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Aspects of the dynamics of walking technicolor models are expected to have important consequences
for technihadron production at hadron colliders. Hard-mass enhancements characteristic of walking
technicolor raise technipion (~T) masses relative to technirho (pT) masses so that the decays pT~m. TmT

are either suppressed or forbidden altogether. Thus, pT can be unusually narrow with unconventional
decay modes. Large weak isospin breaking in U- and D-technifermion masses (required for t-b splitting)
leads to neutral pT and ~z that are ideally mixed. Finally, multiscale models of walking technicolor in
which the light-scale technifermions carry ordinary SU(3) color can have color-octet pT s which are pro-
duced strongly in parton-parton collisions and are within reach of the Fermilab Tevatron. These would

appear as narrow, well-separated pDD and pUU resonances in dijet production or in m.„mT production
with a limited number of final states. These expectations are illustrated in a multiscale model containing
both techniquarks and technileptons at the light scale. Depending on assumptions that determine the
fundamental chiral-symmetry-breaking mass parameters of the model, we find two generic phenomeno-
logies: (A) pDD with a mass of 200—250 GeV decaying exclusively to dijets and pUU in the mass range
350—550 GeV decaying to a few m Tm& combinations; (B) pDD with a mass of 375-425 GeV and pUU in the
mass range 500—700 GeV both decaying to a few m Tm T modes. The pDD dijet signal of case A is large
at all colliders and can be sought now at the Tevatron. The m Tm T production rates in both cases are of
—10 pb at the Tevatron and —10 nb at the Superconducting Super Collider (SSC). The technipions can
be sought in the next high-luminosity run of the Tevatron and may be excludable if backgrounds are not
too severe. Experiments at the SSC certainly should be able to determine whether they exist.

I. INTRODUCTION

Most of the experimental signatures for technicolor
have long been regarded as very difficult to detect, even
at very-high-energy colliders such as the Superconduct-
ing Super Collider (SSC) and CERN Large Hadron Col-
lider (LHC) [1,2]. In the minimal model, with one techni-
fermion doublet, the only signals are modest enhance-
ments in 8 +8' and 8'—Z production near an invari-
ant mass of 1.5 —2 TeV. These processes have small
[O(a )] cross sections and their observability is beset by
the well-known difficulties of reconstructing weak-boson
invariant masses with reasonable efFiciencies. Non-
minimal technicolor (TC) models have a rich spectrum of
technirho vector mesons (pT ) and technipion (m T) states
into which they may decay. The pT have been expected
either to be very heavy and produced with small cross
sections or to be very broad and nearly indistinguishable
as resonances in ~T-pair production. Moreover, the ~T
are expected to decay to heavy-fermion pairs, and these
can be difficult final states to isolate and reconstruct.

The purpose of this paper is to show that these gloomy
prospects may be considerably brightened in models of
walking technicolor [3]. We shall argue that the peculiar
dynamics of walking technicolor results in pT which are
relatively narrow and have decay modes more amenable
to detection. If these pT are ordinary color octets, they
will have large production rates in hadron colliders, typi-
cally of O(aQCD). And, if walking technicolor is imple-
mented by having several scales of technifermion chiral-

symmetry breaking, the hadrons associated with the
lightest scale may be within reach of the Fermilab Tevat-
ron collider. These expectations will be supported by cal-
culations in a detailed (although ultimately unrealistic)
model of walking technicolor.

%'alking technicolor has been advocated as a solution
to the problem of large flavor-changing neutral-current
interactions in extended technicolor (ETC) theories of
quark and lepton mass generation [4,5]. Walking
theories are characterized by a gauge coupling aTc that
evolves very slowly over a large range of momentum
above the energy scale ATc at which technifermion chiral
symmetries are spontaneously broken. Consequently, the
anomalous dimension y of the technifermion bilinear
TT remains close to unity over this momentum range.
This enhances significantly the condensate ( TT )ETC and
hence, the "hard" masses of technifermions, quarks, and
leptons for a fixed ETC energy scale METC. Thus, METc
may be raised to several hundred TeV so that ETC-
generated Aavor-changing neutral currents are rendered
harmless [5].

Hard-mass enhancement is the first feature of walking
technicolor dynamics that has an impact on its phenome-
nology. It implies that the masses of ~T may be so large
that the decays pT —+mT~T preferred by selection rules
are either suppressed kinematically or forbidden altogeth-
er [6]. The pz are then likely to appear as narrow, dis-
tinct resonances in hadron collisions. Only the produc-
tion of ordinary SU(3)-color singlet pT mesons was con-
sidered in [6]. These pT may have useful, anomalously
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large branching ratios to identifiable final states involving
a 8'—or Z boson plus a pair of hadron jets or leptons
from ~T decay. Unfortunately, they are produced at
small [O(a )] rates via their electroweak couplings to
quarks. In this paper, therefore, we concentrate on
color-octet pT's which are produced much more copious-
ly in hadron collisions via their coupling to a single
gluon. The suppression of their ~T~T decay modes im-
plies that they may have appreciable branching ratios to
quark-antiquark (qq ) and two-gluon ( QQ) final states and
that they can appear as narrow ( ~ 10 GeV) resonances in
ordinary dijet production.

