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Technibaryon production at pp colliders
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If the symmetry-breaking sector of the standard model is strongly interacting, the low-energy dynam-
ics of the longitudinal components of the weak bosons can be described by a nonlinear cr model with two
free parameters. For a large range of these parameters the model supports finite-energy solitons called
weak Skyrmions or technibaryons. Technibaryons could be produced at the Superconducting Super Col-
lider giving rise to exotic experimental signatures since they are stable, heavy, and in some cases,
fractional-charged particles.

PACS number(s): 13.85.Qk, 12.50.Lr, 14.80.Pb

I. INTRODUCTION

One of the main goals of the next generation of pp col-
liders [the CERN Large Hadron Collider (LHC) and the
Superconducting Super Collider (SSC)] is to bring some
light on the nature of the symmetry-breaking sector (SBS)
dynamics of the standard model (SM). This is especially
true if this dynamics is strongly interacting [1]. In this
case the only light particles of the SBS wi11 be the longitu-
dinal components of the gauge bosons ( WI ), the rest of
the particles or resonance being in the TeV region. The
mass gap between the WL 's and the TeV scale may be un-
derstood in that case by assuming the existence of some
global symmetry 6 of the SBS. This symmetry is spon-
taneously broken into some group H with HCG, the
WL's being the Goldstone bosons associated with this
global symmetry breaking [2].

Because of the gauge symmetry-breaking pattern of the
SM, SU(2)L XU(1)&~U(1), , it is clear that
SU(2)L XU(1)z has to be a subgroup of G and U(1), has
to be a subgroup of H. On the other hand, since the p pa-
rameter is close to one, H has to contain the so-called
custodial symmetry SU(2) [3], which in a natural way
gives p-1 in the SBS. With the above constraints, the
more natural and simplest choice for 6 and H is
G =SU(2)I X SU(2)„andH =SU(2)I +„.

In this case the low-energy dynamics of the SBS can be
described by a phenomenological Lagrangian [4] or the
so-called chiral perturbation theory (ChPT) which has
proved to be very useful in the hadron physics context
[5]. In this approach the Goldstone-boson interactions
are described by a Lagrangian which is an expansion in
the number of the derivatives of the fields. The first term
of this expansion (two derivatives) is universal; i.e., it is
not dependent on the SBS dynamics provided it is strong.

On the contrary free parameters appear in successive
terms encoding the information about the SBS dynamics.
ChPT has been applied recently to the study of the
WL WL scattering at the LHC and SSC [6], and it has
been shown how it could be possible to determine some of
the parameters of the chiral expansion and get informa-
tion about the SBS dynamics in these colliders.

In this work, we will follow a similar philosophy but
we will concentrate on the so-called nontrivia1 sector of
the model. As we will see, certain SBS dynamics are such
that the corresponding chiral Lagrangians support topo-
logically stable solitons [7] which could provide a
description of part of the spectrum of the SBS dynamics.
These solitons (called Skyrmions in the literature) are
well known in the hadron physics context where they
correspond to baryons. Most of the properties of these
particles are well described by the Skyrmion model [8] at
least in a qualitative level. In the case of the SBS dynam-
ics of the SM we do not know if such solitons (weak Skyr-
mions or technibaryons [9]) exist or not because this de-
pends on the values of the parameters appearing in the
chira1 Lagrangian and these are by now completely un-
determined. Nevertheless, it is a matter of fact that the
existence of these weak Skyrmions is a generic prediction
of the chiral Lagrangians, as applied to the SBS dynamics
of the SM, for a very large region of the parameter space.

This being so, we will focus our interest in this work on
the possibility of producing and detecting such particles
at the LHC and SSC. By the use of some reasonable
physical hypothesis we will compute the production cross
section of weak Skyrmions in these machines in terms of
the chiral Lagrangian parameters only. We will see that
weak-Skyrmion production at the SSC can be important
in many models, such as, for instance, those based on a
theory analogous to QCD such as technicolor.

II.TECHNIBARYON PROPERTIES

"On leave of absence from Department de Frsica Teorica de la
Universidad Autonoma de Madrid, 28049 Madrid, Spain.

Following the ideas of the discussion above we start by
considering the more general low-energy action for the
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Goldstone bosons associated with the global-symmetry-
breaking pattern SU(2)L X SU(2)R ~SU(2)r +z.

S=Jd xX(x)+nn5[U], (1)

where

UX(x ) = — tr V„V"+M tr( V„V") tr( V„V)

(2)+N tr( V„V")tr( V~ V, ) .

Here V„:—B„UUt, U(x)= exp[io'w'(x)/v] with w'(x)
being the Goldstone-boson field and o' the Pauli ma-
trices. The functional 5[U] is equal to zero if U belongs
to the trivial class of m~(SU(2)) and equal to one if it be-
longs to the nontrivial one [recall that n4(SU(2)}=zz].
This contribution to the action is reminiscent of the
Wess-Zumino [10] term and it was introduced in this
context in [11]. The information about the underlying
theory is encoded in the M and X parameters and in the
integer n. As is well known from hadron physics; one of
the most important features of the model considered here
is the possibility of the existence of static, topologically
stable, finite-energy solutions (the above-mentioned weak
Skyrmions or technibaryons). This is so because any stat-
ic finite-energy U(x) field must belong to some homotopy
class labeled by an integer number [recall that
773(SU( 2 ) ) =z ] given by

t [ U ]= Jd x e'J" tr( V, V Vz ) .
24~2

(3)

where J =I are the squared spin and isospin operators
and M„and A are the classical mass and the moment of

This number is additive and conserved in the limit we are
considering here (we are neglecting any gauge coupling)
and we will call it the technibaryon number in close anal-
ogy with the case of the Skyrmion in hadron physics. In
order to obtain a nonzero size and positive-energy solu-
tions, further conditions have to be introduced on the pa-
rameters M and N. Using the standard notation in Skyr-
mion physics, these conditions read e —= 1/(16N) & 0 and
y—= (1+M/N)/2&0 [12]. Therefore, the existence of
technibaryons does not seem to be a rare feature of the
models considered here since they appear in a very large
region of parameter space. For any given values of the
parameters in that region, the classical mass of the tech-
nibaryon can be obtained by minimizing the mass func-
tional

M[U]= —Jd xX( )x.

