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Abstra
tThe spin of supersymmetri
 parti
les 
an be determined at e+e� 
olliders unambiguously. This isdemonstrated for a 
hara
teristi
 set of non-
olored supersymmetri
 parti
les { smuons, sele
trons,and 
harginos/neutralinos. The analysis is based on the threshold behavior of the ex
itation 
urvesfor pair produ
tion in e+e� 
ollisions, the angular distribution in the produ
tion pro
ess and de
ayangular distributions. In the �rst step we present the observables in the heli
ity formalism forthe supersymmetri
 parti
les. Subsequently we 
onfront the results with 
orresponding analyses ofKaluza-Klein parti
les in theories of universal extra spa
e dimensions whi
h behave distin
tly di�erentfrom supersymmetri
 theories. It is shown in the third step that a set of observables 
an be designedwhi
h signal the spin of supersymmetri
 parti
les unambiguously without any model assumptions.Finally in the fourth step it is demonstrated that the determination of the spin of supersymmetri
parti
les 
an be performed experimentally in pra
ti
e at an e+e� 
ollider.
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1 INTRODUCTIONThe spin is one of the 
hara
teristi
s of all parti
les and it must be determined experimentally for anynew spe
ies. Compelling arguments have been forwarded whi
h suggest the supersymmetri
 extensionof the Standard Model [1,2℄. In supersymmetri
 theories (SUSY) spin-1 gauge and spin-0 Higgs bosonsare paired with spin-1/2 fermions, gauginos and higgsinos, whi
h mix, in the non-
olored se
tor, toform 
harginos and neutralinos. Analogously spin-1/2 leptons and quarks are paired with spin-0 s
alarsleptons and squarks. This opens a wide area of ne
essary e�orts to determine the nature of the newparti
les experimentally.Measuring the masses of the parti
les is not suÆ
ient to unravel the nature of the parti
les and ofthe underlying theory. This point has been widely dis
ussed by 
omparing supersymmetri
 theories withtheories of universal extra spa
e dimensions (UED) [3,4℄ in whi
h the 
ounterparts of the supersymmetri
partners are Kaluza-Klein (KK) ex
itations of the standard parti
les. When supersymmetri
 squarksare produ
ed [5℄ at LHC, they may 
as
ade down [6℄ to standard parti
les in the 
hain ~q ! q ~�02 !q �̀~̀! q �̀̀ ~�01, whi
h generates the observable �nal state q �̀̀ . However, an analogous 
as
ade 
an berealized in theories of universal extra spa
e dimensions, starting from a KK ex
itation q1 of a quark,q1 ! qZ1 ! q �̀̀ 1 ! q �̀̀ 
1 [7℄. The origin of the observed 
hain parti
les, supersymmetry or extra spa
edimensions, 
an 
learly be unraveled by measuring the spins of the intermediate 
as
ade parti
les.Spin measurements of supersymmetri
 parti
les are diÆ
ult at LHC [7{9℄. While the invariantmass distributions of the parti
les in de
ay 
as
ades are 
hara
teristi
 for the spins of the intermediateparti
les involved, dete
tor e�e
ts strongly redu
e the signal in pra
ti
e.In 
ontrast, several te
hniques 
an be exploited to determine unambiguously the spin of parti
lesprodu
ed pairwise in e+e� 
ollisions. These te
hniques have �rst been worked out theoreti
ally forHiggs bosons, studied in the Higgs-strahlung pro
ess [10℄; subsequent experimental simulations haveproven these te
hniques to work in pra
ti
e [11℄. To 
onform with its s
alar 
hara
ter, the polar angledistribution in smuon pair produ
tion has been investigated dire
tly by re
onstru
tion in Ref. [12℄ andre
e
ted in their de
ay produ
ts in Ref. [13℄ at TeV and multi-TeV e+e� 
olliders, respe
tively.A sequen
e of te
hniques, in
reasing in 
omplexity, 
an be applied to determine the spin of parti
lesin pair produ
tion e+e� ! ~�+~��; ~e+~e� and ~�+ ~��; ~�0 ~�0 (1.1)of sleptons, 
harginos and neutralinos in e+e� 
ollisions:(a) rise of the ex
itation 
urve near the threshold;(b) angular distribution in the produ
tion pro
ess;(
) angular distribution in de
ays of the polarized parti
les,eventually supplemented by(d) angular 
orrelations between de
ay produ
ts of two parti
les.1



While the se
ond step (b) is already suÆ
ient in the slepton se
tor, only the �nal state analysis issuÆ
ient in general, in
luding 
harginos/neutralinos, to determine the spin unambiguously. On theexperimental side we follow the standard path. It will be shown in detailed simulations that the theo-reti
ally predi
ted distributions in supersymmetri
 theories 
an be re
onstru
ted after in
luding initialand �nal state QED radiation, beamstrahlung and dete
tor e�e
ts. Within the extended theoreti
alframe it is then proven that the assignment of the spin is unambiguous indeed.The report is organized as follows. In the subsequent Se
tions 2 to 4 we set up the theoreti
al basisfor spin measurements of smuons, sele
trons, and 
harginos/neutralinos. The te
hni
al frame we have
hosen is the heli
ity formalism. We analyze whi
h observables must be measured to determine the spinunambiguously. Moreover, simulations will assure us that the analyses of supersymmetri
 theories ine+e� 
ollisions 
an be performed experimentally. In the last Se
tion 5 we brie
y summarize the results.General formulae for the produ
tion 
ross se
tions of supersymmetri
 parti
les in 
ollisions of polarizedele
trons and positrons are presented in an Appendix.2 SPIN OF SMUONS2.1 Smuon Produ
tion in e+e� CollisionsSmuons are the prototype for s
alar parti
le pair produ
tion in e+e� 
ollisions [14, 15℄ mediated bythe s-
hannel ex
hange of 
 and Z boson. Di�erent lepton numbers prevent the 
ow of parti
les fromthe initial to the �nal state. For the sake of [experimental℄ simpli
ity we will restri
t ourselves to theanalysis of R-type smuons, e+e� ! ~�+R ~��R (2.1)as these parti
les almost ex
lusively de
ay through the 2-parti
le 
hannel ~��R ! �� ~�01 with only onees
aping invisible parti
le. The pro
ess is des
ribed by diagram (a) in Fig. 1.(a) e�e+ 
; Z ~̀�~̀+ (b) e�e+ ~�0 ~e�~e+Figure 1: (a) s-
hannel 
 and Z ex
hange diagrams 
ontributing to the produ
tion of all slepton pairsin e+e� annihilation; and (b) t-
hannel neutralino ex
hange diagram 
ontributing only to the produ
tionof sele
tron pairs in e+e� 
ollisions.The amplitude des
ribing this produ
tion pro
ess 
an be expressed in terms of the generalized2



ele
tron 
harges QL = 1 + �s2W � 1=2� 
�2W DZ(s) (2.2)QR = 1 + t2WDZ(s) (2.3)with s2W = sin2 �W et
, �W being the ele
troweak mixing angle, and the normalized Z propagatorDZ(s) = s=[s � m2Z + imZ�Z ℄, s denoting the squared 
enter-of-mass energy [DZ is approximatelyreal in the high energy limit s � m2Z ℄. The indi
es L and R in Eqs. (2.2) and (2.3) refer to left- andright-handedly polarized ele
trons [and oppositely polarized positrons℄, respe
tively.The total 
ross se
tion and the distribution in the polar angle � between the ~�� 
ight dire
tion andthe e+e� beam axis 
an be written in the form1� �e+e� ! ~�+R~��R� = ��26s �3 �Q2L +Q2R� (2.4)1� d�d 
os � �e+e� ! ~�+R~��R� = 34 sin2 � (2.5)The 
oeÆ
ient �3, with � = (1� 4m2~�R=s)1=2 denoting the velo
ity of the smuons, is the produ
t of thephase spa
e suppression fa
tor �, and the square of the P -wave suppression � � near the threshold.The s
alar smuon pair is produ
ed in a P -wave to balan
e the spin 1 of the intermediate ve
tor boson.Angular momentum 
onservation leads also to the sin2 � dependen
e of the di�erential 
ross se
tion asforward produ
tion of spinless parti
les is forbidden.For asymptoti
 energies the 
ross se
tion� ! 5��224
4W 1s for s ! 1 (2.6)follows the appropriate s
aling law.The produ
tion of spin-0 parti
les in e+e� annihilation is thus des
ribed by two 
hara
teristi
s:#1 threshold ex
itation � �3 (2.7)#2 angular distribution � sin2 � (2.8)The threshold ex
itation for smuons and the angular distribution are illustrated in Fig. 2(a) and (b),respe
tively. The ~�R mass is 
hosen m~�R = 300 GeV. In the following subse
tions it will be proven thatthe angular distribution is 
hara
teristi
 indeed for spinless parti
les and that it 
an be measured withgreat a

ura
y in e+e� 
ollisions.2.2 KK Ex
ited States ��1 in UEDThe minimal UED version with one universal extra spa
e dimension, whi
h is 
ompa
ti�ed on theorbifold S1=Z2, generates a tower of spin-1/2 KK states over ea
h L-type and R-type fermion in the1The 
omplete set of 1-loop radiative 
orre
tions, in
luding the genuine SUSY 
orre
tions has been presented in Refs. [16,17℄; see also Ref. [18℄. 3
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Figure 2: (a) The threshold ex
itation for smuons; and (b) the angular distribution in e+e� ! ~�+R~��R[arbitrary normalization℄. The predi
tions for smuons are 
ompared with the 
orresponding observablesfor the �rst KK ex
itation ��R1 in e+e� ! �+R1��R1.Standard Model (SM) without generating additional zero modes [3℄. Fo
ussing on the R-type statesin analogy to the previous subse
tion, the pro
ess for the produ
tion of a pair of the �rst muoni
 KKex
itation, e+e� ! �+R1 ��R1 (2.9)is des
ribed by the same diagram Fig. 1(a). ��R1 is a massive Dira
 fermion 
arrying the ele
troweak
harges of ��R but 
oupling only through ve
tor 
urrents to the ele
troweak gauge bosons 
 and Z. Thusthe generalized 
harges are identi
al with Eqs. (2.3) and (2.2). It de
ays into the ��R
1 
hannel where
1 is the lightest and stable ex
ited gauge boson generally identi�ed with the U(1) boson.2The total 
ross se
tion and the angular distribution are markedly di�erent from the supersymmetri

ase: �[e+e� ! �+R1��R1℄ = 2��23s � (3� �2)2 �Q2L +Q2R� (2.10)1� d�d 
os � [e+e� ! �+R1��R1℄ = 38 2(3� �2) �1 + 
os2 � + (1� �2) sin2 �� (2.11)[Be
ause of the ve
tor 
hara
ter of the ele
troweak �R1 
urrents the distribution is symmetri
 in forwardand ba
kward dire
tion.℄ The �R1 pair is produ
ed in an S-wave with non-vanishing amplitude at theorigin. The onset of the ex
itation 
urve is therefore suppressed only by the phase spa
e fa
tor � �. Theangular distribution is familiar from QED, being isotropi
 at threshold and evolving to the transverse-2For the sake of simpli
ity we ignore the ele
troweak mixing of the KK ex
ited gauge bosons and identify W 31 = Z1and B1 = 
1 in the SU(2) and U(1) gauge boson se
tors; the mixing is suppressed if the KK s
ale is mu
h larger than theele
troweak s
ale [4℄. 4



