
PHYSICAL RZVIFW 0 VOLUME 33, NUMBER 7

Looking for colored leptons
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If leptons are composite objects containing colored preons one would expect the existence of heavy
states with similar electroweak interactions which are color octets. These colored leptons should be

produced (or have their effects felt) in a wide variety of interactions if they are not overly heavy.
%e examine the production mechanisms for and decay properties of these particles and find that
they should be observable at CERN LEP, the Stanford Linear Collider, and other accelerator facili-
ties.

I. INTRODUCTION

The possibility that quarks and leptons are composite
objects consisting of sets of preons bound together by a
new strong interaction has long been under discussion in
literature. ' In many models of this kind, color is a
dynamical quantity as it is in the standard model. In such
theories, the preons inside of leptons (be they fermions or
bosons) may carry color although the composite state
remains a color singlet. In all such composite-model ap-
proaches excited leptons must exist and several possibili-
ties along these lines have been discussed by other au-
thors. We may have, for example, "radial excitations" in
which the excited lepton I' has the identical quantum
numbers as I except for mass or I' may be a "hyperfine
excited state" with spin —', . If the preons inside I have

color, it is clearly possible that excittxl states of I could ex-
ist which are not color neutral. The representation of
SU(3), in which these colored leptons (chromoleptons)~
find themselves is not clear but one obvious possibility is
the g. This, for example, can occur if two preons carry a
3 of color and 3X3 bound states form. The color-singlet
part of this would be the usual lepton whereas the color-
octet part would be the chromolepton Is. Clearly, the ls
mass is expected to be far greater than the corresponding I
mass.

If Is is sufficiently hght (10 GeV—1 TeV) how would
these particles be produced or have their effects noticed at
lower energies'? This is the problem we will begin to ad-
dress in this paper. We will assume that the I and Is have
identical electroweak interactions and that the 18 interac-
tion with quarks is governed by the usual QCD I.agrang-
ian augmented by the additional is term. Since I and I&

consist of the same preons, we also imagine a magnetic-
dipole coupling between I and lz..

Icr„PSG'""+H.c. ,
2 8

where g, is the usual strong coupling constant, Ms is the
ls mass, A, is a dimensionless parameter expected to be
—1, and G„'„is the gluon field strength tensor. This cou-
pling, e.g., allows for chromoleptons to decay into a nor-
mal lepton and a gluon: la~1 +g. It is just this coupling

which can be used to look for Is production or the effects
of Is exchange in high-energy reactions.

The outline of this paper is as follows. In Sec. II we
consider the mass limits that can be placed on masses of
chromoleptons by a simple analysis of present experi-
ments. In Sec. III we consider a variety of production
mechanisms for I&'s which can lead to new limits on the
values of I, or Ms or actual observation of I, 's. We con-
centrate on observing l8's in e+e, ye, and Z decay re-
actions. Our conclusions and a discussion can be found in
Sec. IV.

II. MASS LIMITS

From our knowledge of current experiments we can im-
mediately establish a crude lower bound on the masses of
chromoleptons. The data to be examined are e+e in-
teractions and the properties of the Zo. Above threshold
in e+e annihilation, charged chromoleptons, make a
huge contribution to R:

R,,=4P(3—P ), P=(1—4M /s)' (2.1)

This would imply immediately that Ms &20 GeV from
the recent DESY PETRA data. (The signal for es pair
production is also very clear: two jets plus an e+e pair. )

Neutral chromolepton production at present e+e collid-
ers is quite small since only Z exchange can produce v&

pairs. We find, for example, that at v s =45 GeV

P(3 —P )j2 if vs is Dirac,
R„,=0.2X (2 2)

I3 if v8 is Majorana

which is presumably invisible from R measurements. The
final state here is a pair of jets plus missing energy; recent
searches at PETRA for monojets should have observed
some events of this kind unless v, is also comparable to
(or greater than) 20 GeV in mass.

Turning now to the data on the Z width from the
UA1 and UA2 Collaborations we see that the data now
constrain the width to a value quite close to the standard
model. As is usually quoted, the number of new neutri-
nos, X„, is less than or equal to one. Hence, we would
demand that
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I'(Z eses) I (Z vsvs) gl.
I (Z—+w) I (Z~w)

Now theoretically we find that

I (Z~vsvs) 16P3 (Majorana vs),
I (Z~w) 4P(3+P ) (Dirac vs),

I (Z-yeses)
=4p3+ 2p(3 —p )( —1+4 sin 8a )

r(Z
implying the limits (sin28~ ——0.217)

42.7 GeV (Majorana vs),
M„&

46.3 GeV (Dirac vs),

(2.3)

(2.4)

(2.5)

e"
8

FIG. 1. Diagram for es pair production in e+e annihila-
tion from single-y or -Zo exchange.