The second aspect of walking technicolor dynamics
that dramatically affects its phenomenology is the 1arge
weak isospin breaking needed to produce the mass
diff'erence between t and b quarks [7]. This requires large
mass splittings between up (U) and down (D) technifer-
mions. Consequently, both color-octet and color-singlet
pT's are likely to appear as mell-separated, ideally mixed

(UU and DD) narrow resonances in dijet production
and/or mT-pair production. This ideal mixing, together
with ~T mass enhancement, sharply reduces the number
of distinct final states in pT~~~+T and may make the
experimentalists' task of isolating these states easier.

Finally, multiscale technicolor models have been pro-
posed as a way to implement a walking coupling [6]. In
these models aTc runs slowly because there are many
technifermions in fundamental representations of the TC
gauge group and a few technifermions in higher-
dimensional representations. The differing representa-
tions give rise to two or more scales A; of technifermion
chiral-symmetry breaking and corresponding mass scales
of technihadrons. There is some expectation that a siz-
able hierarchy will occur among these scales, depending
on the relative dimensionalities of the representations [8].
The largest scale is set by the characteristic energy of
electroweak symmetry breaking, A „~1 TeV. Thus, if a
large hierarchy occurs, the smallest scales will be so low
that the corresponding pT's, especially the colored ones
produced with large cross sections, will be readily acces-
sible at the Fermilab Tevatron collider as well as at the
LHC and SSC. In this paper we investigate the phenom-
enology of such a multiscale hierarchy.

To summarize, in multiscale models of walking tech-
nicolor, we expect well-separated, low-mass p~~ and pUU
produced via qq and QQ collisions. Their vrTvrT widths
could be as small as a few tens of GeV and, if these chan-
nels are closed, they could be as narrow as a few GeV. A
200-GeV PT decaying only to dijets with an O(a&co)
width of 5 GeV would have a partonic production cross
section of -maQC~/MpTI pT 100 pb. A 600-GeV pT
decaying to ~T~z with a width of 50 GeV would have a
partonic rate of -~aQC~/MpTI pT 400 pb. Of course,
these rates must be folded with the parton distribution
functions. But it is clear that even Tevatron experiments
can put very significant limits on the mass scales in walk-
ing technicolor models. We urge that the color-octet pz
be looked for as soon as possible, in both dijet and m. T~T
production.

The rest of this paper is organized as follows. In Sec.

II we present a multiscale model of walking technicolor
that we will use to illustrate the masses and production
rates of colored pT and ~T technihadrons that can arise.
The lightest technifermions in this model are an elec-
troweak doublet of color-triplet "techniquarks" and KL
doublets of color-singlet "technileptons, " all transform-
ing as the fundamental representation of the TC gauge
group SU(Nrc ). We describe in some detail how the fun-
damental energy scales and technihadron masses are cal-
culated, paying special attention to the questionable as-
sumptions and peculiar difhculties calculations in such a
model entail. Two methods of calculating the fundamen-
tal scales are presented. Both methods mainly derive
from a naive scaling from QCD. They differ in whether
the decay constants F of ~T do or do not scale with the

T
dimensionality of the SU(NTc ) representation of their
constituent technifermions.

The output of these methods are two rather different
classes of pT and m. T masses. The technihadrons are
nearly ideally mixed in both cases, resulting in color-octet
pzz and pUU. We pick a "typical" representative set of
technihadron masses from each class. In Set A,
M =225 GeV and M =465 GeV. In Set B,

PDD pvU

M =400 GeV and M =575 GeV. The pzz in Case
PDD pUU

A decays exclusively to dijets. We emphasize that the de-
tailed values of the technihadron masses in these two sets
are only representative of their class. Depending on vari-
ous input parameters, there can be 25 —100 GeV varia-
tions, especially in the masses of states containing one or
two U techniquarks. These variations can make
significant changes in production rates. Nevertheless, in
both classes, many of the pT —+~T~T decay modes are
closed, so that the pT are quite narrow resonances with
measurable cross sections at the Tevatron energy.

