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We analyze the capability of the next generation of linear electron-positron colliders to unravel 
tie spin and couplings of excited leptons predicted by composite models. Assuming that these 
machines will be able to operate both in the e+e- and e-7 modes, we study the effects of the 
excited electrons of spin i and i in the reactions e-7 -t e-7 and e+e- + 77. We show how the 
use of polarized beams is able not only to increase the reach of these machines, but also to determine 
the spin and couplings of the excited states. 

PACS number(s): 13.88.+e, 12.60.Rc, 14.60X 
I. INTRODUCTION 

The standard model (SM) of the electroweak intera-, 
tions explains extremely well all the available experimen- 
tal data [l]. Notwithstanding, it has some unpleasant 
features, such as the large number of free parameters, 
the proliferation of fermionic generations, and their com- 
plex pattern of masses and mixing angles. A rather nat- 
ural explanation for the existence of the fermionic gener- 
ations is that the known leptons and quarks are compos- 
ite [2], sharing some common constituents (preens). In 
this sense, it is conceivable that the SM is just the low- 
energy limit of a more fundamental theory, which is char- 
acterized by a large maas scale A. In general, composite 
models exhibit a rich spectrum which includes many new 
states like the excitations of the known particles. 

Up to now all the direct searches for compositeness 
have failed, and we expect that the next generation of 
accelerators, working at higher center-of-mass energies, 
will be able to further extend the search for composite 
states. On the theoretical side, there have been extensive 
studies on the possibility of unraveling the existence of 

Since the existence of excited fermions is an undeni- 
able signal for new physics beyond the SM, there have 
been several direct searches for these particles at differ- 
ent accelerators. At the CERN Large Electron-Positron 
Collider (LEP), the experiments excluded the existepce 
of excited spin-4 fermions with mass up to 46 GeV from 
the pair production search, and up to 90 GeV from direct 
single production for a scale of compositeness A < 2.5 
TeV [3]. Moreo+r, a limit on the mass of an excited 
electron of A4,. > 127 GeV at 95% of confidence level 
was set fioom the measurement of the e+e- + 77 cross 
section [3]. On the other hand, the experiments at the 
DESY ep collider HERA searched, in a model indepen- 
dent way, for resonances in the ey, VW, and eZ systems 
[4], however, the LEP bounds on excited leptons cou- 
plings are about one order of magnitude more stringent 
in the mass region just below the Z mass. 
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excited fermions in pp [5,6], e+e- 16-101, and ep [8,9] 
collisions at higher energies. 

The outline of this paper is the following. In Sec. II, we 

A particularly interesting machine for analyzing the 

introduce the effective Lagrangians describing the excited 

substructure of the electron and its neutrino is the Next 
Linear e+e- Collider (NLC) that is been planned to op- 

fermion couplings and discuss the existing low-energy 

erate with a center-of-mass energy of at least 500 GeV 
and an integrated luminosity around 10 fb-l [ll]. At the 

constraints. The analysis of the reaction e-y + e-7 

NLC, it will be possible to convert an electron beam into 
a photon beam focusing a laser on the electron beam. 

is contained in Sec. III, where we also.present the main 

By Compton scattering, high-energy photons are pro- 
duced along the electron direction carrying away a large 

ingredients of the laser backscattering mechanism. Sec- 

amount of the beam energy [12,13]. The laser backscat- 
tering mechanism will allow the NLC to operate in three 
different modes, ece-, e-7, and 77, opening up an op- 
portunity for a deeper search for compositeness [9,10]. A 
nice feature of the e-7 mode of NLC is the possibility of 
searching for new excited charged leptons as resonances 
in the e-7 scattering [lo]. 

In this work we analyze the deviations from the SM 
predictions of the reactions e-y + e-y and e+e- + 
77 due to the exchange of excited spin-i and spin-s 
fermions. In particular, it is important to determine the 
spin of the fermionic excitations since the allowed values 
of the spin can give hints about the underlying preonic 
structure [S]. We perform a detailed study of the experi- 
mental signatures of excited fermions exploring the pos- 
sibility of polarizing both the electron and laser beams, 
and we point out the best strategy to unravel the spin 
and the chiral couplings of the excited leptons to the 
usual particles. We also study the discovery limits on 
the new physics parameters and we show that an e-y 
collider can probe very large values of the compositeness 
scale (A), e.g., for excited electron masses of the order of 
400 GeV we can explore up to A N 200 TeV. 
1253 01996 The American Physical Society 
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tion IV exhibits the study of the reaction e+e- + 77 
for LEP II and NLC energies and our results are sum- 
marized in Sec. V. This paper is supplemented with an 
appendix that contains the complete helicity amplitudes 
for the processes under study, as well as for the decays of 
the excited leptons. 