For the t = 1 sector, it is useful to use the standard ansatz
for the Skyrmion field Uz(x)= exp[if(r)x, cr, ] being

f(0)= rr and f( ~ ) =0 the right boundary conditions for
the chiral angle f(r). The low-energy spectrum of the
weak Skyrmion can be computed in the usual way study-
ing the collective excitations of the zero modes (rotations
and isorotations) [8]. The following Hamiltonian is ob-
tained:

inertia of the weak Skyrmion, which can be computed
numerically. For

~ y ~
&& 1 it is found M„=76(1

—0.77y+. .. )v/e and A=53.3(l —l. Iy+. . . )/(ve )

Therefore, for t = 1, the weak-Skyrmion states are deter-
mined by the quantum numbers J=1. Their energies are
given by

(6)

In order to determine the possible values of J we have to
know if technibaryons are bosons or fermions. In princi-
ple these two possibilities are open. This is so because the
configuration space Q in this problem is
Q=[U:S ~SU(2)}. The way in which technibaryons
have to be quantized lies in the nature of the first homo-
topy group of Q, i.e., n, (Q). The possibility of defining
multivalued wave functions on Q, which is needed for fer-
mionic quantization, is related to having a nontrivial
n. ,(Q). This becomes clear if, for instance, a 2n. rotation
(which is a loop in Q) is considered. In our case
m &(Q) =Z2 and this means that technibaryons may be
quantized as bosons or as fermions. In the first case I=J
take the values 0, 1,2, . . . and in the second
I=J=—,', —'„.. . . In fact, having bosonic or fermionic
quantization depends on the value of n in Eq. (1}. This is
so because, as is shown in [10],a process containing a 2m.

rotation of a Skyrmion has 5[U]=1 and therefore the
amplitude for such a rotation picks up a factor ( —1)"
from the second term in Eq. (1) that can be understood as
a exp(i2~J) factor. In summary, if n is even, techni-
baryons are bosons but if n is odd technibaryons are fer-
mions. Of course, in the last case, other fermions should
be introduced in the model in order to cancel the local
and global anomalies that otherwise would be present. In
the following we will not consider these new fermions be-
cause their nature and properties are model dependent
and we will keep our analysis as general as possible.

In the above discussion, we have not taken into ac-
count the effect of loops of the Goldstone bosons on the
features of the technibaryons. The effects of these loops
in the 8'L 8'L scattering have been considered by the au-
thors, along with Herrero [6], by the use of well-known
techniques of ChPT. More recently, one-loop effects in
the mass of the Skyrmion have been taken into account
by the use of a nonlocal effective Lagrangian X,z [12].
When one-loop effects are incorporated, one has to
change X(x) by X,gx) in Eq. (4). Then the mass func-
tional becomes a very complex nonlocal functional be-
cause of the nonlocality of X,z (see [12] for the display of
the complete formula). It is very useful in this case to use
some parametrization of the chiral angle such as the one
by Atiyah and Manton [13]:

f~(r)=m[1 —(1+RE/r )' ],
where the parameter Rs is a measure of the size of the
Skyrmion. Another important outcome of including
one-loop effects is that the bare constants M and N be-
come renormalized constants M(v) and N(v) which are
well-defined functions of some arbitrary renormalization
scale v. Of course, physical magnitudes such as scatter-
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ing amplitudes or Skyrmion masses do not depend on this
scale.

Giving different values to the renormalized constants
M(v), N(v), and to the integer n, one can reproduce the
low-energy behavior of different underlying SBS dynam-
ics. Three typical models for the SBS dynamics often
considered in the literature are the following.

(a) The minimal standard model (MSM), where the
symmetry breaking is driven by a Higgs doublet. In this
case, the Goldstone-boson scattering amplitudes to one
loop [14] are reproduced by the chiral model taking

1 9mM(mH)=
8(4n. ) 2&3

74
9

—1
N(mH ) =

18(4~)

where mH=2A(mH)v, A(v) being the one-loop running
coupling constant corresponding to the self-interactions
of the Higgs boson (here we have assumed mH ))v).
Furthermore, n has to be taken equal to zero.

(b) The QCD-like models, where the SBS dynamics is a
rescaled version of QCD (f ~v). This is the simple

physical idea underlying technicolor theories [15]. The
chiral Lagrangian parameters are obtained from the
QCD ones (see below):

M~c (1 GeV)= —0.0027,
N~c (1 GeV) = —O. OO11, (9)

71 =3

rc u 3

f. Nrc

U 3

f„Nrc
1/2

v = N (v)
N~c

3
(10)

n =X~c .

Please note the difference between N (v) which is a re-
normalized coupling constant and X~c which is the num-

ber of technicolors.
Once we have the values of the chiral parameters cor-

responding to the models above, one can find numerically
the value of R in Eq. (7) that leads to the minimum of the
mass functional and obtain the technibaryon mass for
them. Nevertheless, we have to be careful since the sta-
bility of the technibaryon is not guaranteed in all cases.
For instance, in [12] it is argued that, in the QCD-like
case, technibaryons are very likely to be stable, but nu-
merical analysis done by the authors show that this is not
the case in the MSM. Therefore, technibaryons or weak
Skyrmions are more likely to be relevant in technicolor
theories than in the MSM where they probably do not ex-

These values are chosen to fit the m.~ scattering data [16]
(see also [17] for an alternative fit) and n =3 from the 3
colors of QCD [10].

(c) Technicolor models: By the use of large Nargu--
ments one can extend the QCD-like case to the case with
an arbitrary number of colors (technicolors) Nrc. Then

1/2

M~co(v),&~c
3

ist at all. For the sake of definiteness we will concentrate
on those theories in the following but our main results
are, by far, much more general.