In Sec. III we show how the dijet invariant-mass distri-
bution and the ~T-pair production cross section are
modified to include two mixed color-octet pT vector-
meson resonances. Sections II and III may be skimmed
by the reader willing to accept uncritically the input sets
A and B of technihadron masses and the formulas for the
relevant hadron collider cross sections.

In Sec. IV we calculate the dijet and ~TmT cross sec-
tions for the mass parameter sets A and B. These calcu-
lations are done for pp collisions at &s =630 GeV (Spp S)
and 1800 GeV (Tevatron) and for pp collisions at &s = 17
TeV (LHC) and 40 TeV (SSC). For the Set-A parameters,
we find the following.

(i) Pnn decays only into qq and QQ jets and is a Prom-
inent narrow ( =4 GeV) resonance in dijet production at
all the colliders. Excluding this resonance is limited only
by a detector's jet energy resolution and it may possible
to do this with data already taken by the Collider Detec-
tor at Fermilab (CDF) Collaboration at the Tevatron.

(ii) pUU decays mainly to ~T pairs with a total width of
about 20 GeV. According to the conventional wisdom,
these technipions decay to a heavy quark-lepton pair or
to a heavy qq pair. In these modes, the pUU should be ac-
cessible at the Tevatron and certainly may be found at
the SSC and LHC provided the backgrounds are not too
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severe. These backgrounds need and deserve careful
study. The pUU has a branching ratio of about 25% to
dijets, but with its relatively large mass and width, we
doubt that it can be observed in these modes at any col-
lider unless quark and gluon jets can be distinguished and
the quark-jet sample enriched.

For the Set-B parameters, both p~D and pU decay
mainly to az-~T and, modulo the backgrounds, should be
observable in these modes at the Tevatron, LHC, and
SSC. The width of the pDD is about 40 GeV and that of
the ppU about 20 Gev. Thus, in this case, the pDD is

completely invisible in dijet production, and the pUU very
likely is too.

The technihadron masses and production rates that
emerge from our calculations are in accord with our gen-
eral expectations for any multiscale model of walking
technicolor. By examining the consequences of two
different schemes for estimating the fundamental energy
scales of a particular model, we believe we present a
reasonably broad spectrum of the experimental signatures
possible in such models. Our basic message to experi-
mentalists is that they should be prepared to look for sig-
nals in a variety of ways: dijets; multijets, probably in-
volving heavy quarks; and two jets plus two leptons
which may be ~'s.

Finally, some of the details of the calculation of techni-
fermion hard masses and vrT masses generated by the
ETC interactions are presented in an Appendix.

transform as the fundamental representation of SU(NTc ).
The model is based on the ETC gauge group

GETC SU(NETC )1 SU(NETC )2

XETc =XT~+3+XL .
(2.1)

The ETC gauge couplings are g &
and g2. This group

commutes with the SU(2)Ew part of the electroweak
gauge group, but not with its U(1) part (see [5]). All tech-
nifermions and ordinary light fermions are assigned to
four irreducible representations of SU(NETc ),

SU(NETc )2. With an obvious notation,
%EL,X)L, VlR E (A2, 1) and 2)R H (1,A2), where A2 is the an-
tisymmetric second-rank tensor. At the energy scale
M„,SU(NETc), @SU(NETc)2 is assumed to be broken
down to the diagonal subgroup SU(NETc), +2. At the
scale Mz &Mz, this group is further broken down to
SU(NTc)SU(3)g SU(NL). Since technicolor and color
are unified at the ETC scale Mz, their couplings are given
by arc(M~)=aQcD(Mp') aETc:gETc/4', where gETc

2

=gig2~V gi+gZ.
To reduce the number of free parameters in this model

and keep our calculations tractable, technilepton Aavor
splitting is not included in the assumed pattern of gauge
symmetry breakdown. Then, the technifermions can be
classified according to SU(NTc)C3SU(3)SU(NI )

SU(2), where SU(2) is the isospin group which has
SU(2)Ew as its left-handed part. The technifermions are

II. A MULTISCALE MODEL
OF WALKING TECHNICOLOR

In this section we present a model of walking tech-
nicolor which has three different species of technifer-
mions, we describe the model's spectrum of low-lying
technihadrons, and we outline the calculation of its fun-
damental energy scales and masses of relevant technihad-
rons.