polarization term (1 + 
os2 �) asymptoti
ally.For high energies the total 
ross se
tion� ! 20��224
4W 1s for s ! 1 (2.12)s
ales in the same way as the ~�+~�� 
ross se
tion but with a 
oeÆ
ient 4 times as large, as familiar fromQED pro
esses.Choosing for illustration a ��R1 mass of 300 GeV, a value at the lower limit of the experimentallyallowed range [3℄, the onset of the 
ross se
tion and the angular distribution are displayed in Fig. 2(a)and (b). The 
enter-of-mass energy is set to ps = 1 TeV for ILC [14℄ and 3 TeV for CLIC [15℄ inthe se
ond �gure. Both 
hara
teristi
s are markedly di�erent from supersymmetri
 theories; see alsoRef. [13℄. In 
ontrast to s
alar smuons the onset of the ex
itation is verti
al, proportional to the velo
ity� � [s � 4m2�R1 ℄1=2 as familiar for spin-1/2 parti
les. Also the angular distributions for s
alar smuonsand fermioni
 KK muon states are distin
tly di�erent.Already from the totally in
lusive measurement of the produ
tion 
ross se
tion no more 
onfusion
an arise between supersymmetri
 theories and theories of universal extra spa
e dimensions.2.3 General AnalysisThough the di�eren
e between the 
hara
teristi
s in the produ
tion of supersymmetri
 s
alar parti
lesand KK ex
ited fermions 
an be exploited to rule out the false theory experimentally, we should explorenevertheless whether the 
onditions (2.7) and/or (2.8) are not only ne
essary but also suÆ
ient to singleout the s
alar solution.The general analysis is most transparent if performed in the heli
ity formalism. In the pro
esse+e� ! F J�1 �F J�2 (2.13)for pointlike parti
les3 F J and �F J with spin J and heli
ities �1 and �2 [either half-integer or integer℄,and mediated by s-
hannel 
 and Z ex
hange, the heli
ities of the ele
tron and positron in the initialstate are 
oupled to a ve
tor with spinm = �1 along the beam axis. The right-hand side of the diagramin Fig. 1(a) may then be interpreted as the de
ay of a virtual ve
tor boson with polarization m = �1to the F J �F J pair. If the 
ight axis of the F J parti
les in
ludes the angle � with the ve
tor bosonpolarization axis [identi
al with the e� beam axis℄, the de
ay amplitude may be expressed in term ofthe heli
ity amplitude T�1�2 ,hF J�1 �F J�2 ; �jVmi = p2s gV d1m;�0(�)T�1�2 with �0 = �1 � �2 (2.14)The angular dependen
e is in total en
oded in the Wigner d fun
tion while the redu
ed heli
ity ampli-tudes T�1�2 are independent of m. The value of �0 is restri
ted to �0 = 0 and �1. The totally in
lusive3Though only string theories are known to be 
onsistent for intera
ting parti
les with J > 2, weakly intera
ting �eldtheories 
an nevertheless be studied in approa
hes as formulated in Ref. [19℄.5




ross se
tion 
an be expressed in the form� = ��23s � �Q2L +Q2R� "X� �jT�;��1j2 + jT�;�+1j2�+X� jT��j2# (2.15)and the forward-ba
kward symmetri
 part of the di�erential 
ross se
tion analogously asd�0d 
os � = ��24s � �Q2L +Q2R�"1 + 
os2 �2 X� �jT�;��1j2 + jT�;�+1j2�+ sin2 �X� jT��j2# (2.16)summed over the heli
ities of the outgoing F J and �F J parti
les. To evaluate these expressions, the two
ases in whi
h F J is either fermioni
 or bosoni
 must be distinguished.(a) Fermioni
 spe
trum F [J = 1=2; 3=2; : : :℄:For pointlike theories in whi
h the fermions 
arry ele
tri
 and weak monopole 
harges the asso
iatedve
tor 
urrent in
ludes the basi
 
omponent [19℄j0� = � �1����n
� �1����n (2.17)built by the J = n + 1=2 spinor-tensor wave-fun
tion  �1;:::;�n [20℄. In analogy to the Dira
 spin 1/2
ase, the 
urrent (2.17) 
an be de
omposed, 
f. Refs. [19,21℄, into an ele
tri
 
urrent je� and a magneti

urrent jm� as j� = je� + jm� with4 je� = 12m � �1;:::;�n i !��  �1 ;:::;�n (2.18)jm� = 12m�� � � �1;:::;�n ���  �1;:::;�n� (2.19)redu
ing to ele
tri
 monopole and magneti
 dipole 
urrents in the non-relativisti
 limit.Both the ele
tri
 
urrent je� and the magneti
 
urrent jm� give rise to diagonal redu
ed heli
ityamplitudes through spin-0/D-wave and spin-1/S-wave intera
tions, respe
tively; apart from overall
oeÆ
ients, T e�� = 
�2p2 �(J + �)2J QJ�1=2��1=2(
)� (J � �)2J QJ�1=2�+1=2(
)� (2.20)T m�� = � 
p2 �(J + �)2J QJ�1=2��1=2(
)� (J � �)2J QJ�1=2�+1=2(
)� (2.21)Only the magneti
 dipole 
urrent jm� generates non-diagonal redu
ed heli
ity amplitudes,T m�;��1 = �p(J � �)(J � �+ 1)2J QJ�1=2��1=2(
) (2.22)4Demanding asymptoti
 unitarity at high energies, additional terms must be in
luded in the basi
 Lagrangian [22℄whi
h alter the gyromagneti
 ratio from g = J�1 universally to g = 2 [19℄, i.e. the 
oeÆ
ient in front of Eq. (2.19) may beadjusted a

ordingly. Universality of the value g = 2 beyond the Dira
 theory is a well-known predi
tion of non-abeliangauge theories. 6



Here, 
 = ps=2m is the Lorentz boost fa
tor of the �nal-state parti
le and the energy-dependentfun
tions QNn (
) (jnj � N for integral N and n) are de�ned asQNn (
) = 2N (N + n)! (N � n)!(2N)! X�1=�1;0 � � � X�N=�1;0 Æn;�1+���+�N NYi=1 (2
2Æ�i0 � 1)(1 + �i)! (1 � �i)! (2.23)Q 00 (
) = 1 and QNn (
) = 0 for jnj > N � 0 (2.24)We note that the non-diagonal redu
ed heli
ity amplitudes T�;��1 = T m�;��1 are non-vanishing for anyenergy. As a result, the term P� �jT�;��1j2 + jT�;�+1j2� never vanishes, leading to a 
ross se
tion thatrises � � at the threshold and 
ontributing with a term � (1+
os2 �) to the angular distribution. Bothelements di�er 
learly from the produ
tion of s
alar parti
les. We therefore 
on
lude that s
alar spin-0parti
les in supersymmetri
 theories 
arrying muon-type 
harges 
an never be 
onfused by fermioni

harged parti
les.(b) Bosoni
 spe
trum F [J = 1; 2; : : :℄:Restri
ting ourselves to CP-invariant theories, the ele
tri
 and weak monopole 
harge term of any integerspin J tensor-�eld '�1::�J is a

ounted for by the 
urrent elementje� = i '��1����J  !�� '�1����J (2.25)It leads to P -wave produ
tion of the boson pair with the redu
ed heli
ity amplitudeT e�� = � �p2 QJ�(
) (2.26)Sin
e the wave-fun
tion vanishes at the origin, the total produ
tion 
ross se
tion rises � �3 at thethreshold. Thus, opposite to wide-spread belief, the onset of the ex
itation 
urve near threshold doesnot dis
riminate the spin 0 parti
le from higher integer spin J = 1; 2; : : : parti
les.However, 
oupling the ele
troweak ve
tor �elds to the spin J �elds in a 
onsistent way [19℄, a non{vanishing magneti
 dipole moment is generated for all parti
les with spin > 0. The non{zero magneti

urrent, whi
h is proportional to5 jm� = �i ��('��2 :::�J[� '�℄�2:::�J ) (2.27)gives rise to non-vanishing o�-diagonal heli
ity amplitudes whi
h 
an be written, apart from an overall
oeÆ
ient, asT m�;��1 = �
� p(J � �)(J � �+ 1)2J(2J � 1) h(J � �)QJ�1� (
) + (J � �� 1)QJ�1��1(
)i (2.28)The P -wave behavior near the threshold is re
e
ted in the 
oeÆ
ient �. The non-vanishing heli
ityamplitude T�;��1 = T m�;��1 for J > 0 is in apparent 
ontrast to spin-0 s
alars for whi
h these amplitudes5As before, asymptoti
 unitarity [19℄ modi�es the 
oeÆ
ient of this 
urrent su
h that the gyromagneti
 ratio is shiftedagain from g = J�1 to g = 2. 7



must vanish. Thus opposite to s
alar produ
tion, higher spin J = 1; 2; :: produ
tion will generate anadditional term � (1 + 
os2 �) in the angular distribution, non-vanishing in the forward and ba
kwarddire
tion. Thus the analysis of the angular distributions signals the zero-spin of the smuons unambigu-ously.Complementary to this theory-based argument on produ
tion properties, i.e. the onset of the ex-
itation 
urve and the angular distribution, de
ay 
hara
teristi
s 
an also be exploited to supplementthe analysis. The presen
e of the o�-diagonal heli
ity amplitudes, Eq. (2.22) for fermions and Eq. (2.28)for bosons, implies that the �nal state parti
les F J and �F J should be polarized when ele
tron and/orpositron beams are polarized. In addition, the relation �1 � �2 = �1 for the non-vanishing o�-diagonalheli
ities of the F J�1 �F J�2 pair produ
ed via 
; Z ex
hange should lead to interesting polarization 
orrela-tions whi
h 
an be observed through the 
orrelated de
ays of F J�1 and �F J�2 . In this 
ase, the polar-angledistribution of the de
ay parti
les in the F J rest frame is des
ribed by the Wigner d fun
tion,D �F J� ! a�1b�2� � dJ��(��) with � = �1 � �2 (2.29)where �� denotes the polar angle between the F J 
ight dire
tion and the ab axis in the F J rest frame.This 
on�guration is realized in the dominant �~�01 de
ay 
hannel of ~�R. For s
alar smuons d000(��) doesnot depend on ��. For J > 0, however, even if the �nal-state polarizations �1; �2 are summed over, theangular distribution is always non-trivial when the sum of two �nal-state daughter spins, ja and jb, isless than the spin J of the parent. In the opposite 
ase, ja + jb � J , parity-violating de
ays in generalguarantee non-trivial angular dependen
e6; only in parity-preserving 
ases the de
ay distribution mightbe independent of the F J polarization. However, if the �nal-state polarizations �1; �2 are measured, the�� dependen
e of dJ��(��) for J > 0 is always non-trivial, whatever values are taken for j�j and j�j � J .After squaring the de
ay amplitude D, the spin J 
an be determined by proje
ting out the maximumspin index 2J from the de
ay angular distributions.Therefore the analysis of the smuon de
ay distributions provides us with an alternative model-independent method for the determination of the zero smuon spin.2.4 Re
onstru
ting the Event Axis(a) ~�+R~��R in supersymmetry:The measurement of the 
ross se
tion for smuon pair produ
tion ~�+R~��R 
an be 
arried out by identifyinga
oplanar �+�� pairs [with respe
t to the e� beam axis℄ a

ompanied by large missing energy:e+e� ! ~�+R ~��R ! (�+ ~�01) (�� ~�01) ! �+�� 6E (2.30)The analysis is model-independent and it provides unambiguously the onset of the ex
itation 
urve � �3near threshold.The 
onstru
tion of the produ
tion angle � is illustrated for the event topology in Fig. 3. Forvery high energy ps � m~�R the 
ight dire
tion of the daughter parti
les ��'s 
an be approximated6Only in ex
eptional 
ases, like � ! ��a1 withm� ' p2ma1 , P-violating de
ays 
annot be used as polarization analyzer.8



by the 
ight dire
tion of the parent parti
le [13℄ and the dilution due to the de
ay kinemati
s is small.However, at medium ILC energies the dilution in
reases, and the re
onstru
tion of the ~��R 
ight dire
tionprovides more a

urate results on the angular distribution of the smuon pairs [12℄. If all parti
le massesare known, the magnitude of the parti
le momenta is 
al
ulable and the relative orientation of themomentum ve
tors of �� and ~��R is �xed by the two-body de
ay kinemati
s. The opening angles ��between the visible �� tra
ks and the parent ~��R parti
les 
an be determined from the relationm2��R �m2~�01 = psE��(1� �~��R 
os��) (2.31)The angles �� de�ne two 
ones about the �+ and �� axes whi
h interse
t in two lines { the true ~��R
ight dire
tion and a false dire
tion. True and false solutions are mirrored on the plane spanned by the�+ and �� 
ight dire
tions. Thus the 
ight dire
tion 
an be re
onstru
ted up to a 2-fold ambiguity.
e� e+���+~�+R