Until now we have neglected the coupling of the Gold-
stone bosons to the gauge fields corresponding to the lo-
cal SU(2)L XU( 1 ) r symmetry of the SM. Some of the
effects produced by these fields on the weak Skyrmions
have been considered in [18] at classical level. Mainly
they concern with the stability region in the parameter
space. For instance, in the case y=0, weak Skyrmions
become unstable if e ) l. 17 (note that this will never be
the case in the technicolor models that will be considered
here). Another effect of the gauge fields is that the topo-
logical current becomes anomalous and the technibaryon
number is not conserved anymore, being violated by in-
stantonic transitions. Nevertheless, these transitions are
expected to be very suppressed as happens in the baryon-
ie Skyrmion [19] and, therefore, they will not be taken
into account here.

Let us consider now the problem of the determination
of the electric charge Q of the technibaryons. By switch-
ing on the electromagnetic field it has been shown pertur-
batively that Q has to be equal to the third component of
the isospin I3 (see Eilam and Stern in [18]). As long as I3
is an integer or half-integer, this result must be true non-
perturbatively too.

Finally, we are able to collect the main quantum num-
bers of the technibaryons. For every t sector we have, in
principle, a tower of states characterized in the bosonic
case by I=J=0, 1,2, . . . and in the fermionic case by
I=J=—,', —,', . . . , the electric charge of any (iso)multiplet

being given by Q =I3. The quantum numbers of the an-

titechnibaryons are obtained as usual from those corre-
sponding to the technibaryons (this of course includes a
change in the sign of t ). The possibility of having other
nonzero quantum numbers such as the baryonic number
or ordinary color is much more model dependent. In fact
these other quantum numbers will give rise to many other
channels for producing technibaryons that will not be
considered in this work. The reason is that we want to
make an analysis as general as possible. According to our
philosophy the only common ingredient in any realistic
model is the chiral symmetry mentioned in the Introduc-
tion. Thus the only technibaryon interactions that will be
taken into account are pure chiral interactions and not
the ones corresponding to other quantum numbers.

III. TKCHNIBARYON PRODUCTION CROSS SECTIONS

Let us concentrate now on the problem of how these
technibaryons could be produced at high energies in pp
collisions (see Fig. 1). The first important fact to take
into account is that the technibaryon number has to be
conserved and therefore technibaryons have to be pro-
duced in pairs (one technibaryon T and one antitechni-
baryon T). The next step is to obtain some effectiv cou-
pling between the technibaryons and the WL's. In the
fo11owing, we will assume that the technibaryons, which
are extended objects of size Rz, can be considered as
pointlike particles and can be described by local fields.
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FIG. 1. Pictorial view of the production of technibaryons in

pp collisions.
a

W
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l
U(x ) =1+ Bx'cr'+-

f 2
(12)

For instance, B =Rsvp. /2 in the parametrization of Ati-
yah and Manton. Rz is the value that minimizes the
mass functional and it is a measure of the size of the
Skyrmion. The value of a needed in Eq. (11) to produce
the same w, field at large distances with a punctual
source is given by a= 4mvB [20]. T—hu—s .we can ob-
tain a as function of M(v) and N(v) and hence we can
compute the w, T coupling corresponding to different un-
derlying SBS dynamics. From the Lagrangian in Eq. (11)
we find the Feynman rule [see Fig. 2(a)]

This approach is appropriate if the dynamical cross sec-
tion for the elastic scattering O'L T is much more large
than the geometrical one, i.e., m.R&. As we have checked
numerically, this is the case for the physical situations
relevant for us in this paper.

The kind of field needed to describe technibaryons in
the local approximation depends of course on the spin of
these objects. In the bosonic case the stable technibaryon
has I=J=O and ~t~ =1 so it has to be described by a
complex scalar field P. Note that technibaryons with
higher values of (iso)spin would decay, in principle, in the
stable one (I=J=O) by emitting photons, W+—and Z
bosons since t is conserved in these processes. The cou-
pling of the scalar technibaryon lI) to the W~ field can be
described by the Lagrangian

Z;„,=any' tr(a„Va"Vt) . (11)

This Lagrangian is chiral invariant and has only two
derivatives of the 8'L field so it is the relevant one at low
energies. The constant a is obtained from the long-
distance behavior of the Skyrmion solution which is given
by

W

c)

do
d( cos8)

1/2
a2s s —4m

&

8mv s
1/2

v Rss
s

(14)

with m& being the scalar-technibaryon mass. This cross
section corresponds to an S-wave channel with total iso-
spin equal zero. It is the leading order of an expansion in
terms of the technibaryon velocity P=+1—4m

&
/s .

In the fermionic case the stable technibaryon has
I=J= ,' so it is described —by a doublet of spinors f;
where i =Iz take the values —,

' or —
—,'. The low-energy

chiral-invariant coupling to the 8'L field can be obtained
as follows. We define the object V"=c)"VlQ where
Q= exp[iy cr'w'(x )/U ]. Then, the more general
SU(2)L+ll -invariant interacting Lagrangian with one
derivative acting on the w' fields is given by

ikfVP, — '

(15)

where g is the isodoublet and k is an arbitrary coupling
constant. Expanding the exponential appearing in the
definition of S' we get

FIG. 2. Feynman diagrams contributing to the production of
technibaryons from the longitudinal components of the gauge
bosons: (a) bosonic case; (b) fermionic case (axial-vector cou-
pling); (c) fermionic case (vectorial coupling).

.4a
wg(pl )wb(p2)~4$ l

2 pl p2fiab
v

(13)
k kA c)"w— V (w X ct"w)+int ~ p 4 2 P

so the cross section for the process w, w, ~PP* is given
by

where A„=gy„yerg and U„=gy„crgare the axial-
vector and vector currents associated with the fermionic
isodoublet. The rest of the terms have more than two w'
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km~
w ~it)P; — y (r');, . (17)

The contribution to the amplitude for the process
w'w" —+gjg, is given by the Feynman diagram shown in

Fig. 2(b). In addition we have in principle also the contri-
bution coming from the vectorial coupling [Fig. 2(c)]. By
the use of standard techniques it is easy to write down the
amplitude for the processes w'w "~f;gj which is given

by

iA=u, —i
g —m g' —m

A+B
t —m&

2 u —m&
2

+ e,i„(~'),j(p, Ijb ) u2, —k

4v
(18)

fields and will be neglected. Therefore, we have in princi-
ple two interacting terms depending on one coupling con-
stant k. By the use of the equations of motion, it is not
difficult to realize the following: given a distribution of
the g field (the Skyrmion in our case) located around
some point in the space, the produced w' field at large
distances from this point is dominated by the axial-vector
coupling in Eq. (16). By comparison with the value of the
w' field at large distances corresponding to the Skyrmion
solution it is not difficult to find k =—', nu B [8].