M, , &38.6 GeV .
(2.6)

In both cases striking signals should be observed; vs pairs
produce two jets plus missing energy while es pairs pro-
duce two jets and two leptons with the appropriate equal
invariant masses. To "explain" the observed usual (mono-
jet and dijet) events, however, it is clear that the vs masses
would have to be tuned to a value very close to Mz/2.

It seems reasonable to conclude from this analysis that
es and vs are both fairly heavy (&40—45 GeV) and will
not easily be pair produced in Z decay if at all. We are
thus forced to examine channels where single vs or es pro-
duction occurs or where v s values are sufficiently large
for pair production of chromoleptons to occur. Note that
for such large masses even single chromolepton produc-
tion would be quite inhibited at top PETRA center-of-
rnass energies.

III. PRODUCTION MECHANISMS

A. e+e yeses
Pair production of colored-octet chromoleptons can

occur in a variety of ways with the most obvious being

through the exchange of a single electroweak gauge boson
(i.e., y or Z) as shown in Fig. 1. Due to the additional
color factors the es pair-production cross section is eight
times larger than that for normal leptons when we are far
above threshold. Other production mechanisms can lead
to much larger cross sections. A four-fermion contact in-
teraction can result from a rearrangement of the preons,
e.g., inside the electron which is expected in any compos-
ite model. For an interaction of the form

4m

A 2 888888, (3.1)

we find a cross section (relative to that for electroweak
production) of -(s/A a) which can be quite large but
depends sensitively on A. Note that if A&5—10 TeV,
however, the contact interaction result is far smaller than
the electroweak result. Such large values of A are not un-

reasonable given the present experimental limits and
theoretical biases.

The process we will examine is shown in Fig. 2, with
the resulting differential cross section (z=cos8, 8 being
the angle between the e and es momenta)

1 do 3 g &s

npi dz 4 a

r 2
' 1/2

s 4M1— 2(t +M')'+4M'/s(t +M')(u +M')
tM'

T

M [s(s —M )+(u+M ) ] (3.2)

with

r = ——,'s(1 —Pz)+M

u = ——,'s(1+pz)+M
(3.3)

e+
es

and P=(l —4M /s)' . o, is the e+e ~p+p single-
y-exchange cross section, o.

p, =4ma /3s, and M8 is the
chromolepton mass.

This result is plotted in Figs. 3 and 4 for v s = 100 and
200 GeV, respectively, for various values of the es mass;
the results presented in these graphs must be rescaled by

for A,&1. Note that, e.g., at vs =100 GeV and
FIG. 2. Diagram for es pair production in e e annihila-

tion from single-gluon exchange.
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cur with a width I = —,A, a,Ms. UUnless

A,
z is infinitesimal the track o t e c ro
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2

(3.6)
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(3.7)
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g(x,z)=x ([(1—z +x][fl—z) [(1—z)+x/z] +(+z)2[(1+z)+x/2] j

+4X(1+zz)[(1—z)+x/2] '[(1+z)+x/2] ') . (3.9)

Note as x~ 00 (i.e., M &&s) we find the simpler approxi-
mation

= 144
crpi dz

A, x (1+z ). (3.10)

Thus the two-jet final-state cross section would be, in this
limit,

1 d0'
(e+e ~2 jets)

o'pi dz

2 6

= —,(1+z ) 1+2 A49 &s, Vs
a 3f (3.11}

where the 1 comes from qq production. If we demand
that es exchange not modify the usual two-jet cross sec-
tion by more than 5% (10%) then we find the constraint
(in this approximation)

443 (3 94) A, vs (Ms, (3.12)

which is quite restrictive at present energies provided A,=l
and moderately restrictive for A, & —,

' or so. Thus an accu-
rate measurement of the two-jet cross section at the 5%
level could be used to constrain I, and Ms. Figure 9
shows the exact result for (1/o~, )do /dz for various values
of x between 1 and 103 as a function of z =cos8; the
number on the right of each curve should multiply the
scale of the curve. All of the results should be multiplied
by A,

~ as well. For small-x values the cross section is quite
enormous but decreases rapidly for increasing x; the situa-
tion gets mast interesting near and above x =100
(~s/M = —,

' ). For example, at x=100 the exact expres-
sion tells us that es exchange yields a 6.9% contribution

to the total two-jet cross section for A, = 1 whereas for
x=200 we find only a 0.9% contribution to this same
quantity for A, =1. This is probably the limit of detecta-
bility without a clear separation of gluon- and quark-
initiated jet final states.