~��R��
�+

~�01
~�01

�
Figure 3: Event topology of the rea
tion e+e� ! ~�+R~��R ! �+ ~�01 �� ~�01The 
hara
teristi
s of the angle �ft between the false and the true axis 
an easily be illustrated.If the de
ay planes of ~�+R and ~��R 
oin
ide, the produ
tion axis is lo
ated in the 
ommon plane andthe false axis 
oin
ides with the true axis. Rotating one of the two planes away from the other by anazimuthal angle �, the angle �ft between the false and the true axis is related to � and to the boosts
� = 
(
os��� + �)= sin��� with ��� being the ~��R ! �� de
ay angle in the ~��R rest frame with respe
tto the 
ight dire
tion in the laboratory frame:
os �ft = 1� 2 sin2 �
2+ + 
2� + 2
+
� 
os�+ sin2 � (2.32)For high energies the maximum opening angle redu
es e�e
tively to �ft . min(1=j
+j; 1=j
�j) = O(1=
)and approa
hes zero asymptoti
ally when the two axes 
oin
ide. Quite generally, as a result of theJa
obian root singularity in the relation between 
os �ft and �, the false solutions tend to a

umulateslightly near the true axis for all energies. In total, the angular distribution of the false axis with respe
tto the true axis is given bydNd 
os �ft = p2p1� 
os �ft � F [� 
os(�ft=2)℄
4�4 (1� 
os �ft + 2=
2�2)2 (2.33)9



with F [0℄ = 1 at threshold and F [�℄ � 
 for � ! 1. The de
rease of the 
oeÆ
ient � 1=
4 is
ompensated by the e�e
tive narrowing of �ft in the denominator and by the in
rease of the fun
tionF for rising energy. Thus, the false axis is trailed by the true axis, mildly at low energies and tightly athigh energies. Though the distribution of the false axis is 
attened at low to medium energies 
omparedwith the original distribution of the true axis, the 
hara
teristi
 features are re
e
ted qualitatively,nevertheless, 
f. Fig. 4. For our theoreti
al investigation throughout the paper, the R-type slepton massm`R = 300 GeV and sneutrino mass m~� = 365 GeV are used and the 
hargino/neutralino mass spe
traand the mixing elements are derived from the SUSY Lagrangian parameters M2 = 300 GeV, M1 = 150GeV, � = 500 GeV and tan� = 10. This parameter set in
ludes the lighter 
hargino mass m~��1 = 286GeV and to the two lowest neutralino masses m~�01=2 = 148=286 GeV.
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Figure 4: (a) The angular distribution of the false re
onstru
ted axis (blue shaded area) and of the ob-servable sum of true and false axes for smuon pair produ
tion in SUSY (bla
k); (b) The same for �+R1��R1pair produ
tion in UED. [The distribution of the false axis is slightly forward-ba
kward asymmetri
 dueto the parity violating ��R1 ! ��
1 de
ay.℄Experimentally, the absolute orientation in spa
e is operationally obtained by rotating the two ~��Rve
tors around the �� axes against ea
h other until they are aligned ba
k-to-ba
k in opposite dire
tions.The 
attened false-axis distribution 
an be subtra
ted on the basis of Monte Carlo simulations. Fora fra
tion of events the produ
tion angle 
annot be re
onstru
ted, whi
h in most 
ases is due to largeinitial state radiation and/or beamstrahlung redu
ing the nominal 
enter of mass energy 
onsiderably.In addition losses o

ur due to measurement errors of the �nal parti
les. It is also important to notethat ba
kground events, if they 
an be re
onstru
ted at all under the wrong (mass) hypothesis, usuallyprodu
e 
at angular distributions and 
an thus be easily subtra
ted.10



(b) �+R1��R1 in UED:As proven in the previous subse
tion, the experimental observation of the sin2 � law determines thespin-0 
hara
ter of new parti
les 
arrying non-ele
tron fermion numbers, i.e. smuons, squarks, et
, un-ambiguously. This general 
on
lusion 
an be illuminated by analyzing the spin-1/2 angular distributionof the UED KK ex
itation ��R1. The [non-normalized℄ angular distribution of �+R1��R1 pairs in e+e�
ollisions is des
ribed in Eq. (2.11): N(�) = 1 + 
os2 � + (1� �2) sin2 �. The de
ay ��R1 ! ��
1 in the��1 rest frame is governed by the right-handed 
oupling between the two leptons so that ��, in
ludingthe angle �1 with the ��R1 polarization ve
tor, is preferentially emitted in the dire
tion parallel to the��R1 polarization ve
tor, D(�1) = (1 + �R1 
os �1)2 with �R1 = (m2�R1 � 2m2
1)=(m2�R1 + 2m2
1) � 1=3.The opposite rule applies to �+R1 de
ays.Properly in
luding the 
orrelations among the two de
ay pairs, the predi
tions for the distributionsof the true produ
tion axis, N(�), and the false axis, Nf (�), are displayed in Fig. 4(b). After subtra
tingthe distribution of the false axis from the sum, the distribution of the true axis is markedly di�erentfrom the distribution of the smuon polar produ
tion angle in Fig. 4(a). In parti
ular, the produ
tion ofspin-1/2 KK muons populates the forward and ba
kward dire
tions in 
ontrast to spin-0 smuons.This method 
an be applied quite generally in e+e� annihilation through 
 and Z ex
hange for anygiven theory. For the set f
1; 
2g of 
oeÆ
ients in the true angular distributionN(�) � 
1 [1 + 
os2 �℄ + 
2 sin2 � (2.34)the false distribution Nf (�) 
an be generated unambiguously. Comparing the sum of the distributionsof the experimentally re
onstru
ted true and false events with N +Nf , the ratio of the two 
oeÆ
ients
2=
1 
an be �tted by using template methods. The �t will only be a

eptable if at the same time theheli
ity stru
ture of the de
ay vertex is 
hosen 
orre
tly.2.5 Experimental Analysis(a) Sparti
le spe
trum: In order to perform a realisti
 simulation of signal and ba
kground pro
essesa sparti
le spe
trum is 
al
ulated using the program Isajet 7.74 [23℄. The SUSY point des
ribedabove 
an well be embedded in a mSUGRA s
enario7 with the parameters m0 = 265 GeV;M1=2 =375 GeV; tan� = 10; A0 = 0; and sign� = +1, 
orresponding to the Lagrangian parameters M1 =156 GeV;M2 = 291 GeV; � = 488 GeV. The masses of the R/L-type smuons/sele
trons, ele
tronsneutrino, lighter 
hargino and two lightest neutralinos a

essible at a 1 TeV ILC and relevant for thepresent experimental study are listed in Table 1.(b) Event generation: Events are generated with the program Pythia 6.3 [24℄ whi
h in
ludes initial and�nal state QED radiation as well as beamstrahlung [25℄. The experimental simulation is based on thedete
tor proposed in theTesla tdr [26℄ and implemented in the Monte Carlo program Simdet 4.02 [27℄.7The parti
le masses 
orresponding to this referen
e point di�er slightly at a level of a few GeV from the previouslyadopted masses in the theoreti
al illustrations. 11



Table 1: Spe
trum of sleptons, 
harginos and neutralinos in the SUSY s
enario (M1 = 156 GeV;M2 =291 GeV; � = 488 GeV). ~̀ m [GeV℄ ~� m [GeV℄~eR=~�R 302 ~��1 285~eL=~�L 369 ~��1 510~�e=~�� 359 ~�01 152~�1 297 ~�02 284~�2 369 ~�03 493~�� 357 ~�04 511The dete
tor requirements are ex
ellent momentum and energy resolution, good parti
le identi�
ationand full hermeti
 
overage. The dete
tor response, resolution and parti
le re
onstru
tion are treatedin a parametri
 form. It is further assumed that the ILC 
an be operated at a 
exible energy up tops = 1 TeV and that both lepton beams 
an be polarized at a degree of jPe� j = 0:8 for ele
trons andjPe+ j = 0:6 for positrons. Beam polarization helps to enhan
e the produ
tion rates and to sele
t thesignal but it has no essential in
uen
e on the spin analyses of the distributions under investigation.(
) Event re
onstru
tion: The re
onstru
tion of the polar angle of pair produ
tion relies on the knowl-edge of the masses of the primary and se
ondary parti
les. Based on pure kinemati
s of two-body de
ays,like ~̀� ! `� ~�01, ~��1 ! W� ~�01 and ~�02 ! Z ~�01, both masses 
an be determined from the energy spe
traof the observable de
ay parti
le, see e.g. Ref. [28℄. Alternatively, the ex
itation 
urve 
an be used todetermine the mass of the primary SUSY parti
le pair. However, the observable 
ross se
tion 
lose tothreshold is in general distorted 
onsiderably and the theoreti
al expe
tation has to be 
onvoluted withinitial state radiation (ISR), beamstrahlung (BS) and �nite width e�e
ts. ISR 
an be rigorously treatedin QED. The BS energy pro�le depends on the 
ollider operation 
onditions, and it 
an be measuredvia Bhabha s
attering [29℄; it 
an also be 
al
ulated for given ma
hine parameters [25℄. The width ofSUSY parti
les is 
al
ulable within a spe
i�
 model, but 
an also be determined in a simultaneous �tof the ex
itation 
urve [16, 17, 30℄. It 
an be safely assumed that the sparti
le masses 
an be measuredwith a pre
ision of one permille or better, see Ref. [31℄. Su
h an a

ura
y is suÆ
ient for the presentstudy to re
onstru
t the event kinemati
s reliably.2.6 Simulation of e+e� ! ~�+R~��RThe dete
tion of s
alar smuons in the rea
tion e+e� ! ~�+R~��R with subsequent de
ays ~��R ! �� ~�01 isrelatively simple and 
lean. The energy spe
trum of the de
ay muon is 
at with minimal and maximalvalues given by E� = ps=4 (1�m2~�0=m2~�) (1��) with � = (1� 4m2~�=s)1=2. The event sele
tion 
riteriaare: (i) two oppositely 
harged �� and nothing else in the dete
tor; (ii) signed polar angle a

eptan
e�0:90 < Q� 
os �� < 0:75; where Q� is the muon 
harge and the asymmetri
 
ut reje
ts muons from12



de
ays of W+W� produ
tion; (iii) a
oplanarity angle between the two muons ���� < 160Æ; (iv) themissing momentum ve
tor should point inside the sensitive dete
tor j 
os �~pmissj < 0:9; and (v) leptonenergy within the kinemati
ally allowed boundaries E� � E� � E+ (modulo resolutions). The resultingdete
tion eÆ
ien
y is typi
ally around � ' 0:60.
(a) (b)

(c) (d)