Note that in this case one would need to use Eq. (5) to
compute m

&
and this requires the calculation of the mo-

ment of inertia A of the weak Skyrmion. Although this is
not difficult in the classical case, it turns out to be a very
hard task when one-loop corrections are included. In any
case, the contribution coming from the J(J+I)/(2A)
term in Eq. (5) is not expected to be very large. From our
experience in @CD we know that it is smaller than the
uncertainties of the whole approach followed here.
Therefore, we will neglect its contribution to the mass of
the fermionic technibaryon m& (see next paragraph for
the values of the technibaryon masses used in our numer-
ical computations). The Feynman rule obtained from Eq.
(15) corresponding to the axial-vector coupling is

imation. Therefore, it is inconsistent to use a propagator
which contains arbitrary high powers of the technibaryon
momentum. Instead, we will expand the propagators,

1 1 1— + 0 ~ ~

mq —t 4m/ mq
2 (20)

and we will retain only the leading terms at low energies
in Eq. (18). By use of a REDUCE code we find

(spin)

4
s 4' y cos t9 ) (21)

cos 8

where 0 is the angle between the proton and the techni-
baryon momenta in the gg c.m. system, (c.m. s.). In the
computation of the isospin factors appearing in this equa-
tion we have to take into account that we are producing
technibaryon-antitechnibaryon pairs. This means in par-
ticular that the total electric charge is zero and therefore
the only allowed initial states are W+ W and ZZ. Both
of them correspond to the case a=b in the Cartesian
basis that we are using and therefore we have in this case
e,b, =0. Thus we arrive at the conclusion that the vector
coupling does not contribute to the cross section of the
process. The result in Eq. (21) can be compared with the
one corresponding to the scalar case in the same limit
which is 9(km&/v ) /4. Note that, in the fermionic case,
the leading order in the technibaryon velocity P is a P
wave channel with total momentum and isospin equal to
zero. This is because the involved interaction is parity
conserving. Since a fermion-antifermion system has a
negative intrinsic parity, a P-wave final state is needed to
keep the total angular momentum equal to zero with pos-
itive parity. This fact explains the P cos 8 appearing
in Eq. (21). Therefore, the formula giving the cross
section for producing one fermionic technibaryon-
antitechnibaryon pair is

4 4 2 3/2
do k pl y s 4771 y

d(cos8) 2~@v s

where q =p, —qi, q'=p, —qz, and ui =u(qi, cri),
uz=u(q2, oz) are the spinors corresponding to g and P.
The constants A and B are

2 3/2
128~'. . . s —4m'

v R, m&81s s
cos 0 . (22)

)ik(+ )k,j,
B =(r ), k(r')k j

(19)

In Eq. (18) we have used the usual expression for the
propagator of a fermionic field. Nevertheless, as was ex-
plained above, we are working with a low-energy approx-

Once we have computed the cross section of the process
8'~ WL ~TT(T=P or P) we can compute the relevant
cross section for pp colliders such as LHC and SSC, i.e.,
pp ~TT+X. To do that, we use the effective-Wapproxi-
mation [21]. In this approach the WL's of the subprocess
are taken to be real and the cross section of the full pro-
cess is given by

o(pp TT+X)= & f f dx, dx, f, (x, , Q')f, (x,Q') g f f«i »2f.'«i)fb (x. )f (' '
qq' a

Here Q =x,x2S is the center-of-mass energy (c.m.e.)2=
of the subprocess qq'~TT and S is the c.m.e. of the pp
system. Q =x,x~Q if the c.m.e. of the sub-subprocess
w'w "~TT. f and f ~ are the distribution functions of

I

the quarks q and q' inside the proton and fq(x i, Q ) gives
the probability for a quark q of emitting a longitudinal
gauge boson a with a fraction x

&
of its energy. In the fol-

lowing we will use the distribution functions of [21].
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Using the standard base w =(w'+iw )!&2 and
z =w these functions are given by [22]

ff(x)=cf
where V= W—,Z and

(24)

u d
cw+ ——cw+ 2 7

4ms~

16~s~c~
(25)

167rs~c ~
with s~= sin 0~, c~= cos 0~, and a being the elec-
tromagnetic coupling constant.

IV. PRELIMINARY NUMERICAL RESULTS

With the formulas given in the last paragraph we are in
conditions of making a numerical estimation of the rate
of production of pairs of technibaryons, both in LHC and
SSC. For these machines the following values of the pa-
rameters have been taken: LHC, &S = 16 TeV,
X=4X10 cm sec ' and SSC, VS =40 TeV, X=10
cm sec '. In Table I the number of expected events
per year for different models is shown together with the
values of the mass and the radius of the produced techni-
baryons. Concerning the masses, the value considered
here for the QCD-like model has been the re-
scaled mass of the proton (mz ) instead of the value ob-
tained from the corresponding mass functional, i.e.,
m&-m~( f~/U )-2.5 TeV. This is so because, as is well
known from hadron physics, the Skyrrnion model overes-
timates the proton mass by about 30% and this could
significantly reduce the signals. The technibaryon mass
used in technicolor models has been obtained from the
QCD-like one by the inclusion of a factor QNrcl3
which is the expected dependence on N~c at leading or-
der in the large-Nzc expansion when v is kept fixed.
Note also that technibaryons have been taken to be bo-
sons for N~c even and fermions for Nvc odd according to
the discussion given above. The Rs values have been ob-
tained from the Skyrme model (see [12]). In the QCD-
like case, we obtain Rz = 1.57 TeV and this magnitude
goes as QNrc in the large-Nrc limit when v is kept
fixed.