II. EFFECTIVE LAGRANGIANS 

Composite models cannot be analyzed perturbatively 
since the preens interact strongly at the energy scales of 
interest. Instead, we must rely on effective Lagrangians 
to describe the couplings of excited states with ordinary 
fermiom and vector bosom. We demanded that the ef- 
fective Lagrangians for the excited fermions are CP con- 
serving and that they respect the U(l),, gauge invari- 
ance. We considered a magnetic moment type coupling 
among the excited spin-i fermion (%+), the ground 

state fermion ($), and the photon that is described by 
the effective Lagrangian [14-161 

p = 2-p 
es 2A II= 

@“(A + B&b Fpv + H.c. , 

where A is the compositeness scale and Fpy is the elec- 
tromagnetic field strength tensor. For the coupling of 
spin-i excited states ($‘;,) to usual fermions and pho- 

tons, we adopted the lowest order U(l),, gauge-invariant 
effective Lagrangian that can be constructed out of these 
fields [6,17,18]: 

L:g = :‘&*“ “(C + D%)+ F,,y + H.c. , A w^1 

(1) 

(2) 

where gfiv = z -/,,,7J. The constants A, B, C, and D are “[ 

assumed to be real in order to preserve CP invariance. 
In general, the effective Lagrangiams (1) and (2) can be 
embodied in a wider class of models [S] that respects the 
SU(2)~xU(l)y gauge invariance, provided that the cou- 
plings are chosen conveniently. Since we are interested 
only in electromagnetic transitions, we ignored the pos- 
sible coupling of the excited states with the weak gauge 
bosom in the present work. 

The above couplings of the excited leptons allow them 
to decay predominantly into the ground state lepton 
through the emission of a photon with widths 

In this work, we assumed that the branching ratio of 
these particles into electron-photon pairs is equal to one. 
The helicity amplitudes for these decays are presented in 
the Appendix. 

The above Lagrangians are constrained by the direct 
searches in collider experiments, as well as by their effect 
in the low-energy phenomenology. Excited fermions can 
contribute to atomic parity violation, electron-deuteron 
scattering [19], and the anomalous magnetic moment of 
leptons (e and p) [14,20]. For an arbitrary choice of the 
couplings A, B, C, and D the most stringent bounds 
on excited fermions are due to their contribution to the 
(g-2) of the muon. However, these limits can be softened 
if we consider only chiral couplings, i.e., the new inter- 
actions have either a right-handed (RH) or left-handed 
(LH) structure [14]. In this case the contributions of the 
spin-5 and spin-$ excited states to (g-2) is proportional 
to m;!A2, and the bound reads A 2 800 GeV. In our 
numerical results, we have taken into account the exper- 
imental LEP bound on the mass and coupling of the ex- 
cited fermions and also the bound coming from the very 
precise measurement of %nomalous magnetic moments. 

III. ELECTRON-PHOTON COLLISIONS 

A. Polarized laser backscattering distribution 

functions and cross sections 

In a linear collider it is possible to transform an elec- 
tron (positron) beam into a intense 7 one through the 
process of laser backscattering [12]. This mechanism re- 
lies on the fact that Compton scattering of energetic elec- 
trons by soft laser photons gives rise to high-energy pho- 
tons, that are collimated in the direction of the incident 
electron. Another very powerful feature of the Compton 
backscattering mechanism is the possibility of obtaining 
a high degree of polarization for the backscattered pho- 
tons by polarizing the incoming electron and (or) laser 
beams. The backscattered photon distribution function 
for polarized electron and laser beams is [13] 

F(z,C;P.,Pt) = + 1 - 3: - 4r(l -T) 

-P,P, T c (2r - 1)(2 - 2) 1 ) (4) 

where,P, is the mean parent electron longitudinal polar- 
ization, Pr represents the laser photon circular polmiza- 
tion, and 0. is the Compton cross section 

5 1 1 

-z+c+1 2([+1)2 I 
(‘3) 
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We defined the variables 

z=w 
4Ewo 

E’ c=m,, (7) 

where m and E are the electron mass and energy, w,, is 
the laser energy, and w is the backscattered photon en- 
ergy. The variable I 5 rmax E 6/([ + 1) represents the 
fraction of the electron energy carried by the backscat- 
tered photon and T < 1. In OUI calculations, we as- 
sumed C = 2(1 + Ji) N 4.83 in order to maximize the 
backscattered photon energy without spoiling the lumi- 
nosity through e+e- pair creation by the interaction be- 
tween laser and backscattered photons. 