A. The model and its technihadron spectrum

Walking technicolor models require a large number of
technifermions in order that aTC runs slowly. These fer-
mions may belong to the fundamental representation of
the TC gauge group, to higher-dimensional representa-
tions, or to both, so-called multiscale models [6]. In any
case, these models almost certainly contain technifer-
mions which carry ordinary color-SU(3) quantum num-
bers and, hence, technihadrons which are colored and
can be produced copiously in hadron colliders. To illus-
trate the more dramatic phenomenological consequences
of walking technicolor, we consider in this paper a
specific multiscale model. This model contains one dou-
blet f= (fU, PD ) of color-singlet technifermions in the
antisymmetric tensor representation of the TC gauge
group SU(NTc ); one doublet of color-triplet techni-
quarks, Q = ( U, D ); and NI doublets of color-singlet
technileptons, L =(N, E ),I=1, . . . , NL. Q and L

T3 L, R =eL, R + ( A2& I
&
I

& 2 )

T2L R
—=QLR E(NTC, 3, 1,2) )

T, L R =LI. R H(NTC, 1, NI, 2) .

(2.2)

The left-handed fields are SU(2)Ew doublets, while the
right-handed ones are SU(2)Ew singlets. Note that ETC
interactions explicitly break the right-handed part of
SU(2), thereby splitting up and down technifermions.

This ETC model has several serious deficiencies: ETC
gauge anomalies (to be canceled by unspecified fermions
that effect ETC breaking?), too many quarks and leptons
[9], and massive neutrinos. But the model has some use-
ful features: the coupling aTC walks slowly to the ETC
scale Mz. There are three scales A; of technifermion
chiral-symmetry breaking. And the ETC interactions are
explicit enough to permit detailed estimates of technifer-
mion and technihadron masses (when augmented by cer-
tain QCD-based rules of calculation).

At this point, we alert the reader to two important as-
sumptions we shall make to calculate these masses. First,
we shall assume that ETC interactions are not very im-
portant in driving the spontaneous breakdown of techni-
fermion chiral symmetries. This means we shall assume
the validity of chiral perturbation theory for calculating
~T masses, using broken ETC interactions in first order.
A strong-ETC alternative has been proposed as a way to
explain the apparently very heavy top quark [10]. At the
end of this paper we shall briefly discuss how we expect
strong-ETC interactions to modify our conclusions.

Our second assumption is that technifermion scales
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and condensates, A; and (T;T; )(i=L,Q, /=1, 2, 3),AT
decay constants F, , and the masses of pT and their cou-
pling to ~TmT may be estimated from the corresponding
QCD parameters by naive scaling and large NTz argu-
ments. Since we have no direct experience with gauge
theories where the coupling stays near the same large
value for a wide range of momentum nor with higher-
dimensional representations of the confining gauge group,
it is not at all clear that QCD-based estimates are valid
here.

In the neglect of ETC interactions, the technifermions
in (2.2) enjoy a chiral flavor symmetry

PE =SU(2)ge SU(2NL +6)g L (2.4)

We shall soon define the A, more precisely. It will turn
out that A& & A&

———AL . This symmetry breakdown re-
sults in 3+(2NL+6) —1+1 Goldstone bosons rrz. All
but three of these, the longitudinal components of the
8'* and Z bosons, acquire mass from the broken ETC
interactions. From now on, we restrict our attention to
those technipions which can be produced in QCD-
mediated collisions of qq and QQ.

In this multiscale model, the spectrum of low-lying
technihadrons includes pT and m T, which are color-octet
and color-singlet QQ bound states, color-triplet LQ and
QL states, and color-singlet LL states [11]. We concen-
trate first on the electrically neutral color-octet p8, since
these are strongly produced in hadron collisions. There
are two sets of such mesons, ps' and ps', which transform
as (I,I3 ) = (0,0) and (1,0) under SU(2), respectively.

QE= [SU(2)C3 SU(2)]~

I3I [SU(2NI +6)SSU(2NI +6)]g I @U„(1). (2.3)

Here we are anticipating the fact that, although color
SU(3) becomes asymptotically nonfree above the Q
threshold, it is still weak enough to be neglected in
enumerating approximate flavor symmetries. The U~(1)
symmetry in (2.3) is generated by the obvious SU(NTC)
anomaly-free combination of axial-U(1) g and Q, L
currents. These chiral symmetries are spontaneously bro-
ken at the scales A&, A&, and AI to

2

a—: -=2.97
4m

(2.5)

This is the first example of a QCD-based estimate that we
should be wary of in a walking gauge theory.

B. The walking coupling and the mass scales

We now describe how a walking uTc is achieved in this
class of multiscale models. Then we discuss how we
determine the basic energies of the model: the ETC-

Here, a=1, . . . , 8 is an SU(3) index. There is a direct
single-QCD-gluon coupling to p&', but none to ps'. How-
ever, there is necessarily a mixing between p8' and p8" so
that both may be produced in hadron collisions. ETC in-
teractions break SU(2), splitting the "hard" masses mU
and mD of the techniquarks U and D. This induces mix-
ing in both the mass and width matrices of p8' and p8".
Their diagonal masses, given later in Eq. (2.26), are near-
ly equal. We shall find in model calculations that the
widths of p8' and p8' also are comparable when calculat-
ed at the same mass. (The formulas for these widths are
given in Table I below. ) It follows that the states pro-
duced in hadron collisions are approximately the ideally
mixed pUU and pDD.

