) : (22)Using the 
onvention M2 > 0, the gaugino mass parameter M2 and themodulus of the higgsino mass parameter are given byM2 = 12q2(m2~��2 +m2~��1 � 2m2W )�� (
os 2�R + 
os 2�L) ;j�j = 12q2(m2~��2 +m2~��1 � 2m2W ) +� (
os 2�R + 
os 2�L) : (23)The sign of � is then determined by the sign of the following expressionsign(�) = sign[�2 � (M22 � �2)2 � 4m2W (M22 + �2)� 4m4W 
os2 2�℄ : (24)



1932 J. KalinowskiBefore leaving the 
hargino se
tor, let us note that from the energydistribution of the �nal parti
les in the de
ay of the 
harginos ~��1 , the massof the lightest neutralino ~�01 
an be measured [16℄. This, as we will see in thenext subse
tion, allows us to derive the parameter M1 in the CP�invarianttheories so that the neutralino mass matrix, too, 
an be re
onstru
ted in amodel-independent way.3.2. And neutralinos: extra
ting also M1The spin-1/2 superpartners of the neutral ele
troweak gauge bosons andneutral Higgs bosons mix to form four neutralino mass eigenstates ~�01;2;3;4.Their masses m~�0i and the mixing angles are determined by the elements ofthe neutralino mass matrix given by (sW = sin �W , 
W = 
os �W ) [6℄MN = 2664 M1 0 �mZsW 
� mZsW s�0 M2 mZ
W 
� �mZ
W s��mZsW 
� mZ
W 
� 0 ��mZsW s� �mZ
W s� �� 0 3775 : (25)Sin
e MN is symmetri
, an orthogonal matrix N 
an be 
onstru
ted thattransformsMN to a (positive) diagonal matrix. This mathemati
al problem
an be solved analyti
ally [21℄. Due to the large ensemble of four neutralinos,however, the analysis is mu
h more 
omplex than in the 
hargino 
ase. Inparti
ular, the step B, i:e: the analyti
al re
onstru
tion of the fundamentalSUSY parameters, is more 
ompli
ated although, after measuring the pa-rameters M2; � and tan � from the 
hargino produ
tion, the only additionalparameter in the neutralino mass matrix is M1.Neutralinos are produ
ed in e+e� 
ollisions either in diagonal or non-diagonal pairs. The lightest neutralino ~�01 is generally expe
ted to be thelightest SUSY parti
le (LSP) and therefore stable in the R-parity preservingmodel. As a result, the produ
tion of the lightest neutralino pairs is di�
ultto identify and exploit experimentally. Therefore we 
onsider produ
tionpro
esses where at least one of the neutralinos is not an LSP, for example~�01 ~�02 or ~�02 ~�02. These pro
esses are generated by the s-
hannel Z ex
hangeand the t- and u-
hannel sele
tron ~eL;R ex
hanges. The transition matrixelements will then depend not only on the neutralino properties but on thesele
tron masses as well. The heavier neutralino ~�02 will de
ay into the LSPand a fermion pair, leptons or quarks, ~�02 ! ~�01f �f , throught the ex
hangeof a Z boson or s
alar partners of the fermion (the neutral Higgs bosonex
hange is negligible for light fermions). The de
ay produ
ts will serve asa signature of the produ
tion pro
ess and from the fast rise of the 
rossse
tions the masses m~�0i 
an be measured pre
isely.