Figure 5: (a) The unpolarized 
ross se
tion of e+e� ! ~�+R~��R produ
tion 
lose to threshold, in
ludingQED radiation, beamstrahlung and width e�e
ts; the statisti
al errors 
orrespond to L = 10 fb�1 perpoint, the dash-dotted 
urve indi
ates, with the same 
oeÆ
ient, the hypotheti
al dependen
e � � �instead of � � �3; (b) energy spe
trum E� from ~��R ! �� ~�01 de
ays; polar angle distribution 
os �~�R(
) with and (d) without 
ontribution of false solution. The simulation for the energy and polar angledistribution is based on polarized beams with (Pe� ;Pe+) = (+0:8;�0:6) at ps = 1TeV and L = 500 fb�1.The smooth histograms represent high statisti
s expe
tations, the 
urve indi
ates a �t to the 
ross se
tion(2.5).The unpolarized 
ross se
tion as a fun
tion of energy 
lose to the produ
tion threshold, in
luding allinstrumental e�e
ts, is shown in Fig. 5(a). The remaining 
at ba
kground fromW+W� produ
tion (not13



shown) amounts to about 0:5 fb, and it 
an be subtra
ted by extrapolation from the sideband below.The ex
itation 
urve exhibits a slow rise as expe
ted from the 
hara
teristi
 dependen
e �~�R ~�R � �3explained in Eq. (2.7). Su
h a behavior 
an be 
learly distinguished from a mu
h steeper hypotheti
alS-wave dependen
e � � �, shown as well for 
omparison.The ~��R angular distribution is investigated in the 
ontinuum 
hoosing an energy of ps = 1 TeV andan integrated luminosity of L = 500 fb�1. In order to enhan
e the signal and suppress SUSY and SMba
kground pro
esses, the beams are assumed to be polarized with values of (Pe� ;Pe+) = (+0:8;�0:6),resulting in a 
ross se
tion of 30 fb.The spe
trum of the muon energy E� is shown in Fig. 5(b). The signal is very 
lean above thevery low ba
kground from SUSY and W+W� produ
tion, whi
h gets redu
ed further to � 1:3 % afterre
onstru
tion of the kinemati
s. The primary 
at energy spe
trum, 
hara
teristi
 for a spin 0 parti
lede
ay, is distorted due to a

eptan
e 
uts, event sele
tion 
riteria and photon radiation. However, theminimal and maximal endpoint energies E� are 
learly pronoun
ed. The polar angle distribution of thesmuons ~�R, in
luding both the 
orre
t and false solutions, is displayed in Fig. 5(
). The tiny ba
kgroundgives a 
at 
ontribution. The false solution exhibits a large pedestal with some enhan
ement in the
entral region re
e
ting mildly the primary distribution (
f. � = 0:8). The ambiguous solution 
anbe 
al
ulated using Monte Carlo simulation and it is subtra
ted in Fig. 5(d). The expe
ted sin2 �distribution of Eq. (2.8) is 
learly visible. A �t of the shape to the experimental angular distributionyields d�expd 
os � � 1 + a 
os � + b 
os2 � (2.35)a = �0:020 � 0:016 and b = �0:979 � 0:022
on�rming the 
onje
tured forward-ba
kward symmetri
 sin2 � behavior of spin-0 smuon produ
tionwith high pre
ision.3 SELECTRONS3.1 Produ
tion Channels in e+e� CollisionsIn the sele
tron produ
tion pro
ess the lepton number 
an 
ow from the initial to the �nal state.Therefore, besides the e+e� annihilation 
hannel mediated by 
; Z ex
hange, 
f. Fig. 1(a), also t-
hannelex
hange of neutralinos, 
f. Fig. 1(b), 
ontributes to some 
hannels. [In e�e� 
ollisions sele
trons areprodu
ed solely by t-
hannel and u-
hannel ex
hanges.℄ Among all these 
hannels, whi
h are summarized
omprehensively in Table 1 of Ref. [17℄, pair produ
tion of ~e+R~e�R is easiest to 
ontrol experimentallyif, as realized in many models, the R-type sele
tron is signi�
antly lighter than the 
ompanion L-typesele
tron. Equal-parti
le 
hannels are also preferred theoreti
ally; their analysis is most transparent byin
luding the standard annihilation whi
h is well 
ontrolled.14



Two ele
tron/positron polarization states 
an generate the ~e+R~e�R pair:e+R e�L ! ~e+R ~e�R [
; Z ex
hange℄ (3.1)e+L e�R ! ~e+R ~e�R [
; Z; ~�0 ex
hange℄ (3.2)Though the signal pro
ess (3.1) is the analogue of smuon pair produ
tion in e+e� annihilation, we 
annotanti
ipate that in rival J = 1=2; 1; :: pro
esses t-
hannel ex
hanges do not o

ur when the lepton number
an 
ow from the initial to the �nal state. Moreover, even ele
tron polarization [32℄ 
an be realizedonly at a degree < 1 so that impurities from the pro
ess are mixed in in any 
ase. It is thus plausible toevaluate ~e+R~e�R pair produ
tion for unpolarized ele
tron/positron beams. [The general expression of thepolarized 
ross se
tion is given in the Appendix.℄ This 
ase exempli�es all the interesting 
hara
teristi
s.After exploiting the 
onservation of the lepton 
urrent, the spinorial parts of the matrix elementsfor s-
hannel 
; Z ex
hange and t-
hannel neutralino ex
hange are identi
al, � (�ve+
�ue�) k� with k�denoting the (spa
elike) 4-momentum transfer. The t-
hannel 
ontribution 
an therefore be mappedinto generalized 
harges, introdu
ed in analogy to Eqs. (2.2) and (2.3):QL = 1 + �s2W � 1=2� 
�2W DZ(s) (3.3)QR = 1 + t2WDZ(s) + 4Xk=1 jNk1j2
�2W D~�0k(t) (3.4)The indi
es R and L denote the ele
tron heli
ities. The pole part of the ~�0k propagator, k = 1; ::; 4 inthe Minimal Supersymmetri
 Standard Model (MSSM), is denoted in the 
enter-of-mass frame byD~�0k(t) � st�m2~�0k = �2�k � �~eR 
os � with �k = 1� 2(m2~eR �m2~�0k)=s (3.5)while N denotes the neutralino mixing matrix, see Ref. [33℄. Near the threshold, the ~e+R~e�R pair isprodu
ed in a P -wave with amplitude � �. With rising energy however an in
reasing number of orbitalangular momenta is ex
ited and the propagator starts diverging in the forward dire
tion � s=m2~�0k [form~eR > m~�0k after running through a maximum at 
os � � �k=�~eR ℄.The di�erential and total 
ross se
tions 
an be 
ast into the formd�d 
os � [e+e� ! ~e+R~e�R℄ = ��28s �3 sin2 � �Q2L +Q2R� (3.6)�[e+e� ! ~e+R~e�R℄ = ��28s �3 �hQ2L sin2 �i+ hQ2R sin2 �i� (3.7)with hQ2L;R sin2 �i � R d 
os � sin2 � Q2L;R. Mass and energy dependen
e of the integrated 
harges 
an beadopted from Ref. [17℄:hQ2L sin2 �i = 43 �1 + (s2W � 1=2)
�2W DZ(s)�2 (3.8)hQ2R sin2 �i = 43 [1 + t2WDZ(s)℄2 + 8[1 + t2WDZ(s)℄
�2W 4Xj=1 jNj1j2f j+8
�4W 4Xj;k=1 jNj1Nk1j2hjk (3.9)15



with the 
oeÆ
ientsf j = ���j + �2j � �22 ln �j + ��j � � and hjk = 8<: �2� +�j ln �j+��j�� j = k(f j � fk)=(�j ��k) j 6= k (3.10)It follows that the produ
tion of e-type supersymmetri
 s
alar parti
les is 
hara
terized by thefollowing two rules: #1 threshold ex
itation � �3 (3.11)#2 angular distribution � sin2 � G(
os �)! sin2 � near threshold (3.12)Independent of energy, the angular distribution must behave � sin2 � 
lose to the forward and ba
kwarddire
tions where it must vanish by angular momentum 
onservation. While this behavior may bemasked in pra
ti
e by the singularity in G developing in the forward dire
tion at high energies, no su
hinterferen
e will arise in the ba
kward dire
tion. Sin
e the ~�0k ex
hanges give rise to a P -wave nearthe threshold, in the same way as 
; Z ex
hange, a simple pi
ture with � � �3 and d�=d 
os � � sin2 �emerges at the threshold.
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Figure 6: (a) The threshold ex
itation for sele
trons; and (b) the angular distribution in e+e� ! ~e+R~e�Rfor the SUSY parameters spe
i�ed in the text. These results are 
ompared with the produ
tion e+e� !e+R1e�R1 of ele
troni
 Kaluza-Klein states in UED. The �rst KK mass MK1 is taken to be 295 GeV.Asymptoti
ally the total 
ross se
tion s
ales as� ! ��2
4W 1s log sm2~eR for s ! 1 (3.13)as expe
ted from the forward enhan
ement of the t-
hannel ex
hange.These 
hara
teristi
s are displayed quantitatively in Fig. 6(a/b) for the onset of the ex
itation 
urve16



and the angular distribution 
lose to threshold.3.2 KK Ex
ited States e�1 in UEDThe analysis presented above repeats itself rather 
losely for the KK ex
ited states 
arrying ele
tronlepton number; again we 
hoose the �rst KK ex
ited R-type ele
trons e�R1 with ve
tor 
ouplings to notonly 
 and but also to Z bosons as a representative example:e+e� ! e+R1e�R1 (3.14)Analogously to Fig. 1(b), the t-
hannel ex
hange of the ve
tor and s
alar KK ex
itations B1 and b1 [thesupplement left withB1 from the 5-dimensional ve
tor℄ add to the standard 
; Z ex
hanges 
orrespondingto Fig. 1(a).Despite the 
ompli
ated superposition of ve
tor and s
alar intera
tions, Fierzing te
hniques allowus to 
ast all 
ontributions into the s-
hannel 
� 
 
� form8 for the 
hiral �; � = L;R elements:M[e+e� ! e+R1e�R1℄ = Q1�� ��v(e+)
�P�u(e�)� ��u(e�R1)
�P�v(e+R1)� (3.15)with the bilinear 
harges [34℄:Q1LL = 1 + �s2W � 1=2� 
�2W DZ(s); Q1LR = Q1LL � 18 m2ZM2K1+m2Z t2WDb1(t)Q1RL = 1 + t2WDZ(s) + 
�2W m2eR12M2K1DB1(t); Q1RR = 1 + t2WDZ(s) + 
�2W DB1(t) (3.16)Apart from standard notations, MK1 denotes the �rst KK mass, and the t-
hannel propagators arede�ned as DB1(t) = Db1(t) = s=[t�M2K1 ℄ = �2=[1 � 2(m2eR1 �M2K1)=s� �eR1 
os �℄.After introdu
ing the familiar quarti
 
hargesQ11 = 14 �jQ1RRj2 + jQ1LLj2 + jQ1RLj2 + jQ1LRj2�Q12 = 12<e �Q1RRQ1�RL +Q1LLQ1�LR�Q13 = 14 �jQ1RRj2 + jQ1LLj2 � jQ1RLj2 � jQ1LRj2� (3.17)the di�erential 
ross se
tion 
an be written in the 
ompa
t formd�d 
os � [e+e� ! e+R1e�R1℄ = ��22s ��(1 + �2 
os2 �)Q11 + (1� �2)Q12 + 2� 
os �Q13� (3.18)from whi
h the total 
ross se
tion follows by integration over the polar angle:�[e+e� ! e+R1e�R1℄ = ��22s ��hQ11i+ �2h
os2 �Q11i+ (1� �2)hQ12i+ 2�h
os �Q13i� (3.19)8The matrix element e+e� ! �+R1��R1 has earlier been de�ned impli
itly in the same way, the 
harges QR and QL tobe identi�ed with QR = QRL = QRR and QL = QLL = QLR in this 
ase.17