The spectrum of colored technipions into which p8 can
decay will also be ideally mixed. These include two unit-
charged color octets m.

DU and ~UD, two neutral octets
and ~&D, and 4' "leptoquark" color triplets

~~U, ~~D, ~EU, ~ED plus their antiparticles. In addition,
ps" can decay to n. 'UD

W'+ and vr'UDP;+ (i =1,2). In the
limit A&»A& —=AI, the longitudinal component of 8'+
is mainly a PPDPU state with small DU and EN pieces,
while the orthogonal color-singlet, SU(2)-triplet states P,+
and Pz are mainly EN and DU, respectively [12]. The
amplitudes and rates for the decays p8~~T~T are listed
in Table I. The amplitudes are computed in the SU(2)-
isospin and SU(NL )-flavor-symmetry limits (also see [1]).
The p8 —+m. Tmz- decay constant g is assumed to be

PT
scaled from the constant for p ~~a. in QCD according to

TABLE I. Amplitudes and widths for pT~m-„mT. Amplitudes for pT'~~T(k1)mT(k2) are given by
lgp CI (k1 k2 ) E'p and the corresponding s-dependent widths by I IJ =gp I IJk'/s. The unitaryPT PT PT

matrix mixing factors yw and yk (k=1,2) give the DU content of 8'+, P1+, and P2+. Note that

,d„I II =3+NL and Q,d„I 0, =0.

Decay

b c
DU UD
b c
UU UU
b c
DD DD

NU UN

EU UE

ND DN
c"FD DE

+ b

+ bPk ~DU

C aBC
0

&f.b,
—&fabc—

~fabc

( —2~ )CB

( —k)
(-2~ )

( —2~ )CB

0

CaBC

dabc

~ abc

~ abc

( —k )cB

)CB
—( —A, )cB
—( —2~ )CB

—(& ~&3)r W&.b
—( & yv'3) y, 5.,

3
2
3
4
3
4

—Nl1

4
—NL
1

4
1

4
—NL1

4

0

5
6
3
4
3
4

1

4
—Nl1

4
—NL
1

4
—NL1

4
1 2

W
1 2
3/k

I 01

0
3

—3
4

—'N
4
—NL1

4
—NI1

4
—NL
1

4

0
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2 3 2~T1TC b T2TC+ ~ TQ +TCQCD

d CXQCD
~QCD( ~TC +QCD ) =

dt

(2.6)

2 3 2= —bgiaQcD 6Q2cxQcD+ bQ+o. QCDa~c ~

The constants in (2.6) are given by [15]
1

bz, = 11XTC 8 X "z; Tz; 8(Mve' 2A, )—6~ T-
l

17XTC —g (20NTC+ 12C2; )
12m

breaking scales M&&M~, the chiral-symmetry breaking
scales A;, and m.

z decay constants F, (i =I., Q, /=1, 2, 3).
Technicolor and QCD are unified at the scale Mz, so

that their couplings are equal there,
aTc(M~ ) =aQcD(M~) =uETc. Note that this requires
that the asymptotic freedom of QCD is lost abcve the
techniquark threshold 2A&, so that aQcD rises to meet
e~c at M~. We make the approximation that +Eric is
constant between Mz and Mz. Once Mz is determined
[see Eq. (2.21) below], Mz will be chosen to range from
2M& to 4M&. The couplings are evolved down to lower
scales @=Mme' according to the coupled second order P-

functions [13,14]

do!yc
) TC( +TC~ +QCD ) =

dt

achieved by the following stratagem: We define the
chiral-symmetry-breaking scales A; by the "nonperturba-
tive" formula

(2A' ):7 (~TC(2A' ) ~QCD(2A; ) ) = 1 (2.10)

where y is the anomalous dimension of T, T, [16,1. 7].
l

We shall refer to aTc(2A;) and aQcD(2A;) as "critical
couplings" for chiral-symmetry breaking. Now, since the
QCD «rm brg~Tc+QcD in (2.6) is always f»riy small
KTc and %L can be chosen so that, for 2A& &p & M~, pTc
has an infrared fixed point very near to

(2.11)
bT2

o'rc

1
—,y =C;Tn&c+ C;&aQCD

The optimal choices of Xzc and XL are ones that make
aTc(2A&) only very slightly less than aTc. [aTc(2A&) will
be given in Eq. (2.18).] Between these two couplings,
ETC= —br, aTC(aTC —aTC). Finally, if we choose aETC
slightly less than uTc(2A&), a large hierarchy between
2A& and Mz is guaranteed [18]. In our calculations, the
ETC scale, i.e., the desired value of M~/2A& (with
M~ ~ 100 TeV) is set by adjusting aETc.