The backscattered photon spectrum (4) depends only 
upon the product PJ’l, and the unpolarized distribution 
is recovered if either the electron beam or the laser is not 
polarized. As can be seen from Fig. l(a), for negative 
values of this product the spectrum is dominated by hard 
photons, otherwise it is quite broad. We should notice 
that for T = l/2 the distribution function (4) d&ends 
on the electron and laser polarization only through 6, 
and the distribution functions, for any electron and laser 
polarization, have approximately the same value at I = 
C/(C + 2) N 0.71. 

The mean backscattered photon helicity is given by the 
Stokes parameter 
. ...’ 
I,,,,I,,.IIII,III,.l 

-1.0 
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FIG. 1. (a) Luminosity of backscattered photons in a e-7 
collider as a function of the center-of-mass energy (EC.,.). 
We assumed + = 500 GeV, 6 = 4.83, fi. P, = 0 (solid), 
P, P, = -0.9 (dots), and Pe p, = 0.9 (dashes). (b) Plot of 
& as function of B.,. for fi = 500 GeV, P, = 0.9, P, = 0 
(solid), -1 (dots), and 1 (dashes). 
& = 
Per++(1-z)(2r-1)2] -q(2r-l)[l/(l-2)+1-%] 

1/(1-~)+1-~-4r(l-r)-P.fir~(2r-1~)(2-~) ’ 63) 

For 3: = I,, (or T = 1) and P, = 0 or PI = fl, we have .$ = -Pl, i.e., the polarization of the backscattered photon 
beam has the opposite value of the laser polarization. Moreover, for r = <I([ + 2) (or T = l/2), the Stokes parameter 
& is independent of the laser polarization [see Fig. l(b)] and is given by 

&=1/2) = p ccc + 2) 
“c(c+2)+4. 

The cross section for the reaction e-y + X in a e+e- linear collider, where the positron beam with longitudinal 
polarization Pp is converted into a backscattered photon beam, is 

J 

%“b. 
dW& (e-7 --t X) = fc Zrnin dl Fb, C; pp> W dbet. (er + X) , (10) 

where n is the efficiency of the laser backscattering mechanism [21], that we assumed to be one, and d@p,c, is the 
polarized cross section for the subprocess e-7 + X which depends on a = IS. In general, this polarized cross section 
can be written as 

+(I -I’&) (dk+- + d6-+) + (Pe - Ez) (de+- -de-+)] , (11) 

with d&AcAT (A,(,) = fl) being the polarized subprocess cross section for full electron and photon polarizations, p, 
is the longitudinal polarization of the electron beam, and .$ is given by Eq. (8). 



1256 hBOL1, GRBGORES, MONTERO, NOVAES, AND SPEHLER SJ 
B. Results 

The complete set of the h&city amplitudes for the sub- 
p*OWSS 

are presented in the Appendix for the exchange of spin-i 

(A6) and spin-g (A7) excited fermions in the s chan- 
nel. In order to avoid the strong bounds coming from 
the muon (g - 2) measurements, we assumed either left- 
handed (LH) (A = -B = 1 and C = -D = 1) or right- 
handed (RH) (A = B = 1 and C = D = 1) couplings. 
In order to quantify the potential of an e-7 collider to 
search for excited states, we defined the statistical signif- 
icance of the signal (S) by 

(13) 

where oexe (“QED) is the cross section associated to the 
excited lepton (QED) contributions and C. is the inte- 
grated luminosity of the machine. 