Both observables 
an serve as dis
riminants for Kaluza-Klein states against supersymmetri
 sele
trons.By inspe
ting the 
ross se
tions in Eqs. (3.19) and (3.18) we 
an easily 
on
lude, without studyingdetails, that �[e+e� ! e+R1e�R1℄ � � near threshold (3.20)d�d 
os � [e+e� ! e+R1e�R1℄ � (1 + �2 
os2 �)G(
os �) + � � �! 
at in 
os � near threshold (3.21)as generally expe
ted for fermion pair produ
tion near the threshold. As for smuon pairs, these results
ontrast strongly to supersymmetri
 s
alar ~e produ
tion. Most striking is the non-vanishing angulardistribution in the forward and ba
kward dire
tions. This is exempli�ed quantitatively in the 
omparisonof Fig. 6(a/b).Asymptoti
ally however the total 
ross se
tion, unlike the previous examples, approa
hes a non-zerovalue � ! ��2
4W 1M2K1 for s ! 1 (3.22)due to the enhan
ement in the forward dire
tion, whi
h is a remnant of the Rutherford pole dampedby the Yukawa mass 
ut-o� in the ex
hange of heavy parti
les.3.3 General AnalysisIndependent of the lepton number 
ow by additional t-
hannel ex
hange me
hanisms, the s-
hannel
; Z ex
hange in the produ
tion of 
harged fermions of any spin J = 1=2; 3=2; : : : will generate the pairin an S-wave so that the 
ross se
tion should rise at threshold � � in 
ontrast to the s
alar �3 parti
leprodu
tion. The same 
; Z ex
hange me
hanism will generate a non-vanishing angular distribution inthe forward and ba
kward dire
tions 6= sin2 �.In 
ontrast to the produ
tion of muon-type pairs, the additional t-
hannel ex
hanges in the pro-du
tion of J = 1; 2; :: integer spin ele
tron-type pairs will in general give rise to an S-wave 
omponent� � in the onset of the ex
itation 
urve. Sin
e all spin J > 0 parti
les in asymptoti
ally well-behaved�eld theories [19℄ will 
arry a non-vanishing magneti
 dipole moment, the angular distribution for bothmuon-type and ele
tron-type pairs will not vanish in forward/ba
kward dire
tion. This argument 
anbe supplemented by studying the polarizations � dJ�;�(��) in the de
ays of the two spin J parti
les.Thus in parallel to the smuon 
ase, also for sele
trons in supersymmetri
 theories experimental paths
an be designed for establishing the s
alar spin-0 
hara
ter unambiguously.3.4 Simulation of e+e� ! ~e+R~e�RThe dete
tion of s
alar sele
trons in the rea
tion e+e� ! ~e+R~e�R ! e+ ~�01 e� ~�01 is again very 
lean. Theevent simulation, sele
tion and analysis pro
eed in 
omplete analogy to smuon produ
tion, des
ribed in18



the previous se
tion, just repla
ing the observable leptons by an e+e� pair.
(a) (b)

(c) (d)

Figure 7: (a) The unpolarized 
ross se
tion of e+e� ! ~e+R~e�R produ
tion 
lose to threshold, in
ludingQED radiation, beamstrahlung and width e�e
ts; the statisti
al errors 
orrespond to L = 10 fb�1 perpoint, the dash-dotted 
urve indi
ates a hypotheti
al dependen
e � � �; (b) energy spe
trum Ee from~e�R ! e� ~�01 de
ays; polar angle distribution 
os �~eR (
) with and (d) without 
ontribution of false solution.The simulation for the energy and polar angle distributions is based on polarized beams with (Pe� ;Pe+) =(+0:8;�0:6) at ps = 680GeV and L = 200 fb�1. The smooth histograms represent high statisti
sexpe
tations, the 
urve indi
ates a �t to the 
ross se
tion (3.6).The unpolarized 
ross se
tion at threshold is displayed in Fig. 7(a). The expe
ted event rates arelarger than for smuon produ
tion due to additional t-
hannel neutralino ex
hange. One observes a 
rossse
tion typi
al for P -wave produ
tion of spin-0 parti
les with a dependen
e �~e+R~e�R � �3, as explainedin Eq. (3.11). The ex
itation 
urve may be easily distinguished from a mu
h faster rising hypotheti
al� � � behavior, shown for 
omparison as well.The study of the ~e+R~e�R produ
tion is performed 
lose to threshold in order to separate out, as well19



as possible, the fa
tor sin2 � in the polar-angle distribution, see Eq. (3.12). An energy of ps = 680GeVappears to be a good 
ompromise between signal and ba
kground event rates. An enhan
ed signal isobtained by 
hoosing beam polarizations of (Pe� ;Pe+) = (+0:8;�0:6). The 
ross se
tion amounts to47 fb, and an integrated luminosity of L = 200 fb�1 is assumed for the simulation. The expe
ted ele
tronenergy spe
trum Ee of the de
ays ~e�R ! e� ~�01 is shown in Fig. 7(b). It exhibits a 
lear signature abovea negligible ba
kground from W+W� and ~e�R~e�L produ
tion.The angular distribution 
os �~eR , shown in Fig. 7(
), is still peaked towards the forward dire
tion,due to the remnant t-
hannel ~�0 
ontributions, above a fairly 
onstant pedestal from the false solutions.The spe
trum after subtra
ting the ambiguity, displayed in Fig. 7(d), vanishes in the very forward andba
kward dire
tions, re
e
ting the overall sin2 � fa
tor. A �t a

ording to the di�erential 
ross se
tionformula (3.6) yields a very good des
ription of the simulated data. As a by-produ
t, the results of the �t
an be used to determine or 
ross-
he
k the neutralino mixing parameters jNk1j2 entering the expression(3.4) of the generalized 
harge QR.
(a) (b)

Figure 8: Polar angle distribution 
os �~eR of e+Re�L ! ~e+R~e�R: (a) with 
ontributions from ba
kgroundand false solution; (b) after subtra
tion of ba
kground and false solution. The simulation is based onpolarized beams with (Pe� ;Pe+) = (�0:8;+0:6) at ps = 680GeV and L = 300 fb�1. The smoothhistograms represent high statisti
s expe
tations, the 
urve indi
ates a �t to the 
ross se
tion (3.6)The t-
hannel neutralino ex
hange 
an be 
onsiderably redu
ed by 
hoosing opposite beam polar-izations of (Pe� ;Pe+) = (�0:8;+0:6). These 
onditions however imply a mu
h lower 
ross se
tion of� = 3:4 fb at the same energy ps = 680GeV and a signi�
antly larger ba
kground from WW and ~eR~eLprodu
tion. The results of simulations assuming L = 300 fb�1 are displayed in Fig. 8. The polar angledistribution is mu
h 
atter and shifted towards the 
entral region, approa
hing the expe
ted sin2 � lawfor 
ompletely polarized beams. A �t to the subtra
ted spe
trum exhibits a skewed sin2 � distribution,reminis
ent of small, residual t{
hannel 
ontributions.20



4 CHARGINOS AND NEUTRALINOS4.1 Produ
tion Channels in e+e� CollisionsThe prototypes of non-
olored supersymmetri
 spin-1/2 fermions are the 
harginos ~��1 and the neutrali-nos ~�01 and ~�02. They are produ
ed in diagonal and mixed pairs in e+e� annihilation:e+e� ! ~�+1 ~��1 with ~��1 ! f �f 0~�01 (4.1)e+e� ! ~�01 ~�02 and ~�02 ~�02 with ~�02 ! f �f ~�01 (4.2)Though a signi�
ant fra
tion of the de
ays is mediated potentially by ~� intermediate states as predi
tedin the referen
e s
enarios SPS1a/1a0 [18, 35, 36℄, other de
ay modes 
an still play a signi�
ant rôle dueto large produ
tion 
ross se
tions, in parti
ular for diagonal pairs. The mixed neutralino produ
tion
hannel ~�01 ~�02 is easier to analyze in the threshold region when studying the onset of the ex
itation 
urve,but the diagonal pair ~�02 ~�02 gives rise to a better textured visible �nal state that allows the re
onstru
tionof the 
ight axis up to a 2-fold ambiguity, while the axis 
an be re
onstru
ted for mixed pairs only if~�02 
as
ades down through an intermediate slepton [37℄.e�e+ 
; Z ~��1 ; ~�01;2~�+1 ; ~�02 e�e+ ~�; ~e ~��1 ; ~�01;2~�+1 ; ~�02 e�e+ ~e ~�01;2~�02Figure 9: Two me
hanisms 
ontributing to the produ
tion of ~�+1 ~��1 and three to ~�01 ~�02 and ~�02 ~�02;s-
hannel 
=Z ex
hanges and t=u-
hannel ~� and ~e ex
hanges, respe
tively.Two me
hanisms 
ontribute to the produ
tion of ~�+1 ~��1 and three to ~�01 ~�02 and ~�02 ~�02: s-
hannel 
=Zex
hanges and t=u-
hannel ~� and ~e ex
hanges, respe
tively, as illustrated in Fig. 9.By using Fierzing te
hniques, both the t=u-
hannel diagrams 
an be mapped onto the s-
hanneldiagram, generating the bilinear 
harges Q�� [33, 38℄:~�+1 ~��1 : QLL = DL � FL 
os 2�L QLR = D0L � F 0L 
os 2�RQRL = DR � FR 
os 2�L QRR = DR � FR 
os 2�R (4.3)~�0i ~�0j : QLL = +4Zijs�22W (s2W � 1=2)DZ(s)� GLijD~eL(u)QLR = �4Z�ijs�22W (s2W � 1=2)DZ (s) + G�LijD~eL(t)QRL = +Zij
�2W DZ(s) + GRijD~eR(t)QRR = �Z�ij
�2W DZ(s)� G�RijD~eR(u) (4.4)
21