To determine the scale A, from the condition y =1,
I

we use a "nonperturbative" form for the anomalous di-
mensions, determined from their second-order perturba-
tion expressions [17]. The perturbative forms are given
by [13,14]

X n~; T2; 8(Mve' 2A; )— 2 2+d'TcxI'c+ d gcxQcD yQ yc QCD (2.12)

8(Mve ' —2Ag ), (2.7)
The nonvanishing c and d coefFicients for i = 1 =L are

= 3
1T C2L4n

(2.13)

bg,
—— 33 —8 g ng, T2;8(M~e' 2A; )—

6m

bg2= 153—76 g ng; T2; 8(M~e' 2A, )—12m;=q g

1
bgr = C2g8(M~e' —2Ag ),

2VT2

(2.8)

iV~C —2
T2L T2Q T2 ) T2$

nTL +L nTg 3 nTy 1 &gg +&c and ngq
=XL+1 are the number of fermion doublets contribut-
ing to a particular term (A =0). The group-theoretic
factors are

1 97
d1T 2 C2L 3C2L + +TC

327T2 3

40 g nz; T2;8(M~e' 2A;)—
T

For i =2=Q, they are

= 3
C2T C2Q )

4m

1
C

d2T — C2@ 3C2g + lV~C
32m.2 3

(2.9)

—1 (X c—2)(% +1)
2L 2Q 2 Tc Tc

We used Cz =—", for the SU(3) quadratic Casimirs of q and
Q in (2.8).

The slow running of abc between 24& and Mz is
1

d2Tg 2 C2g .
4m

40 g nz; T2, 8(M~e' 2A,)—
3

T,

(2.14)

g ng, T„8(M,e' 2A, )—40
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For i =3=/,

= 3
c3T C2y

4m
(2.15)

40 y nz;. T2; &(M f e 2A; )
3

T,

1 97
d3T —

2 C2~ C2~+ N~c
327T2

(A) Mv=

(B) Mv=

2&3F Aq

2tf (// g, n~., d, e

2F A

2tf.Qy, n„.

(2.21)

Having built this edifice, we must now add the plumb-
ing by relating how we choose X~c and XL and evolve
the walking a~c. The TC coupling walks most slowly be-
tween 2A& and M& for N~c =NL just slightly larger than
6. We choose

The "nonperturbative" form of the anomalous dimension
is [17]

1V~C =EL =6 (2.22)

r, =I . &—1 G—mi(aTc&awcD) (2.16)

where

mi iT TC+ 'g aQCD + ( diT Ci~T )arC2

+ (d i2
—c & )aQCD+ (d;z &

—2c;rc;& )arcaQcD2 2

(2.17)

The critical couPlings arc(2A;) and aQcD(2A;) and, im-

plicitly, the corresponding scales 2A; are solutions of the
equations 6;(arc(2A, . ), aQcD(2A; ) ) = —,'. In Particular,

are(2Ay)
2(+d3T+c3T)

(2.18)

The conditions r (2A; ) = 1 fix only the ratios

Mz/2A, . To introduce a physical energy scale, we use
the constraint [19]

F—:2 ' 6 ' ="(/NLF +3F +F =246 GevL L Q

(2.19)

and assume a relation between F,. and A;. Given our ig-
norance of walking technicolor dynamics, the best we can
do is assume that A;/F, is scaled from the QCD ratio
A~/f, where A~= —,'M =385 MeV and f =93 MeV.
Even with this assumption, there remains an uncertainty
of how to account for the dimensionalities d,. of the tech-
nifermion SU(Nrc) representations [dL =d& =N~c, d&
=2Nrc(Nrc —1)]. We shall, therefore, consider two
scaling rules which then lead to our two classes, A and B,
of technihadron masses. The first rule assumes that F;
scales like Qd;A;; the second rule assumes that F, /A, is
independent of d, :

and multiply bT, by 1.04 for 2A&&p&M~ only. This
makes arc&arc(2A&). Below 2A& QCD effects in P~c
and y are so small that we invariably find A&—-—AL.
The next "fudge" we make to I3rc arises from the fact
that the decoupling of the g technifermions below 2A&
makes a~c run so quickly that a large hierarchy does not
develop between AL ———A& and A&. This is contrary to the
expectation in [8] that the chiral-symmetry-breaking
scales of different SU(Nrc) representations are widely
(perhaps, exponentially) separated. Therefore, to accom-
modate this expectation and so investigate the phenome-
nological consequences of such a hierarchy, we arbitrarily
multiply bT& by —,

' in the region 2A& &p &2A&. We can
offer no further justification for this modification of /3rc.
On the other hand, there is not much reason to trust any
perturbatiue calculation of the P function in a walking
gauge theory.