The existence of an excited fermion with mass below 
the kinematical reach of the e-7 machine can be estab- 
lished through the identification of its Br&-Wigner pro- 
file in the e-7 invariant mass distribution (M), which 
should be an easy task even in the case of unpolarized 
beams. We present in Fig. 2 the distribution du/dM for 

FIG. 2. Invariant mass distribution for the process (12), 
for the exchange of spin-i (dashes) and spin-4 (dots) ex- 
cited fern&ns both with mass M1,2(3,1) = 250 GeV at 
J;; = 500 GeV with unpolarized beams. We considered cow 
pling strengths that lead to deviations of 30 in the total cross 
section with respect to the standard model prediction (solid). 
Ml,q3p) = 250 GeV at an e+e- collider with & = 500 
GeV, where we introduced a cut in the polar angle (8) 
of the final state particles with the beam pipe requiring 
that 5’ < 0 < 175’. For the sake of comparison, we 
plotted this distribution for QED (i.e., A = rn) and for 
values of the compositeness scale that lead to a 30 effect 
in the total cross section. 

The search for excited leptons certainly can be con- 
ducted using unpolarized beams, however, polarization 
can be used not only to expand the discovery region in 
the Ax Ml,2c3,2j plane, through the enhancement of the 
luminosity and the cross section, but also to study in de- 
tail the interaction of the new states. As we pointed out 
before, the distribution functions assume approximately 
the same value at 5 = C/(6 + 2) N 0.71, even for dif- 
ferent polarization coniigurations of the initial particles. 
In the interval 0 < I < 2, the luminosity is higher for 
P,4 > 0, whereas for the range z > z the distribution 
with P& < 0 dominates. Therefore, in order to search 
for excited leptons with mass below (above) %? = 6, 
we should employ the polarization configurations of the 
electron and the laser in such a way that P,Pl > 0 (< 0). 
In both cases, the degree of circular polarization of the 
scattered photon (Ez) has the same sign as the positron 
polarization in the region of interest. Moreover, we can 
see from the helicity amplitudes presented in the Ap- 
pendix that & > 0 enhances the cross section for RH 
spin-i and LH spin-g excited states, while & < 0 favors 

those with LH spin $ and RH spin $. Tbis behavior can 
be easily traced to the angular momenta configuration of 
the initial state. 

Keeping the above comments in mind, we can envisage 
four different scenarios to enlarge the discovery region in 
the A x MI,z(~,~ plane, depending on the spin, mass, 
and couplings of the excited fermion: (i) PP > 0 and 
fi > 0 for RH spin-i or LH spin-g excited states with 

mass below g; (ii) Pp < 0 and Pr < 0 for LH spin-i 

or RH spin-g excited states with mass below a; (iii) 

Pp < 0 and Pr > 0 for LH spin-i or RH spin-$ excited 

states with mass above %; (iv) Pp > 0 and Pr < 0 for 
RH spin-4 or LH spin-z &cited states with mass above 

z. 
Besides the above procedure, we can also increase the 

excited fermion cross section by polarizing the electron 
beam. In fact, we can learn from the expressions for 
the subprocess cross section given in the Appendix, that 
the use of negatively (positively) polarized electrons en- 
hances the signal for excited states with LH (RH) COU- 
plings, as is naively expected. In general, polarized elec- 
tron beams increase the sensitivity to A by a factor 2-3 
for a given value of Ml,2(3,2). 

Figures 3(a) and 3(b) show the discovery region for 
several polarizations of the initial particles, where the re- 
gion that can be accessed at the NLC is located below 
and to the left of the curves. For excited electron masses 
lower then the kinematical limit of the e-y collider, we 
required a 3~ effect in the cross section obtained by the 
integration over a bin of 5 GeV around the excited lepton 
mass. We also introduced the angular cut 5” < 0 < 1750, 
that mimics the angular coverage of a detector and also 
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reduces the size of the QED background. For masses 
larger than the kinematical limit of the collider, we evaI- 
uated S using the total cross section. We can learn from 
these figures that electron-photon collisions are able to 
explore very large values of the compositeness scale, ex- 
tending considerably the limits currently available from 
low energy experiments. For instance, in the case of an 
excited spin-i lepton with mass around 400 GeV we can 
probe up to A N 200 TeV. 

Once the existence of excited electrons is established, 
it is important to study its spin and couplings. At this 
point the use of polarized beams is crucial to determine 
the properties of the excited fermion. In order to unravel 
the handness of the excited electron coupling, we studied 
the cross section (10) when only the electron beam is 
polarized. In this case, we can write 

0 = QOO (1 + PALR) , 04) 

where CT,,,, stands for the cross section for unpolarized 
beams and dLR is the left-right asymmetry factor 

(15) 

100 200 300 400 500 

Mm cl/2) (GeV) 

FIG. 3. (a) Discovery contour for LH excited states of 
spin-i for 4 = 500 GeV and L = 10 fb-‘. The dotted line 
corresponds to P, = -0.9, Pp = -0.9, and P, = 1 while the 
dashed one stands for Ps = -0.9, Pp = -0.9, and P, = -1. 