[in the usual notation s22W = sin2 2�W ℄. The normalized propagators in these 
harges readDL = 1 + 4s�22W (s2W � 1=2)(s2W � 3=4)DZ(s) FL = 4s�22W (s2W � 1=2)DZ(s)=4DR = 1 + 
�2W (s2W � 3=4)DZ(s) FR = 
�2W DZ(s)=4D0L = DL + s�2W D~�(t)=4 F 0L = FL � s�2W D~�(t)=4 (4.5)and �L;R denote the mixing angles rotating the gaugino/higgsino 
urrent to the 
hargino mass basis; therotation angles are determined by the SUSY Lagrangian parameters M2; � and tan� [38℄. The matri
esZ and GL;R are 
ombinations of the mixing matrix elements N in the neutralino se
tor [33℄:Zij = (Ni3N�j3 �Ni4N�j4)=2GLij = (Ni2
W +Ni1sW )(N�j2
W +N�j1sW )=s22WGRij = Ni1N�j1=
2W (4.6)They are derived from the Lagrangian parameters noted above and supplemented by the U(1) gauginoparameter M1 [in the MSSM℄.De�ning the quarti
 
harges Q1; Q2; Q3 in the same way as Eq. (3.17), the di�erential and total 
rossse
tions 
an be written asd�d 
os � = ��22s � �[1� (�2i � �2j)2 + �2 
os2 �℄Q1 + 4�i�jQ2 + 2� 
os �Q3	 (4.7)� = ��2fs2s � �[1� (�2i � �2j )℄hQ1i+ �2h
os2 �Q1i+ 4�i�jhQ2i+ 2�h
os �Q3i	 (4.8)generi
ally for any pair of masses with �i = mi=ps, and �2 = [1� (�i � �j)2℄[1� (�i + �j)2℄ 
oin
idingwith the velo
ity squared for equal masses; fs = 1 or 1=2 denotes the statisti
s fa
tor for pairs of unequaland equal parti
les, respe
tively, in the �nal state.(a) Charginos:Near the threshold the 
ross se
tion rises � � sin
e the 
harged Dira
 parti
les are generated in S-waves.For asymptoti
 energies the 
ross se
tion s
ales as� ! 4��23s �1 +�~��� for s ! 1 (4.9)
omplemented by the 
oeÆ
ient �~�� = O(1) in
luding mixing matrix elements.The angular distribution near the threshold is 
at and need not vanish as for s
alar parti
les in theforward/ba
kward dire
tion. With rising energy the sneutrino t-
hannel ex
hange ex
ites an in
reasingnumber of higher orbital angular momenta and thus modi�es the familiar spin-1=2 asymptoti
 distribu-tion to � (1 + 
os2 �)G(
os �).The 
hara
teristi
s for supersymmetri
 
hargino produ
tion 
an therefore be summarized in the22



following points: #1 threshold ex
itation � � (4.10)#2 angular distribution � (1 + �2 
os2 �)G(
os �) + � � �! isotropi
 near threshold (4.11)As will be argued later, these two 
hara
teristi
s 
an be mimi
ked by higher half-integer spin states.Thus, the observation of the 
hara
teristi
s (4.10) and (4.11) is ne
essary for 
hargino spin assignmentsin supersymmetri
 theories but not suÆ
ient. The produ
tion 
hara
teristi
s must be 
omplementedby de
ay 
hara
teristi
s to determine the spin of 
harginos unambiguously.(b) Neutralinos:The Majorana nature of the neutralinos forbids the S-wave produ
tion of the diagonal ~�02 ~�02 pair atthreshold with equal spin 
omponents along the e+e� beam axis as a 
onsequen
e of the Pauli prin
iple.This 
on
lusion 
an also formally be drawn by observing that near threshold the sum of the quarti

harges is redu
ed to Q1 + Q2 = [jQLL + QLRj2 + jQRL + QRRj2℄/4 so that the �nal-state 
urrentbe
omes purely ve
torial, forbidden however for neutralino Majorana �elds whi
h 
an only be 
oupledto axial-ve
tor 
urrents. The P -wave produ
tion mode leads to the onset of the ex
itation 
urve � �3.The angular distribution follows the spin-1 rule for 
=Z ex
hange [39℄, modi�ed however by a spin-1and spin-0 mixture from sele
tron t=u ex
hanges. Inserting the quarti
 
harges in Eq. (4.7), the angulardistribution is given near the threshold byd�thrd 
os � = ��24s �3 Xk=L;R�Z2k(1 + 
os2 �) + 4~gk(2~gk �Zk) sin2 � + 8Æk~gk(Æk~gk + Zk) 
os2 � � (4.12)where the 
oeÆ
ients are de�ned in terms of the matri
es Z and GL;R asZR = Z
�2W DZ ~gR = GR [1 + ÆR℄ (4.13)ZL = 4Zs�22W (1=2 � s2W )DZ ~gL = GL[1 + ÆL℄ (4.14)with ÆL;R = (m2~�02 �m2~eL;R)=(m2~�02 +m2~eL;R). For large sele
tron masses the s-
hannel Z 
ontributions aredominant and the angular distribution is redu
ed to (1 + 
os2 �), 
hara
teristi
 for Majorana fermionpair produ
tion. However, if for parti
le masses of the same size, the t� and u�
hannel sele
tron
ontributions are dominant, the angular distribution is in general a mixture of sin2 � and 
os2 � termswith 
oeÆ
ients varying with the parti
le masses. Above the threshold, higher orbital angular momentaare ex
ited by the sele
tron ex
hange me
hanisms, not altering however the asymptoti
 behavior� ! 4��23s �~�0 for s ! 1 (4.15)with the 
oeÆ
ient �~�0 = O(1).Also mixed ~�01 ~�02 pairs will be produ
ed near the threshold in a P -wave if their CP parities, �i, areequal. If they are di�erent however S-wave produ
tion is possible and the 
ross se
tion rises � �. In23



theories with CP violation S-wave produ
tion is predi
ted in general [33, 40℄.These observations are summarized in the following rules:#1 threshold ex
itation � �3 for ~�02 ~�02 (4.16)� �3=� for ~�01 ~�02 [ ident./di�. Majorana phases ℄#2 angular distribution near threshold � 
os2 = sin2 � mix (4.17)These points are illustrated for 
harginos and neutralinos in Figs. 10 and 11, respe
tively. Theparameter set introdu
ed earlier, gives rise to the 
hargino mass m~��1 = 286 GeV and the neutralinomasses m~�01=2 = 148=286 GeV. The residual linear �-dependen
e, � = 0:14, generates a slight in
rease ofthe angular distribution with 
os �. For neutralinos the 
hosen parameter set leads to a dominant sin2 �
omponent in the angular distribution, supplemented however by small additional 
ontributions, 
f.Eq. (4.12), whi
h render the distributions non-vanishing at the very edges of the forward and ba
kwarddire
tions. These results will be 
onfronted with phenomena in UED and a general analysis in the nextsubse
tions.
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Figure 10: (a) The threshold ex
itation for 
harginos and (b) the angular distribution in the pro
esse+e� ! ~�+1 ~��1 for the SUSY parameters spe
i�ed in the text; both 
ompared with W+1 W�1 pair produ
tionin UED.4.2 KK Ex
ited States W�1 and Z1=
1 in UEDThe 
ounterpart of ~��1 and ~�02 in UED are the KK ex
itations W�1 and W 31 = Z1, while ~�01 and B1 = 
1are the stable parti
les of the two theories with minimal mass9 to whi
h all other parti
les 
as
ade down.9Ele
troweak mixing at the KK level is negle
ted as before.24
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Figure 11: (a) The threshold ex
itation for neutralinos and (b) the angular distribution in the pro
essese+e� ! ~�01 ~�02 and ~�02 ~�02 for the SUSY parameters spe
i�ed in the text; both 
ompared with Z1Z1 pairprodu
tion in UED. e�e+ 
; Z W�1W+1 e�e+ �1 W�1W+1e�e+ eL1 W 31 = Z1W 31 = Z1 e�e+ eL1 W 31 = Z1W 31 = Z1Figure 12: Two me
hanisms 
ontributing to the produ
tion of W+1 W�1 and two to Z1Z1; s-
hannel
=Z ex
hanges, t-
hannel �1 and t=u-
hannel eL1 ex
hanges, respe
tively.The 
ross se
tions for the pro
esses e+e� ! W+1 W�1 (4.18)e+e� ! Z1Z1 (4.19)are 
losely related to the 
orresponding SM pro
esses e+e� ! W+W� and ZZ, 
f. Fig. 12. StandardSM 
ouplings are atta
hed to the 
urrents, and the ex
hanged neutrino and ele
tron must be substitutedby the heavy KK ex
itations. In the limit in whi
h the masses of the t=u-ex
hange leptons are negle
ted,25



the 
ross se
tions approa
h the SM form of Refs. [41, 42℄.The di�erential and total 
ross se
tions for W+1 W�1 
an be expressed by the generalized 
hargesQL = 1� (s2W � 1=2)s�2W DZ(s) and QR = 1�DZ(s) (4.20)In this notation they 
an be written asd�d 
os � = ��28s � �s�4W F1(s; �) + 12(Q2L +Q2R)F2(s; �)�QLs�2W F3(s; �)� (4.21)� = ��28s � �s�4W ��1(s) + 12(Q2L +Q2R) ��2(s)�QLs�2W ��3(s)� (4.22)The angular fun
tions F (s; �) and the energy-dependent 
oeÆ
ients ��(s) are given byF1(s; �) = 
2(1 + �2 � 2� 
os �)2 (4 + 
2�2 sin2 �) + 4�2 sin2 �4(�� � 
os �)2 (4.23)F2(s; �) = 2�2 �4
2(4 + 
2�2 sin2 �) + 3 sin2 �� (4.24)F3(s; �) = 2
2� [2� � (1 + �2) 
os �℄(4 + 
2�2 sin2 �) + 3�2 sin2 �(�� � 
os �) (4.25)with 
 = ps=2mW�1 , � = 1� 2(m2W�1 �m2�1)=s, and��1(s) = 4(
4 + 11
2 � 3)=3 � (2
2 � 1)�2 � 2�4 � 2 �
�2 + 2(2 � 
�2)�2� =(�2 � �2)+ �4�� (7 + �)�2 + (1 + 2�)�4�L( ��)=� (4.26)��2(s) = 8�2(4
4 + 20
2 + 3)=3 (4.27)��3(s) = 6�+ 8(2
4 + 9
2 � 5)=3 � [
�2 + (2� 
�2)�2℄ (2
2 � 1 + �2)��6(�2 � �2) + �
�2 + (2� 
�2)�2� �7 +�� (1 + �)�2�	 L( ��)=� (4.28)with � = m�1=mW�1 , �� = �=� and L(x) = (1=2x) log[(1 + x)=(1 � x)℄! 1 as x! 0. Although ea
h ofthe individual 
oeÆ
ients ��i(s) grows as s, unitarity 
an
ellations redu
e the sum of all 
ontributionsto the expe
ted s
aling behavior of the 
ross se
tion [41, 42℄:�[e+e� ! W+1 W�1 ℄ ! ��22s4W 1s log sm2W�1 for s!1 (4.29)The logarithmi
 term is generated by the KK neutrino ex
hange me
hanism.For Z1Z1 produ
tion the di�erential and total 
ross se
tions readd�d 
os � = ��216s4W s�(2� �2(1 + 
os2 �)�2 � �2 
os2 � + 2�4 sin2 � 
os2 �(�2 � �2 
os2 �)2 + �4 �2 
os2 � �4(1� �2) + �2 sin2 ��2(�2 � �2 
os2 �)2 )(4.30)� = ��232s4W s� � 8(1 + �
�2)L ����� 8 + �4 �(3� ��2 � 4�
�2)L ����� 3 + 4�
�2=(1 � ��2)� � (4.31)with � = meL1=mZ1 , � = 1 � 2(m2Z1 �m2eL1)=s and �
 = 
�. For asymptoti
ally large energies, thestandard behavior �[e+e� ! Z1Z1℄ ! ��28s4W 1s log sm2Z1 for s ! 1 (4.32)26



is predi
ted for the total 
ross se
tion.Near the thresholds the total 
ross se
tions rise as�[e+e� !W+1 W�1 ; Z1Z1℄ � � (4.33)while the angular distributions1� d�d 
os � [W+1 W�1 ℄ ' 12 +O(�) 
os � and 1� d�d 
os � [Z1Z1℄ ' 12 +O(�) 
os2 � (4.34)are essentially 
at in the threshold region. The 
at behavior is modi�ed however linearly in � abovethe threshold as evident from Fig. 10(b).Comparing the predi
tions for the spin-1 KK ex
itations of the weak gauge bosons with the spin-1/2
harginos and neutralinos, we arrive at a mixed pi
ture, 
f. Figs. 10 and 11. In the 
hargino se
tor theonset of the ex
itation 
urves does not dis
riminate one from the other. However, due to the Majorananature of the neutralinos, the onset for ~�02 ~�02 � �3 is di�erent from Z1Z1 � �.Final state analyses are ne
essary to dis
riminate 
harginos from KK W�1 bosons. Due to theve
torial/axial-ve
torial 
ouplings, in both theories, the ele
tron-positron pair annihilates in a spin-1state polarized parallel to the beam axis. Angular momentum 
onservation then demands the samepolarization state for the 
harginos whi
h are 
oupled in an S-wave. Choosing longitudinally polarizedele
tron beams with a degree 
lose to one [32℄, the de
ay angular distribution is di
tated byD[ ~��1 ! (f �f 0)~�01℄ � d1=2�� (��) � 
os(��=2) or sin(��=2) (4.35)[depending on whether the initial ~��1 heli
ity � and the di�eren
e � = �(~�01) � �(f �f 0) of �nal-stateheli
ities are of equal or opposite sign℄. This 
an be 
ontrasted to the polarization of the W�1 whi
hmust be either 1 or 0, so that, in the same notation as before,D[W�1 ! (f �f 0)
1℄ � d1��(��) � (1� 
os ��) or 
os �� or sin �� (4.36)[depending on whether j�j = j�j = 1; 0 or otherwise℄ with quite a di�erent Wigner d fun
tion 
omparedto the supersymmetri
 signal. Thus the �nal state analysis provides a 
lear dis
rimination.In 
on
lusion. The supersymmetri
 