Supersymmetry Sear
hes at e+e� Linear Colliders 1933Additional informations 
an be obtained by analysing the angular 
or-relations among the de
ay produ
ts, like in the 
hargino se
tor. In the
ase of ~�02 ~�02, the method developed for the 
hargino 
ase 
an be applieddire
tly. One 
an attempt to separate the produ
tion from the de
ay pro-
esses and determine the Z ~�0i ~�0j and e~e~�0i 
ouplings (expressed as known
ombinations of the mixing matrix elements Nij [6℄). Su
h a separationis interesting for the hadroni
 or �+�� de
ay modes of ~�02 (~�02 ! ~�01q�qor ~�01�+��) be
ause independent information on the neutralino 
ouplingsto ele
tron-sele
tron and quark-squark or ��~�� from the produ
tion andde
ay pro
esses, respe
tively, 
an be inferred. For the ~�02 ! ~�01e+e� theprodu
tion/de
ay separation might be useful only from the point of view of
onsisten
y 
he
ks. In the ~�01 ~�02 produ
tion 
ase, only one neutralino de
aysand su
h a separation is not possible due to a limited number of measur-able kinemati
al variables. Nevertheless some information on 
ouplings 
anbe extra
ted. The pres
ription for the step A in the neutralino se
tor stillawaits a detailed analysis [15℄.However, the knowledge of m~�01 in addition to the measurements per-formed in the 
hargino se
tor is su�
ient to pinpoint the value of M1, theonly new parameter. This parti
ular problem has re
ently been 
onsideredin [18℄, where the emphasis has been put on the step B, namely to what ex-tent the re
onstru
tion of the Lagrangian parameters through a 
ontrollableanalyti
al pro
edure, in
luding all possible ambiguities, is possible if threeof the 
hargino and neutralino masses and tan � were known. Two 
aseshave been analysed:S1: the two 
harginos and one neutralino masses are input,S2: one 
hargino and two neutralino masses are input.In 
ase S1, a 
losed analyti
al pro
edure to determine M1 has been found.The 
ru
ial observation is to use the four independent linear 
ombinationsof the entries of MN whi
h are invariant under similarity transformations,and thus relate them simply to the four eigenvalues ofMN . As a result, anyof the neutralino masses taken as input, for example ~�01, in addition to �,M2 and tan� allows the set of these 
onsisten
y relations to be solved forthe other three neutralino masses. Then the M1 parameter is determined asM1 = �P 2ij + Pij(�2 +m2Z +M2Sij � S2ij) + �m2ZM2s2W sin 2�Pij(Sij �M2) + �(
2Wm2Z sin 2� � �M2) ; (26)where Sij � ~mi + ~mj; Pij � ~mi ~mj ;



1934 J. Kalinowskii 6= j, and ~mi = "im~�0i (the mass parameters 
an be negative, for the detailswe refer to [18℄). As an example of the numeri
al result of su
h a pro
edure,the sensitivity to a 
hargino mass with the other 
hargino and the neutralinomasses �xed is shown in Fig. 3.
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Fig. 3. �;M1 and M2 (with the �higgsino-like� 
onvention j�j � M2) as fun
tionsof m~�+2 for �xed m~�+1 = 400 GeV, m~�02 = 50 GeV, and tan� = 2 (taken fromRef. [18℄).In 
ase S2, the above 
onsisten
y relations 
an be reformulated in termsof two quadrati
 equatiuons forM2 andM1 at a given value of � (and tan�).Without any additional theoreti
al input, a numeri
al (iterative) pro
edureis used to obtain at most four distin
t solutions for �,M1 andM2 for a givenset of ~��1 and two neutralino masses.3.3. Sfermions: extra
ting m ~fL, m ~fR and AfFor ea
h fermion 
hirality fL;R supersymmetry predi
ts a 
orrespondingsfermion ~fL;R. Sin
e SUSY is broken, the 
hiral left and right sfermions~fL and ~fR may aquire di�erent mass terms and they 
an mix. The masseigenstates and mixing are determined by the mass matri
