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Signatures of vector-boson compositeness in e+e =p+p for the strongly coupled standard model
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We study the cross section and the forward-backward asymmetry of e+e ~p+p in the strongly
coupled standard model, at energies appropriate for the colliders TRISTAN at KEK, the Stanford
Linear Collider, and LEP at CERN (60—180 GeV). Constraints from low-energy measurements are
used to calculate the expected deviations from the standard-model results, arising as contributions of
excited 8 and isoscalar vector bosons. The experimental observability, especially at the Z pole, of
these deviations is discussed.

In this note we examine the possible deviations from
the standard-model predictions in e+e ~p+p at en-
ergies appropriate for the colliders TRISTAN at KEK,
the Stanford Linear Collider, and LEP at CERN (but
especially at the Z pole) as a consequence of the possible
compositeness of the intermediate vector bosons in the
manner of the Abbott-Farhi model. The Abbott-Farhi
composite model, hereafter referred to as the strongly
coupled standard model (SCSM), has been studied in
Refs. 1 —3, where it is shown that, provided certain con-
ditions are satisfied, it reproduces the low-energy phe-
nomenology of the standard Glashow-Weinberg-Salam
(GWS) model. Here we turn to higher energies and ex-
amine the magnitude of the predicted deviations between
the SCSM and GWS models, using the constraints im-
posed on the parameters obtained from comparison of
the low-energy effective Lagrangians with the corre-
sponding experimental results.

We want to emphasize that our results, especially on
the Z pole, are different from the results of Refs. 4 and 5,
where similar issues were discussed. There it was as-
sumed that the effects of compositeness would show up
only as interference between the standard-model interac-
tions and contact interactions because of compositeness.
But the presence of additional four-fermion interactions
modifies the relation between the 8'-ff coupling and the
Fermi constant (which is measured very precisely). Hence
the Z couplings will be different from the standard-model
predictions based on the measured GF and, as our calcula-
tions show, the deviation in the cross section at the Z pole
could be quite large.

We concentrate on two contributions not present in
the GWS model and present in the SCSM: the excited
partners of the standard vector bosons and the vector-
boson isosinglet dileptons which appear in this model.
In the context of general composite models, several
properties of the excited 8'bosons (here denoted by W')
have been studied previously by various authors. In the
SCSM their effect on the low-energy effective Lagrangian
was analyzed in Ref. 3 where, contrary to the usual ap-

proach, no use was made of sum-rule results, as it has
7

been shown that their use in the SCSM cannot give any
information about the mass and couplings of excited vec-
tor mesons.

It is important to note that, regarding radiative correc-
tions, the leading-order contribution from the GWS mod-
el can also be used in the SCSM (Ref. 3). This is due to
the fact that, at energies below the mass of the 8' the two
models have the same particle spectrum and the effect of
the small deviations between these models can be neglect-
ed in calculating these effects. Thus we expect that, even
if a detailed inclusion of the radiative corrections changes
the following results in the GWS model, the SCSM values
will follow closely and the discrepancy will not be
significantly altered.

The physical parameters of the 8' bosons determining
its effect on the fermion-fermion interaction are its mass
M~, coupling g~ to the isovector current, and the mixing
strength of the neutral component with the photon, A, '~.
Actually it is convenient to introduce the ratios of these
parameters to the ones corresponding to the 8' bosons:
p=—M~/M~, r:—g~/g~, k —=A, ~/X~. Using low-energy
(E « Mtt ) measurements and the known value of
Mz/M~, one can find certain constraints on the parame-
ters of the O'. As is shown in Ref. 3, the best one can do
is to specify an allo~ed region in the p-r-k space, as de-
picted in Fig. 4 of Ref. 3. Such constraints shall be used
below.

Consider first the inclusion of the 8" in the process
e +e ~p+p . It is straightforward to calculate the
differential cross section following, for example, a simple
variant of the method used in Ref. 9. We also assume
vector-meson dominance in the isovector channel with
the contributions of the 8' and 8" pole only, this gives
the well-known relation g~k~+gIt A, '~=

~

e
~

. It must
be kept in mind that the mixing with the photon will
modify the axial-vector and vector couplings, as well as
the mass, of the neutral component of 8 '. The
differential cross sections for two different center-of-mass
energies (Mz and 180 GeV) are shown in Fig. 1, where
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forces the Z coupling away from its GWS value. The
contribution of the 8' bosons goes to zero only if at least
two out of three ratios p, r, k vanish.