After a quick look at Table I we realize the following
simple facts. First, the SSC seems to be much more cap-
able for producing technibaryons than the LHC. As is
well known, the competition between these two machines
relies on the interplay energy versus luminosity. The
SSC, being more energetic, is better for producing heavy
objects which may be inaccessible to the LHC, but, be-
cause of the better statistics, the LHC is more useful for
producing light objects. Concerning our work here, tech-
nibaryons are heavy objects with masses of several TeV
and therefore the SSC is a more appropriate machine for
discovering them, provided they exist. Second, in spite of
the different numerical factors appearing in Eqs. (14) and
(22), the number of events is not very different in the bo-

sonic and the fermionic case for the SSC. These factors
are related with the different number of final states and
the different representations of the rotation and isospin
groups carried by the scalar and the fermionic techni-
baryons. However, in the bosonic case the cross section
in Eq. (14) is proportional to the P of the technibaryon in-
stead of P as it is in the fermionic case. These two effects
compensate each other for a P value of the order of 0.1

which is a typical value of this magnitude at the SSC for
low Nz&. Third, we observe that the reaction
W+ W ~TT is roughly a factor of 2 more efficient than
the reaction ZZ ~TT. This comes because of the
different density of these two initial states in the pp col-
lisions. Another general fact is that the number of ex-
pected events at the SSC increases with the number of
technicolors in spite of the fact that the mass of the tech-
nibaryons goes as QNrc in the large-Nrc limit with U

fixed. This is so because of the R& factor appearing in the
cross sections in Eqs. (14) and (22) which in this limit
goes as a N~c. This is not the case of the LHC since, as
the center-of-mass energy is much lower, the number of
events over the threshold is very sensitive to its exact po-
sition which increases with N~c. In other words, we
have two contrary effects. The cross section of the sub-
process near threshold increases with Nzc but the lumi-
nosity of a given pp machine at this point decreases very
fast with N~c for the initial state considered here. For
the SSC the first effect still dominates but the contrary
happens at the LHC. Note that the fact that the cross
sections of Eqs. (14) and (22) increase with Nrc is not in
contradiction with the well-known fact that the cross sec-
tion for baryon-antibaryon annihilation into rnesons de-
creases exponentially with the number of colors. The
reason is that this last behavior is appropriate when the
baryon velocity is kept fixed in the large-N limit. This is
not the case of Eqs. (16) and (22) because there we are
considering the cross section at threshold and then the
technibaryon velocity P decreases with Nrc in the large-
Nrc limit (see [23] for a detailed discussion about these
points).

Finally, the number of the expected events found in
this preliminary computation is very encouraging, espe-
cially for the SSC case, ranging more or less from
0.5 X 10 —10 . However these numbers overestimate the
signal that one can expect. The reason is the following:
let us consider for example the cross section in Eq. (14)
which is proportional to s (the squared center-of-mass en-
ergy of the subprocess). According to ChPT this depen-
dence on s is appropriate for values of s not very large in
comparison to 16m.v and hence it is not appropriate near
threshold where most of the events take place at the LHC
and SSC (note that the invariant mass at threshold is typ-
ically of the order of 5 TeV). In particular, a linear
dependence on s violates unitariy at some energy and it
overestimated the cross section not only for very large en-
ergy events but also at threshold. Note that even near
threshold, where the momentum of the (anti)techni-
baryon is not very large, the momenta of the initial state
Wz's is large because of the large mass of the techni-
baryons. In other words, by the use of very general syrn-
metry arguments we have been able to compute the am-
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plitude for producing technibaryons but we do not have
the right to extrapolate our results to the high-energy
domain where the threshold of the reaction is, and where
particular details of the unknown dynamics may play an
important role. In fact, this is a general problem which
also appears in pion dynamics or in elastic O'I 8'I
scattering (see [6,17,24] for an extensive discussion of
these cases).

In practice, the only way to handle this problem is by
the use of some unitarization procedure. Of course, this
is not a complete solution of the problem since the unitar-
ization method is not unique, but at least it typically pro-
duces more realistic answers than the naive nonunitar-
ized predictions. On the other hand, by comparison of
different unitarization methods, one can get a feeling of
the relative importance of the unitarity effects in a given
physical problem. For these reasons, and with the aim of
obtaining a much more realistic prediction than the one
in Table I, we will develop in the next section a unitariza-
tion program appropriate to the problem of computing
the expected number of technibaryons to be produced at
the LHC and SSC.

V. UNITARIZATION OF THE AMPLITUDES

In order to unitarize the amplitudes obtained in Sec.
III we will start from the Heitler's integral equation [25].
This equation can be derived by the use of the so-called
It-matrix method [26] and the interested reader can find a
brief exposition of this derivation in Appendix A. The
E-matrix method was already used to unitarize the am-
plitudes in the elastic WL WL scattering [6,24] and it was
compared with other methods such as the Pade approxi-
mant one. This last method cannot be applied directly in
our case since the reaction we are considering here is not
elastic but we will turn to it later. Following the discus-
sion of Appendix A we can write the Heitler's integral
equation