The limits obtained above are quite powerful; since R is
known to better than 10% at Vs =40 GeV from PETRA
data we clearly arrive at the limit

160~3~3 G.V &Ms, (3.13)

which for A,=l is clearly a si nificant improvement over
the present limits from the Z width and pair production
at PETRA. A more accurate (5%}measurement of the
two-jet cross section at 45 GeV (including corrections
from Z exchange) may provide a reasonable limit on Ms
even if A,=—,', . For this value we obtain Ms &43 GeV,
slightly better than that obtainable fram Z decay.

D. Xo~eseg (vqvg}

The last process we shall study is Z decay into a single
chromoleptan which allows us to explore masses above
the 38.6-GeV limit set by the present upper limit on the
Zo width. The final state will be either e+e + two jets
or two jets plus missing Pr (dijets). In the first case there
will be a peak in one of the lepton +jet invariant masses.
We can use the results of this calculation in two ways to
constrain A, and Ms. First, we can demand that the con-
tribution of the eseg final state to the Z width be less
than or equal to that of an additional neutrino. Second,
we can demand that the relative number of events of the
kind described above be less than some prescribed limit.
Both of these will be discussed below.

Figure 10 shows the diagrams for this process. Let
x, 3

—2Ei 2/M, ; we then find

1 d'I" ~s
(Z~ezeg) = Z F(x, ,x, ,x, ,5)5

I (Z~e+e —
) dxidxz

where 5=Mslhfs, —x3 ——2—xi —xz, and

F=2(l-x, )(l-x, )-i(1 x, +52)3

—(1—xi) (1—xi+5 )[(—xi+5 )(1—xi —x2 —xixz+5 )+5 (1—xi —x3 —xix3+5 )]
(1 xi 5 )[(1 xz 5 )(1 xi X2 xix2+5 ) 5 (1 X2 X3 X2x3 5 )]

—2 2 2 2 2 2

(3.14)

(3.15}

This expression, upon integration, is infrared divergent
since the gluon can be infinitely soft; we render the ratio
I (Z~eseg)/I (Z~e+e ) finite by cutting off the gluon
momenta at 2—8% of M, . This procedure has very little
effect on the ratio of decay rates. Also since we expect to
be able to see clearly defined jets with =4 GeV energy at
the SLC and LEP (Ref. 8) we choose the particular cutoff
E & 4 GeV in our results.

Figure 11 shows the ratio R = I'(Z~eseg)/
I (Z~e+e ) as a functian of 5 for the above cutoff; both
es e+g and e+se g final states are included in this figure.
Note that the identical result is obtained for the ratio
I (Z ~vsvg)/I (Z~vv). The values on the graph need
to be rescaled by the appropriate value of A, . Note that
for 5~.55 and A, =1 the chramolepton production is
comparable to e+e pair production in Z decay and de-
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best constraints come from the measurements of the Zo
total width and the analysis that led to an upper limit on
the number of additional v species. For this case we find
M(es) & 38.6 GeV with comparable limits for vs depend-
ing on whether v8 is a Dirac or Majorana particle.

For —,', & A. (1 the best limits come from the modifica-
tion e8 exchange would produce in two-jet production in
e+e annihilation. A 10% R measurement by PETRA
at v s =40 GeV forces Ms & 170 GeV for l{,=1 which is
quite restrictive compared to the limit obtained from Zo
decays. It is clear that accurate measurements of R for
vs &M, may reveal the existence of chromoleptons or
place much more severe constraints than are presently
possible from lower-energy data. Looking for events of
the kind e+e + two jets or two jets+ missing energy at
a Z factory could be used to strengthen the bounds in the
small A, region for masses & 40 GeV.

The existence of chromoleptons seems to be a basic
feature in a large class of composite models of quarks and

leptons. If they exist then color-octet partners of both the
neutrino and the electron are expected to be produced or
have their effects felt in a large number of experiments.
Chromolepton production signatures are quite clean. The
observation of events of the kind described here andjor
modifications of two-jet cross section in e+e may be the
first signal of compositeness.

It should be noted in closing that other processes in pp,
Pp (Ref. 9), and ep (Refs. 10 and 11) colhsions can also be
used to observe colored leptons. These will be discussed
elsewhere.
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