In the SCSM two fundamental left-handed fermions
can form spin-one bound states which are weak-isospin
singlets and also mediate current-current interactions (for
discussion in general composite models see Ref. 12). The
fundamental fermions carry a "fiavor" index (which in-
cludes color) and which, for three generations, runs from
1 to 12. If we neglect the breaking of this SU(12) symme-
try by SU(3)„~„, U(1), , and Yukawa couplings, ' then
in this approximation all these isoscalar vector bosons V,""
(a, b = 1, . . . , 12), have the same mass and coupling con-
stant. The coupling of these vector bosons to the fer-
mions is through the isoscalar current

do
d cos8

0'
—0.5 0

cos 8
0.5

FIG. 1. The cross section do. /d cosO for e+e ~p+p
with the contribution of excited W bosons included, for (a)
center-of-mass energy &s =Mz ——93 GeV, and (b) center-of-
mass energy &s = 180 GeV. Solid line: standard-model result,
forward-backward asymmetry: (a) 3 =4.0%, (b) 3 =60%;
dashed line: g ~ ——g g, A, 'g ——0.05K, ~, m ~ ——210 GeV, (a)
3 = —0.06%, (b) 3 =43%,' dot-dashed line: g ~ ——0.7g ~,
g'~ ——0.05K, ~, m~ ——500 GeV, (a) 3 =3.3%%uo, (b) 3 =51%; dot-
ted line: g~ ——g~, X'~ ——0.05K~, m ~ ——500 GeV, (a) A =6.6%,
(b) 3 =56'Fo.

the corresponding values of the forward-backward asym-
metry 3 are also included. The results are compared
with the standard model ones which were calculated us-
ing Mz ——93 GeV, which value was used to calculate
sin 8~ —=1 —(Mz /M~), with 0 (a) radiative correc-
tions included, ' to determine the coupling of the Z.
The SCSM values were obtained by adjusting M~ to
yield the same value for Mz, and the electromagnetic
constant e was scaled from zero to the energy considered
using the results for the GWS model. "

For the center-of-mass energy in the range of TRIS-
TAN (around 60 GeV) the efFect of the W' is very small,
even if it is very light and if its coupling is close to g~.
However at the Z pole [Fig. 1(a)], where the statistics will
be best, the deviation in the cross section can be substan-
tial, especially if M~ is in the 200—300-GeV range and
g~ is comparable to g~. We note that the 8"-photon
mixing cannot be very large as otherwise the Mz/M~ ra-
tio deviates too much from its experimental value. It
should be pointed out that 3, the asymmetry, can differ
significantly from its G&'S-model value even for large
M~. This is because, even in the M~~ oo limit, the

where Pl are the physical left-handed fermion fields and
g, /&2 is the coupling constant.

Consider erst the contribution to the reaction
e +e ~p+p coming from the flavor-nondiagonal
terms in the interaction (1). In this case we need only to
take into account the terms containing V,", where a
stands for electron and b for muon or vice versa. After
a Fierz transformation (which introduces a minus sign),
we obtain the amplitude

2
i gS —ey (1—y5)ep) (1 —y&)p,t —M, ' (2)

where & =(p, —p„), e represents the electron spinor, etc.
Let us now turn to the flavor-diagonal terms. The cor-

responding contribution vanishes identically provided we
ignore possible mixings with the photon. This is physical-
ly obvious if we choose to work in the basis where the
flavor is diagonal, then in the absence of mixing with the
photon V,' cannot go to V„". To consider the general case
we note first that the linear combination

12

y VP

y a=1
(3)

of flavor-diagonal isoscalar bosons represents the only
state that can mix with the photon. In (3) y, is the hyper-
charge and y =g, y, . Therefore it is convenient for V,
to be treated separately. To this effect w'e introduce an
orthogonal transformation

12 12

R,b Vg, J,"= g R,b Jgb
b=1 b=]

(4)

where R R =1, and R» ——yb/V y. We will not need to
specify R further, see below. The exchange of bosons V, ,
a&1 gives an effective four-fermion interaction

~/2 12~(i) 1 Rs [,b JLg .JLb —(R ),JL, ) (R ( b Jl b )],2 s —Ms
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with s =(p, +p, )'. Only the second term contributes to
e +e ~@+p and yields an amplitude

2

ey (1 —y, )ePy (1 —y, )p . (6)
32 s —M,

On the other hand, a straightforward calculation for the
contribution from V& exchange yields an expression iden-
tical to (5) but with opposite sign and the mass of V, re-

placing M, . If there is no photon mixing the two terms
cancel; however in general the mixing strength X, is

nonzero and this produces a mass shift so that the cancel-
lation is only partial. The value of the mass shift due to
the mixing is easily evaluated following the method of
Ref. 9, the final result is
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The constant A,, can be expressed in terms of other pa-
rameters if we assume vector-meson dominance. Indeed,
considering only the contribution from the lowest-mass
pole, we immediately obtain k, g, =&2