A,f=At f+ —g dR„(P)JR;„JK„f
k

(26}

Here JR,& and Af,f are the unitarized and nonunitarized

amplitudes from the initial state }i ) =w'w' to the final
state

~f ) = TT. P is the total four-momentum of the re-
action and the sum is done over all the possible inter-
mediate physical states of n particles with four-
momentum P, =(.E, , p, ) being k an index over the other
quantum numbers needed to completely define the state.
The integral measure is the Lorentz-invariant phase-
space one given by

n n dP,
dR„(P)=(2m) 5 P g—P

;=i (2m) 2E,
(27}

Therefore, to obtain the unitarized amplitude we have to
do the following steps. First we have to introduce as an
input the nonunitarized amplitude which in our case will
be the one obtained in Sec. III. Next we have to identify
the intermediate states contributing to the second term of
the right-hand side (RHS) of Eq. (26) (see Fig. 3 for a
symbolic representation of this equation). These states
include two longitudinal gauge-boson states, four longitu-
dinal gauge-bosons states etc. , and also TT states, 2(TT }
states, etc. Of course, at some given energy, only the
n( TT) states with the threshold below that energy have
to be considered but in the case of the n2w' states we
have in principle to include all of them since in our ap-
proximation the w' are Goldstone bosons and therefore
they are massless. In fact we will not go so far and we
will only consider 2w' intermediate states. This is so not
only for simplicity but also because they are the most im-
portant at the energies which are relevant for us. In oth-
er words, the main unitarity effect at threshold is the
initial-state elastic interactions of the Wz s and other
effects such as inelastic initial-state interactions or rescat-
tering will be neglected. As most of the O'L 8'L ~TT su-
breactions occur near the threshold at the SSC we think
this approximation is good enough for our purposes of
giving a realistic estimation of the total number of ex-
pected events. Once the appropriate set of intermediate
states has been chosen, the next step is the resolution of
Heitler's integral equation (in fact it is a coupled system
of integral equations) and this in general involves the
computation of complicate phase-space integrals.

Let us concentrate now in the scalar case, which is the
simplest one, to illustrate in some detail the discussion
above. We start from the nonunitarized amplitude that

TABLE I. Number of expected pairs of technibaryons per year at the LHC and SSC. We consider
different scenarios (S stands for the scalar cases and F stands for the fermionic cases) and we put in

parentheses the number of technicolors. We display also the corresponding values of the radius and the
mass of the technibaryon.

Scenario

S(2)
S(4)
S(6)
S(8)
F(3)
F(5)
F(7)
F(9)

LHC
(8'+ W )

LHC
(z'z')

LHC
Total

SSC
( &+8' )

28
172
411
684

59
181
327
460

SSC
(z'z')

11
70

174
298

24
77

143
207

SSC
Total

39
242
585
982

83
258
470
667

Rs
(TeV ')

1.29
1.82
2.23
2.57
1.57
2.03
2.41
2.73

Mass
(aeV)

2041
2887
3536
4082
2500
3227
3819
4330
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1+—C
2

unitarized amplitude for Wl WL going to TT. Of course,
the elastic WL WL scattering amplitudes can be obtained
as the solution of another equation as the one represented
in Fig. 3 but changing the external TT legs by WL Wl
legs. This last equation can be solved (considering only
WL WL intermediate states) by the use of a partial-wave
analysis to decouple the different channels and further
reconstruction of the amplitudes by addition of the uni-
tarized partial waves until some J value (see for instance
[6,24]). Taken into account only the first term in Eq. (2)
and the J=0 and the J= 1 waves the following solution
is found:

1+—C
2

At(aP, y5 )

s/8nv o s/16nv= 16m
2 ~P r&

1 is /—16m u
'

1 is /—32m u

1+ —C
2

FIG. 3. Pictorial view of Heitler's equation as applied to the

unitarization of the WS'~ TT amplitude.

s/48rrv 2

1 is /9—6nu. (30)

where the nonzero projection constants are P+
=P0000= —P+ 00= —' POO00= —'. Now we can use this
result in Eq. (29) and after some work we obtain the re
suit

from Eq. (13) can be written as At(aP~PP') =At(aP~pp')
1 —is /16~v

(31)

At(w'w ~PP')= 5,„.
v

(28)

By using the standard basis for the w' fields and using the
approximation explained below, Eq. (26) reads, in an ob-
vious notation,

where aP stands for the initial standard states + —or 00.
Therefore, the unitarized cross section cr can be written
in terms of the nonunitarized ones obtained from Eq. (14)
as

cr(+ —~PP') =o(00~//')
At(+ —,P((} }=At(+—,$$')

+ ',' (At(+ —,+ —)+-,'At(+ —,00) ),
(29)

At(00, $$') =At(00, $$')

o (+ —~PP')
1+(s/16nu )

cr(00~//')
1+( s /16m u )

(32)

+ ' '(At(00 + —}+-'At(00 00))
v

This equation is interesting because if we know the uni-
tarized amplitudes for WL WL scattering, it gives us the

In the fermionic case, the unitarization of the amplitudes
is analogous to the scalar case but, because of the in-
volved Dirac algebra, the computations are more compli-
cated and will be presented in Appendix B. The final re-
sult

8cT — 6f c7

d( cos8) d( cos8)
(+ 44)= —(oo A')

80' 1+ s
d( cos8}

'2
1+3cos 8

9cos 0
S

16+v

'2

(33)

(34)

where the nonunitarized differential cross section is the
one in Eq. (22). For the sake of comparison, we plot the
unitarized and nonunitarized numerical values of the
cross section corresponding to the one-scalar and one-
fermionic case in Figs. 4 and 5. %'ith these unitarized
cross sections we can repeat the computations done in the
preceding section to obtain a more realistic estimation of
the number of expected TT pairs at LHC and SSC per

year. These new results are shown in Table II and wi11 be
commented in the next section.

VI. FINAL RESULTS AND DISCUSSION

After the computation with the unitarized amplitudes
is done we observe a substantial reduction in the number
of expected events, especially in the scalar case. We con-
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FIG. 4. Cross section for the subprocess W+ W ~44* vs

the invariant mass of the boson pair in arbitrary units. It is
displayed in the scenario with NTc=2 without unitarization
(dotted) and with unitarization (E-matrix method) (dot-dashed).

sider this fact as a strong evidence in favor of our previ-
ous feeling that the unitarization effects could be impor-
tant and they have to be taken into account in some way.
In particular, we arrive at the conclusion that in the sca-
lar case the signal is completely negligible both at the
LHC and the SSC. In the fermionic case we obtain a
number of events of the order of one hundred per year at
the SSC. At the LHC we obtain a very small number of
events and hence we consider hopeless this machine for
the production of technibaryons. In order to understand
why this is the case we show in Figs. 6 and 7 the center-
of-mass energy distribution of these expected events. As
it was commented above, in spite of the larger luminosity
of the LHC, the number of expected events over the TT
threshold is not as large as in the SSC case since the WR'
luminosity functions decrease very fast with the fraction
of the energy of the initial pp state.