es (for a givensfermion �avor ~f)M2~f = " m2~fL +m2f mf (Af � �rf )mf (Af � �rf ) m2~fR +m2f # (27)with m2~fL = m2~Q +m2Z 
os 2� (T 3f � ef sin2 �W ); (28)
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hes at e+e� Linear Colliders 1935m2~fR = m2~F 0 + efm2Z 
os 2� sin2 �W ; (29)where ef and T 3f are the 
harge and the third 
omponent of the weak isospinof the sfermion ~f , mf is the mass of the 
orresponding fermion, m ~F 0 = m~u,m~u for ~fR = ~uR, ~dR, respe
tively, and rf = 1= tan � for up- and rf = tan�for down-type sfermions. The matri
es (27) are diagonalized by orthogonaltransformations with mixing angles �f de�ned bysin 2�f = 2mf (Af � �rf )m2~f1 �m2~f2 ; 
os 2�f = m2~fL �m2~fRm2~f1 �m2~f2 (30)and the masses of the sfermion eigenstates are given bym2~f1;2 = m2f + 12 hm2~fL +m2~fR �q(m2~fL �m2~fR)2 + 4m2f (Af � �rf )2i : (31)Sin
e the mixing term is of order mf , it 
an be substantial only for thethird generation sfermions (for sbottom and stau if tan� is large), with animportant 
onsequen
e of lowering the mass of the lighter eigenstate m ~f1 .As a result, the lighter stop ~t1 is expe
ted to be the lightest s
alar fermion.Sfermions are produ
ed in pairs in e+e� 
ollisionse+e� ! ~fi�~f j (32)through s-
hannel 
 and Z ex
hange; only the sele
tron produ
tion re
eivesan additional t-
hannel neutralino ex
hange 
ontribution. Sin
e the gaugeboson 
ouplings respe
t 
hirality, the nondiagonal ~f1�~f2 produ
tion 
an o

uronly for nontrivial mixing.It is important �rst to verify experimentally the 
hiral nature of pro-du
ed sfermions. This 
an be easily done at e+e� 
olliders by using polarizedbeams (not available at LHC) or by re
onstru
ting the polarization of the�nal state fermions from sfermion de
ays (too di�
ult in hadron 
ollisions).As an example, 
onsider the pair produ
tion of right-handed staus whi
hmost probably will de
ay into the LSP neutralinos and � 's. The signatureis the same as that of W pair produ
tion with the W 's de
aying into ��� .However, at high-energy the Z and 
 �demix� ba
k to the W 03 and B0 (hy-per
harge). Sin
e the former does not 
ouple to right-handed states, only thehyper
harge boson is ex
hanged in right sfermion produ
tion. Therefore theba
kground W pair produ
tion 
an be suppressed by 
hoosing right-handedele
trons. Moreover, as a result of hyper
harge assignements Y (eL) = �1and Y (eR) = �2, the signal 
ross se
tion with right-handed e� beams willbe by fa
tor 4 larger than with the left-handed e� beams. The beam polar-ization therefore is a very powerful tool: allows us not only to tag the nature



1936 J. Kalinowskiof the stau (right-handed) independently of its de
ays and in
rease the signal
ross se
tion, but also suppress the ba
kground. All these has been 
he
kedby the full simulation of the Japanese group [22℄. In addition, re
onstru
tionof the � polarization in the de
ay pro
ess ~� ! ~�01� will play an importantrole in exploring the Yukawa 
ouplings. The ~�� ~�01 
oupling depends on theneutralino 
omposition. The intera
tion involving gaugino 
omponent ( ~B or~W ) is proportional to gauge 
ouplings and is 
hiral 
onserving, whereas theintera
tion involving higgsino 
omponent ( ~H1;2) is proportional to � Yukawa
oupling Y� � m�= 
os � and 
hiral �ipping. Thus the polarization of � lep-ton from ~� de
ays depends on the ratio of the 
hirality �ipping and 
hirality
onserving intera
tions, and 
onsequently on tan �. For a detailed dis
ussionof stau produ
tion we refer to [23℄.On
e the sfermion produ
tion has been optimized, one 
an either inferthe sfermion mass from a threshold s
an (whi
h is independent of the de