The last rules of the game we need are those for calcu-
lating ~T and pT masses. As we have said, we assume the
validity of chiral perturbation theory for the ETC in-
teractions to calculate M . These masses involve prod-

T
ucts of ETC-generated Q and L hard masses m& and mL
and QQ and LL condensates, and the hard masses them-
selves involve gf condensates. We shall need a rule for
relating these condensates to the corresponding chiral-
symmetry-breaking scales A;. The rule for M is entire-

Pz

ly QCD motivated: the mass of pr is assumed to be given

by the sum of its technifermions' constituent masses
which, in turn, are the sum of the appropriate A; and
hard masses. The reader has been forewarned of the pos-
sible pitfalls of these assumptions.

In lowest-order chiral perturbation theory, the ~T
masses have the form

F; M„(T;TJ)=mr(A)(T;T; )A

+mr (A)( T T)~ Q+CD contributions,
J

1/2

(A) A;=F;
7f l

A
(B) A, =F,

Then, with t, = —In(Mt, /2A, . ), we have.

(2.20)

(2.23)

where F;~ is an appropriate combination of ~T decay con-
stants and the hard masses mz. and condensates ( T; T; )

t

are renormalized at the same scale A. The condensates
renormalized at the scale A; are assumed to be given by
the QCD-motivated relation [20,21]
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1/2

(A) ( T,. T, ) =4rrir;F,
E

(8) ( T, T, ) =4~1~;F;
(2.24)

For Case A, we have taken account of the fact that F,
scales like Qd; while (T, T, ) scales like d;. The factor
I~; was introduced in [6]. In QCD, re=1.7 is needed in
the quark condensate to make the s-quark mass calculat-
ed from m, =f~x/(qq) =M+/4rrKf agree with the
constituent-quark-model formula I,=M +

—M =M&
—M +. To limit the burgeoning number of arbitrary pa-

rameters, we shall assume all the ~, are equal to a single ~
which we vary between 1.0 and 2.0 in calculations. Be-
cause hard masses are proportional to condensates, mz
masses grow almost linearly with ~. We collect in the
Appendix the formulas for the mz- and M that concern

E T

us in this paper.
At any other scale A, the condensates and hard masses

are given by the usual renormalization-group formulas

(TT)~=(TT)exp J ~
y (p)

E

mr. (A)=mr (A )exp y (p)
&dp

E I A p

(2.25)

As discussed in the Introduction, weak isospin break-
ing in the U and D hard masses mixes the isoscalar and
isovector color-octet technirho states ps' and p8". The
elements MII. of their 2 X 2 mass matrix are taken to be

Moo =2A&+mU+ID+5MQCD

M)) =2Ag+IU+mD

Moi =Mio=~U —~D

(2.26)

aqcD(M ~ ~ )
5MQcD M)( .

A'
(2.27)

This amounts to about a 5%%uo shift in Moo. For the p8'
and ps' to appear as the ideally mixed p~D and pUU, it is
also necessary that diagonal elements I oo and I

&&
of their

width matrix satisfy
~
I Oo(s ) —I &&(s) ~

/v's ((1. This
turns out to be the case in our Inodel calculations.

C. Set-A and -8 mass parameters

Dijet and technipion production rates will be calculat-
ed in Sec. IV using two sets of input mass parameters,
one resulting from the A convention in (2.20) and (2.24),
the other from the B convention. Both sets of parameters

Here, 5M&CD is the one-QCD-gluon (0') annihilation
contribution to Moo. Following the vector-meson-
dominance model for e+e —+~+~, the coupling of p8'

0' is &2g&cD/g =+2a&cD/a, where a was

given in (2.5) by a -=2.97(3/N~c). The factor of v 2

arises from the normalization of the ps~+&-~z- ampli-
tudes in Table I. Then, the annihilation term is

derive from

M =100 TeV, M =400 TeV,

(g, /g 2 ) = l. 5, I~ = 1.5 .

The Set-A parameters are (all masses are in GeV)

F~

Al =82, Ag =83, A~=428,

Moo =342 M] $
=326 M = 1 14

Mw=80, M + =172, M + =251,
1 2

M =261, M„=333, M = 157,
DU UU DD

M =280, M =218,
NU EU

M =215, M = 129,
ND ED

p w =0.202 p ]= 0. 109 p~ =0.973

(2.28)

(2.29)

M =318, M =405, M = 197,
DU UU DD (2.30)

=340, M =265,
NU EU

M =263, M = 158,
ND ED

'Y w 0.301, y& =0.263, y2=0. 917 .