One important issue related with all this discussion is
that the unitarization procedure is not unique and there-
fore there is a lot of arbitrariness in the election of the
method one uses to unitarize the amplitudes. For this
reason it is a natural question to ask about how strong
the dependence of our results is on the unitarization
scheme we have used. Trying to answer this question we
have also performed our computations with a different
method of unitarization as follows. We start from Eq.
(29) (or the corresponding to the fermionic case) which
make it possible to obtain the unitarized amplitude for
the process WL 8'L~TT from the unitarized amplitude
of the 8'L 8'I elastic scattering. Now we can use again
this equation but with another difterent input for the uni-

5000 7500 10000 12500
M(W'W ) (in Gev)

15000

FIG. 5. Cross section for the subprocess W+ W ~fg vs the
invariant mass of the boson pair in arbitrary units. It is

displayed in the scenario with NTc=3 without unitarization
(solid), with unitarization by the use of the K-matrix method
(dotted), and the Pade method (dot-dashed).

tarized O'I O'L elastic scattering amplitude. In particular
we will consider here the Pade approximant method to
unitarize this amplitude previously computed to one loop
from the full Lagrangian in Eq. (2) (see [6] for more de-

tails). This method has proved to be very appropriate to
fit the experimental phase shifts of the m~ elastic scatter-
ing and in particular it reproduces very well the effect of
the resonances such as the p [17]. The Pade method was
also applied for the unitarization of the 8'L 8'I elastic
scattering amplitudes [6,24] and probably it is more ap-
propriate than the K-matrix one, at least for @CD-like
theories, since it works quite well in the XTc=3 case. To
apply this method we make the replacement of the partial
waves which are polynomials in s (with eventual logarith-
mic coefficients when one-loop corrections are included)
by the higher possible diagonal Fade approximant (the

[1,1] in our case) which satisfy the elastic unitarity condi-
tion. Then we reconstruct the unitarized amplitude by
taking into account the J=O and J= 1 channels (see [6]
for more details). With the unitarized WL Wl elastic
scattering amplitudes obtained in this way we use Eq. (29)
(or the corresponding to the fermionic case) to get the
new unitarized Wl WL ~TT amplitudes. The number of
events obtained in that way for the typical case (NTc =3)
is 3 at the LHC and 65 at the SSC. The cross sections
and the spectra of these events in the %+8' channel
are shown in Fig. 5 and Fig. 8, respectively.

As is clear from these plots, the Pade method produces

TABLE II. Same description as Table I but now we show the K-matrix unitarized results.

Scenario

S(2)
S(4)
S(6)
S(8)
F(3)
F(5)
F(7)
F(9)

LHC
(W+W )

LHC
(z'z')

LHC
Total

SSC
(W+W )

1

1

1

1

40
121
218
307

SSC
(z'z')

1

1

1

16
51
95

138

SSC
Total

1

2
2
2

56
172
313
445

Rs
(Tev ')

1.29
1.82
2.23
2.57
1.57
2.03
2.41
2.73

Mass
(GeV)

2041
2887
3536
4082
2500
3227
3819
4330
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FIG. 6. Center-of-mass energy distribution of the subprocess
8'W~TT corresponding to the NT& =2 scenario for the LHC
(dashed) and the SCC (K-matrix unitarized results).
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FIG. 8. Center-of-mass energy distribution of the subprocess
WW~ TT corresponding to the NT~ =3 scenario for the LHC
(dashed) and the SSC (Pade unitarized results).
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FIG. 7. Center-of-mass energy distribution of the subprocess
WW~ TT corresponding to the NTc =3 scenario for the LHC
{dashed) and the SSC {K-matrix unitarized results).

a reduction of the cross section and a number of expected
events which is not so large as the E-matrix one (note
that in the Fade method we are including the effect of the
techni-p resonance [6]). This fact suggests that we can
consider the K-matrix results more as a 1owest bound on
the number of expected events than as the real value of
this number. Hence, we can consider the results in Table
II as conservative predictions in the sense that by using
other unitarization methods or none we would obtain a
larger number of events.

Once we have some confidence that there will be a
large number of TT pairs in the fermionic case at the
SSC, one has to ask which will be the experimental signa-
ture of these events and which will be the possible stan-
dard backgrounds to this signature. As was explained in
Sec. II the fermionic technibaryons are expected to be
massive and (fractional) charged particles. On the other
hand one look to the center-of-mass-energy spectra in
Figs. 6-8 shows that the typical velocity of the techni-
baryons produced is not very large so they can be con-
sidered in a first approximation as nonrelativistic. The
interaction of these heavy particles with ordinary matter
will produce many electrons and it will be easy to mea-
sure the momentum and the energy of the technibaryons
to see its heavy character which will distinguish them
from any other conventional particle. Therefore we be-
lieve that these events will be essentially free of back-
ground. As we will have many of them (see again Table

II) they will be in principle easy to catch provided they
exist.

VII. CONCLUSIONS

The main conclusions of this work can be stated as fol-
lows. Technibaryons appear in a very natural way in
many strongly interacting symmetry-breaking scenarios
of the standard model, being typically very heavy parti-
cles. Many properties of these particles can be deter-
mined by the use of very general symmetry arguments
and we do not have to limit ourselves to any particular
model to make important predictions about them.

Of course, in some particular models, other ways for
producing technibaryons, different from the one con-
sidered here, are possible. In that case the number of ex-
pected events will be even larger but, in any case, the
mechanism studied in this work will be always present.

In the computation of the number of expected techni-
baryon pairs at the LHC and SSC the issue of unitarity
plays an essential role because the squared energy at
threshold is very large (note that the parameter of the
chiral expansion is s/16m. u ) and it requires further
study. In any case, even a conservative estimation shows
that, if the technibaryons are fermions, many events can
be produced at the SSC but not at the LHC. The case of
scalar technibaryons is hopeless in both accelerators. Ob-
viously, the negative conclusions apply only for the reac-
tion considered here but not for others that could be
present in some particular models.