hargino/neutralino se
tor 
an be dis
riminated in spin analysesfrom the KK ex
ited weak-boson se
tor in theories of universal extra spa
e dimensions, but �nal stateanalyses of the de
aying parti
les are required.4.3 General Analysis(a) Charginos: S-wave produ
tion of 
hargino pairs gives rise to the � onset of the ex
itation 
urve nearthe threshold. This behavior is expe
ted for all 
harged half-integer spin Dira
 parti
les. In parallel, theangular distribution in the produ
tion pro
ess does not dis
riminate the parti
les. Bosons with spin � 127



also follow the S-wave pattern if they are produ
ed pairwise through t- and/or u-
hannel ex
hanges.Quite generally, the (polarized) ele
tron/positron pair either annihilates in a polarized spin-1 statefor ve
tor 
urrents, as exempli�ed above.10 This gives rise to polarization e�e
ts dJ�(��) in the F J de
aysand to 
orrelations of the formdJ��1;�(��1) dJ��0(��2) and/or dJ��(��1) dJ��0(��2) (4.37)between the angular distributions of the de
ay produ
ts of the parti
le pair F J �F J whi
h is generatedin an S-wave near threshold. The 
hara
teristi
 dependen
e of the d fun
tions on J 
an be exploited todetermine the spin. [Details will be presented in the subsequent experimental subse
tion.℄(b) Neutralinos: For 
larity we fo
us on the produ
tion pro
ess (2.13) for equal-type parti
le-antiparti
leF J 6= �F J and parti
le-parti
le F J = �F J pairs. As argued before, S-wave produ
tion is expe
ted ingeneral if the neutral fermions F J and �F J are di�erent from ea
h other; it gives rise to the � dependen
eof the 
ross se
tion near threshold as opposed to the �3 produ
tion law of the Majorana parti
le ~�02.It has been shown quite generally in Ref. [39℄ that Majorana pairs F JF J are always produ
ed in Pwaves near threshold, with a (1 + 
os2 �) angular distribution for spin-1 
=Z ex
hange. If t=u-
hannelex
hanges are swit
hed on, S-wave produ
tion of Majorana fermion pairs remains suppressed for allintera
tions 
onserving ele
tron-
hirality. While the rise of the ex
itation 
urve � �3 does not 
hange,the angular distribution is modi�ed however to a mix of 
os2 � and sin2 � terms.Thus the spin of 
harginos and neutralinos 
annot be dis
riminated unambiguously unless the stan-dard 
orrelation tests involving the 
hargino/neutralino de
ays with reasonable polarization analysispower are performed. The analysis of polarization e�e
ts in F J de
ays, eventually supplemented by
orrelation e�e
ts in double F J �F J and F JF J de
ays, in the way dis
ussed above, will lead to the un-ambiguous spin assignment J = 1=2 of the ~��1 
hargino and the ~�02 neutralino.4.4 Simulation of e+e� ! ~�+1 ~��1 and e+e� ! ~�02 ~�02Chargino produ
tion and dete
tion pro
eeds via e+e� ! ~�+1 ~��1 ! W+ ~�01 W� ~�01 with a bran
hingratio B(~��1 ! W� ~�01) = 1 in the referen
e point 
onsidered. Distin
t experimental signatures areeither purely hadroni
 de
ays WW ! q�q0 �qq0 ! 4 jets or mixed hadroni
 and leptoni
 de
ays WW !q�q0 `� ! 2 jets + 1 lepton. For a 
omplete re
onstru
tion of the kinemati
s, in
luding produ
tion andde
ay angles, only the 4-jet �nal state 
an be used. However, information on the individualW� 
hargeis heavily spoiled by large 
u
tuations during the fragmentation pro
ess whi
h may lead to tra
k lossesand/or wrong tra
k assignments to the parent parti
le. Only a folded angle j 
os �j 
an be obtained.In 
ontrast, the ele
tri
 
harge of individual W� 
an be identi�ed in the mixed hadroni
 and leptoni
de
ays, W�W� ! q�q0`��.A potential ba
kground sour
e is neutralino produ
tion e+e� ! ~�02 ~�02 with subsequent de
ays ~�02 !10S
alar and tensor 
ouplings, whi
h would 
orrespond to spin-0 states, vanish in the limit of zero ele
tron mass due toele
tri
 
hirality 
onservation. 28



Z ~�01 (B = 0:13) and ~�02 ! h~�01 (B = 0:87). The hadroni
 de
ays of Z and h provide an event topologyand kinemati
s very similar to 
hargino produ
tion. A distin
tion may be possible on the basis ofex
ellent di-jet mass resolution as anti
ipated in the design of future ILC dete
tors [43℄. The goal is toa
hieve an eÆ
ient separation of hadroni
 W and Z de
ays, whi
h also implies a reliable identi�
ationof the heavier Higgs de
ays.
(a) (b)

Figure 13: Cross se
tions of (a) e+e� ! ~�+1 ~��1 produ
tion and (b) e+e� ! ~�02 ~�02 produ
tion 
lose tothreshold, in
luding QED radiation, beamstrahlung and width e�e
ts. The statisti
al errors 
orrespond toL = 10 fb�1 per point, The dash-dotted 
urves indi
ate hypotheti
al 
ross se
tion dependen
ies �~�+1 ~��1 ��3 and �~�02 ~�02 � � for 
harginos and neutralinos, respe
tively.The 
ross se
tions for ~�+1 ~��1 and ~�02 ~�02 produ
tion as a fun
tion of energy are shown in Fig. 13(a)and Fig. 13(b), respe
tively. Sin
e the masses are almost degenerate, the threshold energies of bothrea
tions are very 
lose and pra
ti
ally 
oin
ide. However, the 
hargino 
ross se
tion rises mu
h fasterwith � � � 
ompared with the slow onset of the neutralino ex
itation 
urve � � �3. It is obvious fromthe threshold 
urves that the di�erent (opposite) � dependen
e for the two rea
tions 
an be easily ruledout.As pointed out in the previous se
tion, polarization e�e
ts in ~��1 and ~�02 de
ays must be exploitedto determine the spin J = 1=2 of the ~��1 
hargino and ~�02 neutralino unambiguously.(a) Charginos ~��1 :The 
harginos in the produ
tion pro
ess e+e� ! ~��1 ~�+1 are polarized and even the polarization averagedover the produ
tion angle � is in general non-zero (also for unpolarized beams). The 
osine of the de
ayangle ��W� between the W� momentum dire
tion in the 
hargino rest frame and the ~��1 momentumdire
tion in the laboratory frame, identi
al with the spin quantization axis, 
an be determined bymeasuring the W� energy in the hadroni
 W� de
ay W� ! q�q0:EW� = 
 (E�W� + � p�W� 
os ��W�) (4.38)29



where 
 = ps=2m~��1 and � = (1� 4m2~��1 =s)1=2. The W�-boson energy and momentum in the 
harginorest frame, E�W� and p�W�, 
an be derived from the ~��1 ; ~�01 and W� masses. Furthermore, the ele
tri

harge of the individual W� and ~��1 
an be identi�ed by tagging the ele
tri
 
harge of the W� fromthe other 
hargino ~��1 de
ay through the leptoni
 mode W� ! `��`. All these features 
an be used tostudy the ~��1 -polarization through the angular distribution in the two-body de
ays ~��1 ! W� ~�01. Forthe 
hargino as a spin-1/2 parti
le the de
ay distribution is linear in 
os ��W� :1d� �d 
os ��W� �~��1 !W� ~�01� = 12 (1 + h�W�i 
os ��W�) (4.39)where the 
oeÆ
ient h�W�i is the produ
t of the ~��1 polarization averaged over the produ
tion distri-bution and the ~��1 polarization analysis power of the de
ay mode ~��1 !W� ~�01; for details see Ref. [44℄.The two 
oeÆ
ients h�W�i are identi
al as a 
onsequen
e of CP symmetry. The average heli
ities of ~��1and ~�+1 have the same magnitude but opposite sign in e+e� annihilation for arbitrary beam polarization.For non-zero h�W�i the de
ay angular distributions provide a unique signal for the spin J = 1=2 of the
hargino ~��1 .The W� de
ay angular distribution is studied in an experimental simulation of e+e� ! ~�+1 ~��1produ
tion at ps = 700GeV, assuming the integrated luminosity of L = 500 fb�1. With beam polar-izations (Pe� ;Pe+) = (�0:8;+0:6) the 
ross se
tion amounts to � = 150 fb. The event signature is are
onstru
ted hadroni
 de
ay W ! q�q0, a lepton from the de
ay W ! `� (` = e; �; �) to sele
t 
leanevents, and large missing energy of Emiss > ps=2. With a typi
al sele
tion eÆ
ien
y � ' 0:6 and a
ombined bran
hing ratio B = 0:44 proli�
 event rates are expe
ted. Ba
kground from other SM orSUSY pro
esses is estimated to be small and will not be 
onsidered further. The 
hargino sample may betripled by in
luding events where both W 0s are allowed to de
ay to hadrons. However, the ba
kgroundwill also in
rease due to false 
ombinations of jets in re
onstru
ting the two W 0s and due to ba
kgroundfrom ~�02 ~�02 produ
tion (see above). Su
h a study goes beyond the aim of the present paper.The basis of the analysis is Eq. (4.38) whi
h relates the W energy EW in the laboratory system withthe de
ay angle 
os ��W� in the ~��1 rest frame.Figures 14(a) and (b) show the angular distribution and energy spe
trum for the hypotheti
al 
asethat no QED radiation degrades the nominal produ
tion energy. The linear 
os ��W� dependen
e is
learly seen at generator level as well as after dete
tor simulation. A �t of the data to the fun
tiond�=d 
os ��W� � 1+ a01 
os ��W� + a02 
os 2��W� yields a01 = �0:213� 0:010 and a02 = �0:001� 0:010. Thisvalue is 
onsistent with the theoreti
al expe
tation of Eq. (4.39) with h�W�i = �0:216 and demonstratesthat distortions due to event sele
tion 
riteria and dete
tor e�e
ts are small. The same tenden
y isobserved in the energy distribution Fig. 14(b) whi
h falls linearly with EW , as 
ompared with a 
atdistribution for unpolarized 
harginos.In the more realisti
 situation that initial state photon radiation (ISR) and beamstrahlung de
reasethe ~�+1 ~��1 produ
tion energy, the angular distribution is no longer linearly falling, as shown in Fig. 14(
).Considerable depletions at 
os ��W� ! �1 are observed sin
e the 
onstraint E~��1 is not always valid.30



(a) (b)

(c) (d)