~

e
~

. Concerning
the constraints on these parameters coming from experi-
ment, we find that the strongest experimental bound on g,
comes from the requirement that there be no tachyons in
the theory; this implies g, ~ 0.5; moreover from low-
energy phenomenology it is known that M, /g, ~ 550
GeV; therefore we must have M, ~250 GeV. Using the
above formulas, and taking into account the above con-
straints on the parameters, we have calculated the cross
section and the forward-backward asymmetry for the re-
action e+e ~p+p; the final results are presented in
Figs. 2 and 3.

Given the above results we now turn to the question
as to whether the calculated effects will be observable in
present and future colliders. First, regarding TRISTAN,
we found that at the corresponding energies and lumino-
sities there is no hope of observing the effects of either of
the new particles discussed above. In the case of SLC."

we use the following estimated luminosities in cm
sec ' (Ref. 13):

July 1987—February 1988: 6& 10

February 1988—June 1988: 10

June 1988-June 1989: 6+ 10

June 1989—June 1990: 6&(10'

With the standard-model cross section for the reaction
e+e ~p+p (at the Z pole) of —1.5 nb, this will yield
about 5000 pp pairs by the end of 1988. Since at this
energy the GWS model 3 will be -4%%uo, we conclude
that statistics alone will allow observation of deviations
of the order of 1.4% or greater. By the end of 1989 the
number of pp events will be about 50000 with the corre-
sponding statistical error of about 0.4%%ui. Here we men-
tion that one has to assure good beam energy stability,
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FIG. 2. The cross section do. /d cosO for e+e ~p+p with
the contribution of isoscalar vector bosons included, for (a)
center-of-mass energy &s =Mz ——93 GeV, (b) center-of-mass en-
ergy &s = 180 GeV. Solid line: standard-model result,
forward-backward asymmetry: (a) 3 =4.0%, (b) 3 =60% ',

dashed line: g, =0.6, M, =330 GeV, (a) 3 =2. 5%%uo, (b)
3 =58%; dot-dashed line: g, =1, M,. =500 GeV, (a) 2 =0.8%%uo,

(b) 3 =60%; dotted line: g, =0.8, M, =700 GeV, (a) 3 =2.6%,
(b) W =59%.
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FIG. 3. The shift 63 =—2 scs~ —3~~s in the forward-
backward asymmetry for center-of-mass energy &s =Mz ——93
GeV. Solid lines correspond to the contribution of isoscalar vec-
tor bosons (M denotes M, in this case), while dashed lines (with
indicated ratios r =g~/g~, k =k'+ /k~) describe the effect of
excited W bosons, M being the mass of the W' boson in this
case.
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since at the Z pole AA /AE =1%/100 MeV. Also, the
shift of the maximum of the cross section with respect to
the Z mass in the SCSM is not significantly different
from that of the standard model (after one imposes the
constraints on the masses and coupling constants of the
exotic sector, coming from low-energy measurements).
Comparing the above estimates with the calculated ex-
pected effects of compositeness we conclude that the
effects could be observable in the later stages of opera-
tion of this collider. On the other hand, the deviations
in the total cross section at the Z pole can be 10—20%%uo,

as compared to 5 —8% expected experimental accuracy
of the absolute cross-section measurement. For LEP the
situation is even better, because of the projected lumi-
nosity of 10 ' cm sec '. In this case the statistics will
allow precision of up to -0.3%%uo which will be sufficient
for the effects of these particles to be easily distinguish-
able. As one can see, the expected statistics at the Z
pole are very good, but the expected deviations from the
standard model are not always significant, and those
which are (e.g. , the absolute value of the cross section),
are difficult to measure. Still, the deviations are not
completely negligible, contrary to some previous
claims. ' On the other hand, at 180 GeV the deviations

can be quite large, but the cross section is now very
small, giving poor statistics. We also expect that future
experiments will impose more stringent restrictions on
the parameters of the theory and this could decrease the
magnitude of the effects. It should be clear that the
above discussion is not intended to be exhaustive but
that we only try to give a guideline as to the observabili-
ty of the calculated effects.

Finally we would like to emphasize that to be able to
confirm the presence of new particles a good determina-
tion of the parameters of the GWS model is essential, for
only then one can determine the contributions from the
radiative corrections and thus pinpoint possible new
effects.
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