(b) The same as (a) for LH spin-g where the dotted line come- 
spends to Pe = -0.9, Pp = 0.9, and P, = -1 and the dashed 
one to Pe = -0.9, Pp = 0.9, and P, = 1. In both figures, 
the solid lines stand for unpolarized beams. By taking the 
opposite of all polarizations, the same discovery contours are 
valid for RH couplings. 
with OR(L) being the cross section for fully polarized elec- 
tron beams and unpolarized backscattered photons. 

In Fig. 4(a) we exhibit the deviation 

of the polarized cross section (~~0) with respect to the un- 
polarized one (no,,), as function of the excited state mass. 
Our results were obtained integrating the cross sections 
over a 5 GeV bin around the resonance and assuming 
that the electron beam has a degree of longitudinal po- 
larization of 90%. We required that the total number 
of events, for the polarized case, diem by 30 from the 
unpolarized yield. From this figure, we can witness that 
the measurement of such a deviation is capable of dis- 
tinguishing very clearly FLH from LH couplings, as it is 
expected from naive arguments. Moreover, the left-right 
asymmetry can also be inferred, in a straightforward way, 
from this measurement. Notwithstanding, we cannot dis- 
criminate between excited fermims of spin i and $ by 
the analysis of this deviation only. This task can be ac- 
complished by studying the same process with polarized 
photon beams. 

FIG. 4. (a) Deviation 6. [Eq. (16)], at fi = 500 GeV, for 
LH spin-i (solid), RH spin-i (dashes), LH spin-g (dots), and 
RH spin+ (dotdash) excited states as function of its mass for 
Ps = 0.9 and unpolarized backscattered photons. (b) Devi- 
ation 6, [Eq. (I?‘)] for unpolarized electron and laser beams 
and a positron beam with PP = 0.9. In both figures, these 
deviations have an statistical significance of 3r. 
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In fact, as we have pointed above, & > 0 enhances 
the cross section for RH spin-i and LH spin-g excited 

states, while & < 0 favors LH spin-$ and RH spin-s 
excited states. Therefore, we defined the deviation 

(17) 

where ~00 is the unpolarized cross section and go7 is the 
cross section integrated over the 5 GeV bin around the 
resonance for polarized backscattered photons and un- 
polarized electrons. In tbis case, we cannot define an 
asymmetry factor, in the same way we did before, since 
(2 is a function of the momentum carried by the photon 
[see Eq. (S)]. 

We present in Fig. 4(b) the deviation &, as a function 
of the excited state mass, requiring that the total number 
of events of the polarized case differs by 3~ from the un- 
polarized one. In order to obtain the polarized backscat- 
tered photons, we assumed that the parent positron beam 
has a 90% degree of polarization and that the laser beam 
is not polarized. In this setup, the polarization of the 
backscattered photon (&) has the same sign of the parent 
positron polarization for the whole spectrum. From this 
figure, we verify that RH spin-i and LH spin-z fermions 
lead to positive values of this deviation, whereas LH spin- 
; and RH spin-s fermions furnish negative values for it 
[22]. Therefore, once the handness of the coupling is 
established through the analysis of 6. the spin of the res- 
onance can be determined by measuring 6,. 

IV. ELECTRON-POSITRON COLLISIONS 

We learned in the previous section that an e-y collider 
is a powerful tool to investigate the existence of excited 
fermions with mass below the kinematical reach of the 
machine. For masses above this limit, it is worthwhile 
to employ the e+e- mode of the collider, since excited 
fermions appear as a virtual state being exchanged on 
the t channel of the process e+e- + 77. 