ay)or (as in 
hargino 
ase) the measurement of the fermion energy spe
trumwill give both the m ~f and the LSP mass. A 
ombined �t for a low luminosityoption of 10 fb�1 and 85% polarization of the ele
tron beam shows that apre
ision of order a few per
ent for sfermion masses 
an easily be obtained[16℄.A 
ase study of e+e� ! ~t1�~t1 with the aim of determining the SUSYparameters has been performed by the Vienna group [17℄ at ps = 500 GeVand L = 50 fb�1. The input m~t1 = 180 GeV and left-right stop mixingangle j 
os �~tj = 0.57 
orresponds to the minimum of the 
ross se
tion. The
ross se
tions at tree level for these parameters are �L = 48.6 fb and �R =46.1 fb for 90% left- and right-polarized e� beam, respe
tively. Based ondetailed studies the experimental errors on these 
ross se
tions are estimatedto be ��L = � 6 fb and ��R = � 4.9 fb. Figure 4 shows the resultingerror bands and the 
orresponding error ellipse in the m~t1�
os �~t plane. Theexperimental a

ura
y for the stop mass and mixing angle are m~t1 = 180�7 GeV, j 
os �~tj = 0:57 � 0:06.Additional experimental input is needed, however, to determine the fun-damental parameters. The Vienna group de
ided to exploit the sbottomsystem. Assuming that tan � is low and the ~bL�~bR mixing 
an be negle
ted,i:e: 
os �~b = 1, and taking ~b1 = ~bL = 200 GeV, ~b2 = ~bR = 220 GeV,the 
ross se
tions and the expe
ted experimental errors are �L(e+e� !~b1�~b1) = 61:1 � 6:4 fb, �R(e+e� ! ~b2�~b2) = 6 � 2:6 fb for the 90% left-and right-polarized e� beams. The resulting experimental errors are m~b1 =200�4 GeV, m~b2 = 220�10 GeV. With these results the mass of the heavierstop 
an be 
al
ulated and is found to be m~t2 = 289 � 15 GeV. Verifyingthis predi
tion experimentally will test the MSSM.
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Fig. 4. Error bands (dashed) and the 
orresponding error ellipse as a fun
tion ofm~t1 and j 
os �~tj for the tree�level 
ross se
tions of e+e� ! ~t1~t1 at ps = 500 GeVwith 90% left- and right-polarized ele
tron beam (taken from Ref. [17℄).To 
omplete the step B, � = �200 GeV, tan� = 2 and mt = 175 GeVhave been taken assuming that � and tan� are known from other experi-ments (from 
hargino se
tor, for example). The soft-supersymmetry break-ing parameters of the stop and sbottom systems 
an then be determinedup to a two-fold ambiguity: m ~Q = 195 � 4 GeV, m~u = 138 � 26 GeV,m ~d = 219�10 GeV, At = �236�38 GeV if 
os �~t > 0, and At = 36�38 GeVif 
os �~t < 0. 4. Con
lusionsIn this talk I have tried to illustrate the dis
overy power and pre
isiontools developed to explore supersymmetry at future e+e� linear 
olliders.The LC is an ex
ellent ma
hine for supersymmetry be
ause a systemati
,model-independent determination of the supersymmetry parameters is pos-sible within a dis
overy rea
h that is limited by the available 
enter-of-massenergy. Although we only 
onsidered real-valued parameters, some of thematerial presented here goes through unaltered if phases are allowed [14,20℄even though extra information will still be needed to determine those phases.It should be stressed that the strategies presented here are just at thetheoreti
al level. A more realisti
 simulation of the experimental measure-ments of physi
al observables and related errors is still needed to assess fullythe physi
s potential of LC. Nevertheless, if the LC and dete
tors are builtand work as expe
ted, I have no doubt that the a
tual measurements willbe better than anything I have presented here � provided supersymmetryis dis
overed! After all, nobody beats experimentalists with real data.
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