Figure 14: Chargino produ
tion e+e� ! ~�+1 ~��1 ! W+ ~�01 W� ~�01 with W� de
ay angle distributions
os ��W in the ~��1 rest frame (left panels) and W� energy distributions EW in the laboratory system (rightpanels). The plots (a) and (b) do not in
lude QED radiation e�e
ts while the plots (
) and (d) in
ludeinitial state photon radiation and beamstrahlung. Spe
tra at generator level (full 
urves and histograms)are 
ompared with events simulated and re
onstru
ted in the dete
tor (dots), the dashed 
urves indi
ate�ts to the data. The simulation is based on polarized beams with (Pe� ;Pe+) = (�0:8;+0:6) at ps =700GeV and L = 500 fb�1.However, sin
e both ISR and beamstrahlung e�e
ts 
an be 
al
ulated theoreti
ally and measured pre-
isely, they 
an be unfolded from the data, e.g. by applying a bin-by-bin 
orre
tion (like in the presentanalysis) or a matrix inversion pro
edure. Fitting of the QED 
orre
ted angular distribution (not shown)
31



to the form d�expd 
os ��W� � 1 + a1 
os ��W� + a2 
os 2��W� (4.40)results in 
oeÆ
ients a1 = �0:203 � 0:020 and a2 = �0:001� 0:020 (4.41)These values are 
onsistent with the input parameters and 
on�rm with high pre
ision the linear de-penden
e on 
os ��W 
hara
teristi
 for polarized spin 1/2 
hargino produ
tion, while higher spin-J stateswould generate the angular distributiond�d 
os ��W� � 1 + 2JXn=1 an 
osn ��W� (4.42)A sensitivity of a few per
ents to any term in addition to the linear term 
an be rea
hed whi
h is animportant bound in dis
riminating against higher spin J > 1=2 states. Similar distortions due to QEDradiation 
an be seen in the energy spe
trum of Fig. 14(d) whi
h is shifted towards lower values and is
onsiderably depopulated at the maximum energy.(b) Neutralino ~�02:The distribution of the polar angle in neutralino produ
tion e+e� ! ~�02 ~�02 with two identi
al Majoranaparti
les in the �nal state is forward-ba
kward symmetri
. The ~�02 polarization, being non-zero for �xedpolar angle, is asymmetri
 if the angle is varied from the forward to the ba
kward dire
tion [33℄. Thepolarization degree 
an be enhan
ed by using polarized ele
trons/positrons beams.The ~�02 polarization 
an be determined [45℄ in the two-body de
ay ~�02 ! Z ~�01 if the Z polarization ismeasured in the leptoni
 de
ays Z ! `+`�. The measurement 
an also be performed for the hadroni
de
ays Z ! 
�
 and b�b with 
 and b 
avor tagging.11(Alternatively, if kinemati
ally a

essible,) the two-body leptoni
 de
ay ~�02 ! ~̀�`� 
an providea powerful instrument for determining the ~�02 spin. The ~�02 momenta 
an be re
onstru
ted, event byevent, in ~�02 pair produ
tion for sequential ~�02 leptoni
 de
ays be
ause the two unknown ~�01 momenta
an be �xed by measuring the four visible lepton momenta in the 
as
ade de
ays ~�02 ! ~̀�`� ! `+`� ~�01and ~�02 ! ~̀0�`0� ! `0+`0� ~�01. Furthermore, the slepton mode is a perfe
t polarization analyzer ofthe de
aying neutralino. Expli
itly, the angular distribution in the rest frame of the de
aying spin-1/2neutralino ~�02 is given by [see Ref. [37℄℄1� �d 
os ��̀� h~�02 ! ~̀�R`�i = 12 �1�P~�02 
os ��̀�� (4.43)11A large number of events will be required for the leptoni
 de
ays be
ause of the small bran
hing ratio (� 0:07 for e=�)and the small analysis power (��0:15) as a result of the almost pure axial-ve
tor Z`` 
oupling. By 
ontrast, the hadroni
de
ays have four times larger bran
hing ratios and mu
h larger analysis powers (��0:92 and �0:67 for b and 
 quarks)than the leptoni
 de
ays. 32



where P~�02 is the degree of longitudinal ~�02 polarization and ��̀� the angle of the `� momentum in the~�02 rest frame with respe
t to the ~�02 momentum dire
tion.Therefore, the de
ays ~�02 ! Z ~�01 and/or ~�02 ! ~̀̀ do provide a unique signal for the spin J = 1=2 ofthe neutralino ~�02.Table 2: The threshold behavior and the angular distribution of SUSY and UED parti
le pair produ
-tion, and the general 
hara
teristi
s of spin-J �eld theories. All the 
hara
teristi
s refer to diagonalpair produ
tion. B and FD;M generi
ally denote bosons and Dira
, Majorana fermions; [s℄ s-
hannelex
hange only, [s; t; u℄ potentially all three ex
hange me
hanisms. The parameters � [� 6= �1℄ dependon mass ratios and parti
le velo
ities �; note that, espe
ially, � = 1 for Majorana fermions and forself-
onjugate bosons [spin � 1℄ in [s℄-
hannels { Noti
e the uniqueness of spin-0 assignments by mea-surements of the polar angle distribution in the slepton se
tor. Neither threshold ex
itation nor angulardistributions are suÆ
ient in the 
hargino/neutralino se
tor and �nal state analyses must be performedto determine the spin-1/2 quantum numbers.Threshold Ex
itation and Angular DistributionSUSY parti
le ~� ~e ~�� ~�0spin 0 0 1/2 1/2�thr �3 �3 � �3� dep. sin2 � thr: sin2 � thr: isotropi
 thr: 1 + � 
os2 �UED parti
le �1 e1 W�1 Z1spin 1/2 1/2 1 1�thr � � � �� dep. 1 + �2 
os2 � thr: isotropi
 thr: isotropi
 thr: isotropi
General parti
le B[s℄ B[s; t; u℄ FD;M [s℄ FD;M [s; t; u℄spin � 1 � 1 � 1=2 � 1=2�thr �3 � �; �3 �; �3� dep. 1 + � 
os2 � thr: isotropi
 1 + � 
os2 � thr: 1 + � 
os2 �
5 SummaryIt is apparent from the pre
eding dis
ussion that the model-independent determination of the spin quan-tum numbers of supersymmetri
 parti
les is a 
omplex task, with the degree of 
omplexity dependingon the nature of the parti
le. Threshold ex
itation and angular distributions in pair produ
tion as wellas angular 
orrelations in parti
le de
ays provide the signals for experimental spin measurements.33



The predi
tions for the threshold ex
itation and the angular distributions in the produ
tion pro
essesof supersymmetri
 parti
les are summarized in Table 2. They are 
onfronted with predi
tions forparti
les in models of universal extra spa
e dimensions and with general analyses based on the non-vanishing of the magneti
 dipole moments of all spin > 0 parti
les.Examining these results it turns out that the sin2 � law for the produ
tion of spin-0 sleptons [forsele
trons 
lose to threshold℄ is a unique signal of the spin-0 
hara
ter. While the observation of thesin2 � angular distribution is suÆ
ient for sleptons, the �3 onset of the ex
itation 
urve is a ne
essarybut not a suÆ
ient 
ondition for the spin-0 
hara
ter. Thus the spin determination in the slepton se
toris 
on
eptually very simple at e+e� 
olliders.This simple pattern in the slepton se
tor must be 
ontrasted with the more involved pattern in thespin-1/2 
hargino/neutralino se
tor. Neither the onset of ex
itation 
urves nor the angular distributionsin the produ
tion pro
esses provide unique signals of the spin quantum numbers. However, de
ay angulardistributions, � jdJ (��)j2, do provide a unique signal for the 
hargino/neutralino spin J = 1=2, albeitat the expense of more involved experimental analyses. Using polarized ele
tron/positron beams will ingeneral assure that the de
aying spin-1/2 parti
le is polarized; reasonable polarization analysis poweris guaranteed in many de
ay pro
esses.In toto. The spin of sleptons and 
harginos/neutralinos 
an be determined in a model-independentway at e+e� 
olliders. Similar methods as elaborated for sleptons 
an be applied in the squark se
torwhile gluinos will demand a methodologi
ally separate analysis.A
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Appendix: Cross se
tions with polarized beamsPolarized ele
tron and positron beams at e+e� 
olliders are useful for diagnosing the properties ofsupersymmetri
 parti
les and for unraveling the underlying stru
ture of the SUSY theory [32℄. In thisAppendix we present the general formulae for the produ
tion 
ross se
tions of R-type smuon/ele
tronpairs, and 
hargino and neutralino pairs in e+e� annihilation with polarized ele
tron and positronbeams. 34



For longitudinal e� beam polarizations Pe� the polarized produ
tion 
ross se
tions for R-type smuonand sele
tron pairs in e+e� annihilation are given in terms of the 
harges QR and QL byd�d 
os �f~̀+R ~̀�Rg = 332 �0 �3 sin2 � �(1 �Pe�Pe+)(jQRj2 + jQLj2) + (Pe� �Pe+)(jQRj2 � jQLj2)� (A.1)where ~̀R = ~�R; ~eR and �0 = 4��2=3s is the standard normalization 
ross se
tion of e+e� annihilation.The expressions of the generalized 
harges QR and QL for R-type smuon- and sele
tron-pair produ
tion
an be found in Eqs. (2.3/2.2) and (3.4/3.3), respe
tively. For right/left polarized ele
trons Pe� = �and unpolarized positrons, the produ
tion 
ross se
tionsd�Rd 
os �f~̀+R ~̀�Rg = 316 �0 �3 sin2 � jQRj2 (A.2)d�Ld 
os �f~̀+R ~̀�Rg = 316 �0 �3 sin2 � jQLj2 (A.3)proje
t out the bilinear R and L 
harges QR and QL.The produ
tion 
ross se
tions for 
hargino- and neutralino-pairs in e+e� annihilation with polarizedele
tron and positron beams are given byd�d 
os � f~�i ~�jg = 38�0 � �(1�Pe�Pe+)�[1� (�2i � �2j)2 + �2 
os2 �℄Q1 + 4�i�jQ2 + 2� 
os �Q3	+ (Pe� �Pe+)�[1� (�2i � �2j)2 + �2 
os2 �℄Q01 + 4�i�jQ02 + 2� 
os �Q03	� (A.4)where the P -even and P -odd quarti
 
harges Qi and Q0i (i = 1; 2; 3) are de�ned in terms of the bilinear
harges Q�� (�; � = L;R) as Q(0)1 = 14 �jQRRj2 + jQRLj2 � jQLRj2 � jQLLj2�Q(0)2 = 12<e [QRRQ�RL �QLLQ�LR℄Q(0)3 = 14 �jQRRj2 � jQRLj2 � jQLRj2 � jQLLj2� (A.5)The expli
it form of the bilinear 
harges Q�� for the produ
tion of the 
hargino pair ~�+1 ~��1 and theneutralino pairs ~�0i ~�0j is given in Eqs. (4.3) and (4.4), respe
tively. Polarized ele
trons 
ombined withunpolarized positrons,d�Rd 
os � f~�i ~�jg = 316�0 � � [1� (�2i � �2j)2 + �2 
os2 �℄ (jQRRj2 + jQRLj2)+ 8�i�j <e(QRRQ�RL) + 2� 
os �(jQRRj2 � jQRLj2)� (A.6)d�Ld 
os � f~�i ~�jg = 316�0 � � [1� (�2i � �2j)2 + �2 
os2 �℄ (jQLRj2 + jQLLj2)+ 8�i�j <e(QLRQ�LL) + 2� 
os �(jQLRj2 � jQLLj2)� (A.7)proje
t out the bilinear 
harges QRk and QLk for the ~� 
hirality k = R;L.35
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