The polarized cross section for this process is given by 
dmv’p = ; (1 + PpPe) (dn++ + du. [ 
.) + (Pp + Pe) (du++ - du--) -- 

+(l - PpPe) (dc+- + do-,) + (Pp - Pe) (du+- -dc+)] , (18) 
li”“““““” II 

- - QED QED 

...... Spin l/2 Spin l/2 )i 5.0 5.0 

--- 3pin3/2 

1.0 

0.5 

L I,, I., I ,,,I I ,,,,I 
-1 -0.5 0 0.5 1 

FIG. 5. Angular distribution for the process e+e- + 77, 
where 9 is the angle between the incoming electron and 
the outgoing photon. We assumed unpolarized beams and 
fi = 500 GeV. We chose the values of A that lead to 30 de- 
viations from the standard model prediction for the total cross 
section. The ba&ground is represented by the solid line and 
the spin-i (i) exchange is represented by the dotted (dashed) 
line. We performed an angular cut of 5O on the polar angle 
with respect to the beam pipe. 
where P.(,) is the electron (positron) mean longitudinal 
polarization and dux,x., with X,(,) = &l, is the cross 
section for fully polarized e+ and e- beams. For com- 
pleteness, the helicity amplitudes for the exchange of a 

‘\ 1 
‘\ 

-. ,I’-... 
/ 

-‘-.-._._ 

2 -1.:. “” ;,,,, 

: .,.,.+,---I 

0.00 

; ‘.. 
f ‘.... -0.05 

FIG. 6. Left-right asymmetry factor ALR, at fi = 500 
GeV, for LH spin-i (solid), RH spin-$ (dashes), LH spin-s 
(dots), and RH spin-q (dotdash) excited states as function of 
their masses, for Pe = 0.9 and Pp = 0. 



53 EXCITED LEPTONlC STATES IN POLARIZED e-y AND. 1259 
spin-i (A8) and a spin-% (Ag) excited electron are pre- 
sented in the Appendix. 

For the sake of comparison, Fig. 5 contains the angular 
distribution of the produced photons in e+e- -f 77 for 
QED and excited leptons of spin 4 and s. The lines in 
this figure correspond to couplings that lead to a 30 devi- 
ation from the QED total cross section. As we could ex- 
pect, unpolarized beams cannot be used to determine the 
chirality of the coupling of the excited electron. More- 
over, only a detailed experimental study of the angular 
distribution of the two photons could, in principle, dis- 
tinguish between a spin-; and a spin-! new fermion con- 
tribution. 

Since polarization increases or reduces the total cross 
section according to the chiality of the couplings, the dis- 
tinction between RH and LH couplings can be made very, 
easily by polarizing just the electron beam. In this case, 
we can compute the left-right asymmetry ALR aforemen- 
tioned. In Fig. 6, we show ALR as function of Ml/z(s,z) 
for A = 1 TeV. Notice that the chirality nature of the 
excited state can be clearly discerned by looking at the 
sign of this asymmetry. 

We present in Fig. 7 the discovery limits obtained from 
this reaction for unpolarized beams at the LEP II ener- 
gies. We considered two different sets of parameters for 
this collider, i.e., fi = 175 GeV with /Z = 500 pb-l 
and fi = 205 GeV with C. = 300 pb-l. We required a 
3~7 effect in the total cross section for the yy production 

, 

100 200 300 400 500 600 i 

%zm (GeV) 

FIG. 7. Discovery regions for LEP II. The limits for the 
spin-$($) excited state is represented by the solid (dotted) 
line for fi = 175 GeV with f = 500 pb-‘, and by the dashed 
(dotdashed) one for fi = 205 GeV with I: = 300 pb-‘. We 
performed sn angular cut of 12’ in the polar angle of the final 
state photons. 
100 

(a) Spin l/2 50 

e-i 
* e-l 

$ ?:‘- 10 
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------------ 
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1 
(b) Spin 313 
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FIG. 8. Comparison of the discovery regions for e+e- 
(dashed) and e-7 (solid) operating modes with unpolarized 
beams, at J;; = 500 GeV. Figures (a) and (b) show the discov- 
ery regions foi spin-f and spin-$ excited states, respectively. 

and imposed a cut of 12O in the polar angle of the final 
photons with the beam pipe. We can see from this simu- 
lation that the discovery region is larger for the @ = 175 
GeV and C. = 500 pb-l operation mode, no matter the 
spin of the excited state. As expected, both LH and RH 
couplings give the same result. 

Finally, we compare in Figs. 8(a) and S(b) the discov- 
ery regions of spin-4 and -$, respectively, excited states 
for the machine operating in the e-7 and e+e- modes. 
We considered 3~ deviations in the total cross section 
and assumed unpolarized beams, performing a 5” cut on 
the polar angle to avoid the beam pipe region. As we 
can see ftom these figures, the e-7 operating mode is 
by far more advantageous to investigate the existence of 
such states even when their masses are larger than the 
center-of-mass energy of the machine. 