Finally, because of the clear and background-free sig-
nature of these events it will be in principle easy to ob-
serve them at the SSC provided technibaryons exist.

Note added. Our attention has been brought to the fact
that technibaryons could also be produced through
quark-antiquark annihilation via s-channel weak-gauge-
boson exchange. Along this work our philosophy has
been to describe the low-energy regime of the symmetry-
breaking sector of the SM with a nonlinear o. model to
exploit the custodial symmetry of this sector. As was ex-
plained, we have to make our computations to zero order
in the gauge couplings g and g' which is the simplest non-
trivial approximation. At this level, the only possible
mechanism for producing technibaryons is the one con-
sidered by us in this work because the other one men-
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tioned above requires having the gauge couplings
diC'erent from zero. However, it can be argued that this
process could be potentially competitive with the produc-
tion of technibaryons through gauge-boson fusion since
the quark luminosity is much larger than the gauge-
boson one and this could compensate the extra gauge-
coupling factors. In fact it is possible that this was the
case if the technibaryons were not so heavy. This is be-
cause the quark-antiquark annihilation processes are typ-
ically very important at low center-of-mass energies but
their amplitudes decrease fast with the energy and prob-
ably are not important at the very high energies where
the threshold for producing technibaryons pairs is. This
is, for instance, the case in gauge-boson pair production
(see the fifth reference quoted in [6] and the references
quoted there) where gauge-boson fusion dominates over
quark-antiquark annihilation at large enough energies.
In any case, only a detailed numerical computation has
the last word and work is in progress in this direction. It
will be very interesting if other mechanisms for produc-
ing technibaryons are possible because this could increase
the signal but we are not especially optimistic about that.

ACKNOWLEDGMENTS

One of the authors (A.D.) would like to thank S. Dimo-
poulos and M. J. Herrero for continuous encouragement
and T. N. Truong for useful discussions on the unitarity
problem. A.D. thanks also the CERN TH-Division for
hospitality at the early and Anal parts of this work. This
work has been supported in part by the Ministerio de
Educacion y Ciencia (Spain) (CICYT Project No.
AEN90-0034).

APPENDIX A

K =K("+K")+. . -,
and if we use this truncated series in Eq. (Al) we will

have a new series for the S matrix which is unitary to any
order:

s= &+s"'+s")+.. . (A5)

Now it is not dificult to express the terms of the K series
as a function of the terms of the old S series up to the
same order:

Ic'"'=i y ( —,') -'
p=1

n +n + . +n =n
l 2 p

( n l ) ( n 2 ) ( np )

(A6)

At lowest order we have K'"=iS'" and by using Eq.
(Al) and Eq. (A2) we arrive at

S'"=S'"+-'S"'S'".
2

(A7)

Let us consider now some initial state ~i ) and some final
state

~f ) orthogonal to it and let S'f" be the correspond-
ing matrix element of S'" ( S')'= (i ~S'"~f ) ). Then we
can express S'f ' (and S,'f ' with the same notation) in the
usual way as

S,'f" =i(2m)5(P, .Pf )JKf, —

S'f' =i(2m) 5(P; Pf )Af, f, — (A8)

where P; and Pf are the momenta of the initial and the
final state, respectively, and JNfand ,JKf are the unitar-
ized and the nonunitarized amplitudes of the process. By
use of Eqs. (A7) and (A8) we finally obtain Eq. (26).

For the sake of completeness we include in this appen-
dix the derivation of Heitler's integral equation [25] by
the use of the K-matrix formalism [26]. Let S be the
scattering matrix and let us parametrize it in terms of a
new matrix K in the following way:

l —iK /2
1+iK /2

(Al)

With this parametrization S is unitary if and only if K is
Hermitian. In practice the S matrix is typically obtained
by the use of some expansion:

S=1+S'"+S")+.. . (A2)

The problem arises because, in spite of the fact that S is
unitary, the truncation of the above series at some 6nite
number of terms is not and then probability is not con-
served. However, this problem can be avoided in princi-
ple by the following technique. We can solve Eq. (Al) to
obtain the K matrix as a function of S:

APPENDIX B

where we have used the fact that, for a=b, A =B and
that the spinors u, and U2 satisfy the free Dirac equation.
Then Heitler's integral equation at the same level of ap-
proximation used in the scalar case reads

2 ' 1/2
s 4p?l ykpn p

$2 U

JN(+ —,$1(t)=— Q)I + U2

Here we show some details of the derivation of the re-
sult in Eq. (34) for the unitarized cross section in the fer-
mionic case ( WL 8'r ~gg). We start from the nonuni-
tarized amplitude in Eq. (18). From the low-energy ex-
pansion of the propagators in Eq. (20) and recalling that
in our case e,b, =0 we have

km~
(u t ) A pu, U,2— (Bl)

S U

K= i(S—1)
1+(S—1)/2

(A3)

If we introduce the truncated series of S in this equation,
we will obtain another truncated series for the K matrix,

JM, (00,$$)=— km~

S 2
U

2 2 1 /2 (B2)
s —4m~

"&I OOU2

where
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I+ =A+ Ji, cos8

+—(~(+—,+ —)A P, cos8'

+
2 JK(+ —,000) Aoop', cos8'),

(B3)

+—,'JR(00, 00)Aoog, cos8') .

I = A Ji, cos8+ —(JK(00, + —)A p, cos8'
2

In these formulas p, and p, are the momenta of one of
the incoming and one of the intermediate O'L, respective-
ly, 0' is the angle between the + or OH L's in the inter-
mediate state and g, and the standard basis has been used
for the 3 =8 isospin factors. Now we proceed as in the
scalar case. First we introduce into the above equations
the unitarized amplitudes for elastic 8'I 8'I scattering in

Eq. (30). Then we compute the phase-space integrals
over the intermediate-state variables which are more
complicated now and finally we use REDUCE to compute
the squared modulus of the unitarized amplitudes:

4
4rny cos 8+(1/9)(s/16vru ) (1+3cos 8)
S 1+(s/16nu )

(B4)
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