V. CONCLUSION 

The existence of excited fermions is a direct come- 
quence of a possible new layer of matter. In this paper we 
have analyzed the capability of an e+e- machine, operat- 
ing both in e+e- and e-7 modes, to discover and study 
such new states. Using polarized beams, we showed how 
to determine whether the spin of the excited state is $ or 

:nd usual fermmns. 
2 and also the chiral structure of its coupling to photons 

We showed that the e-7 reaction is the best way to 
search for excited electrons even for masses above the 
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kinematical reach of the machine. Moreover,~ in these 
collisions, an important role is played by the polarization 
of the beams since it allows the identification of the chi- 
ral structure of the excited state coupling through the 
measurement of deviations from the unpolarized cross 
section, when only the electron beam is polarized. The 
identification of its spin can be done in the e-7 mode 
when, in addition to the measurement of such deviation, 
a second measurement is made employing just a polarized 
photon beam. We have also showed in the A x Ml/2(3/2) 
plane how the use of polarized beams can enlarge in a 
significant way the reach of these machines. 

ACKNOWLEDGMENTS 

This work was partially supported by Con&ho Na- 
cional de Desenvolvimento Cientifico e Tecnol6gico 
(CNPq) and by Funda$io de Amparo & Pesquisa do Es- 
tado de S%o Paulo (FAPESP). 

APPENDIX 

In tbis appendix we present the helicity amplitudes for 

the decay Z,l,(,,,) --f e-y and for the processes e-7 + 

(e-? Z,l,(,,,)) - --t e 7 and e+‘e- + 77, considering the 

couplings described by the Lagrangians (1) and (2). In 
order to evaluate these helicity amplitudes we used the 
Weyl-van der Waerden spinor technique for spin-4 [23] 
and spin-g [24] fermions. In this formalism the usual 

propagator of spin-i fermions, 
can be written in spinorial notation as 1251 

where 

In the decay Z,l,(,,,) + e-7 we denote the square of the helicity amplitudes for the decay of a spin-f excited 

fermion by IJU$,~,~I’, where Xr, is the excited lepton spin in the direction of quantization and Xe(,) the final electron 

(photon) helicity. It is easy to obtain the nonzero amplitudes 

IM~$$.~~ = E(A + B)~M~ 
A2 I,2 1 

IM”/“‘I” = 2”2(A - B)‘M;,, : 
A2 (A3) 

For the decay of a spin-$ excited fermion, following the notation of Novaes and Spehler [24], we have 

1,4&f) -I2 = ?(A + B)2M4 ++.+ A= 3/2 T 

lM!?!;‘+l’ = g(A - B)‘M$, 
112 (A4) 

In the reaction e(pJ‘)y(q~) -+ e(k’)7(P‘), we denote the square of the amplitudes for the exchange of a spin-4 

(spin-i) excited fermion by IM!SI,“:$!?>k12, where X+,) is the initial and X&,) the final electron and (photon) h&city. 

The Mandelstam’s variables are defined as 

s=(P+qY, t=(p-k)Z, a=(p-zy. 

For the exchange of a spin-i excited fermion we have 

(A5) 
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IkciY+/l = -*e4 [: - “A~B)2,(~-~~~~~~~~~~r~,,)~ + (A;:)4 (S-M;i,)lSt;M, r ,2)2] I 
I,2 1 

In the case of spin-f excited fermion we obtain 

+(C-D)4 ds (’ )” 
s + 2M& 

A4 q *-M2 
( s,$ + (M~&,$ 
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For the reaction e+(p”)e-(@‘) + 7(kr)7(l’), we denote the square of the amplitudes for the exchange of a spin- 

4 and spin-s excited fermion by IM~e$~~~~~Yj2, where A,+(.-I(,) is the positron(electron)(photon) helicity. The 

Mandelstam’s variables are defined as before. 

For the exchange of a spin-$ excited fermion, we have 

and for the spin-q exchange we have 

It is interesting to notice that for right-handed and left-handed couplings of the excited fermion the amplitudes 
(A8) and (Ag) with equal electron and positron helicity receive no contribution from QED or from the excited states. 
This was expected since we have neglected the external fermion masses (electron and positron). 
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