We emphasize again that, while these sets of parame-
ters are "typical, " they are for illustrative purposes only.
We can make the following general remarks about these
masses.

(i) As we noted above, all hard masses and err masses
grow linearly with ~. We shall see in the Appendix that
mU and m& and, hence, up-down hard-mass splittings
grow approximately linearly with (g& /gz ) .

(ii) We also anticipated above that A&=-Ai. This hap-
pens because QCD terms in Prc and y are small for en-

2

ergy scales below 2A& and because o,~c rises instantly
from are(2A& ) to the slightly larger azc(2AI ) once tech-
niquarks decouple from Prc.

(iii) QCD eFects are not always unimportant, however.
It is evident from (2.29) and (2.30) that techniquark hard
masses are appreciably greater than the corresponding
technilepton masses. The reason for this is that QCD
terms in y are exponentiated in scaling from Mz and

Mz down to A& [see (2.25) and Eq. (A5) in the Appen-
dix].

yw, y&, and y2 are mixing factors that give the DU con-
tent of O'+, P &+, and I'2+ and which appear in the p8" de-
cay amplitudes (see Table I).

The Set-B parameters are

FL =41, Fg =43, F~ =212,

AL = 172, Ag = 177, A~= 876,

Moo =484 M]] =460 Mo] =78

M~+ 218 M~+
1 2
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(iv) Many of the qualitative differences between the
mass parameters of Sets A and 8 are easy to understand
from (2.20) and (2.21). The scaling of F, by Q3/d; in
Case A requires larger values of —t; than in Case 8 to
realize the same fixed value of Mz. Hence, 2A,. =Mme '

is smaller in Set A than in Set B. The differences in the
F, values are obvious then. The larger A; values in Set 8
lead to the larger p8 and mT masses of this case. This
happens despite the fact that technifermion hard masses
(renormalized at A, ) are somewhat smaller in Set B be-
cause the anomalous scaling in (2.25) occurs over a short-
er momentum range. This last point also accounts for
the somewhat smaller splittings between up and down
masses in Case 8, as can be seen, for example, in the
values for Mo& =m U

—ma.
(v) We shall find that the ideally mixed pT masses are

M =Moo —Mo, and M =M~+Mo, . Then, the
~DD ~UU

tendency for the two ~T decay channels of the p~D and

pUU to be closed is apparent in both sets and especially
pronounced in Set A.

(vi) For the range of adjustable parameters
(Mv, M„,(g, /gz ) and x) we considered in our model, we
found M =200—250 GeV and M =350—550 GeV

~DD ~UU

in Case A, and M =375—425 GeV and
~DD

M =500—700 GeV in Case B. In Case A, M is al-
1'UU DD

most always below the ~T~T threshold, while it is always
above this threshold in Case B. This leads to rather
different phenomenologies in the two cases, but we be-
lieve that both can be reasonably well tested at the Tevat-
ron, and we are certain they can at higher-energy hadron
colliders.

III. COLOR-OCTET TECHNIRHO PRODUCTION

The p8 will appear as resonances in hadroproduction of
dijets and ~T pairs via the coupling &2gQcD/g of 0 to

PT
p8' and the mixing between p8' and p8'. The propagator
matrix D(s) for 0'-p8'-p~' at squared momentum s is the
inverse of the symmetric matrix D '(s) with elements

Dgg (s)=s,
D-'(s) =s —M,', —M,', +i&s r„(s),
Dii (s)=s Mii Mpi+iv s I ii(s)

—gQCD($ )
Dgp (s)=Dpg (s)= V2 S

Sp
(3.1)

D gi'(s) =D,g'(s) =0,
D, '(s)=D, '(s)= —(M +M„)M, +its I,(s) .

The

+TED

T contributions to the elements of the width ma-
trix I (s) can be determined from Table I [12]. Dijets
contribute only to I pp and are given by (for five light-
quark fiavors)

5 aQcD(s)
I (p8'~qq ) =— V's

3 expPT

aQcD(s)2

r(p", V's . (3.2)
A

By construction, D(s) has a gluon pole at s =0, con-
sistent with SU(3) gauge invariance. It has pz. poles at
the zeros of

QCD(S )—detD '(s) = s 1 —2
s 0!

PT
Mpp Mpi +&iI$pp($) [s Mii Mpi +i&s I „(s)]

[(M„+M„—)M„—ivy r„(s)]' . (3.3)

A. Dijet production

We present here the dijet invariant-mass distribution do (p —
p —+jet jet)/d Jk (see, e.g. [1])modified to include p8 reso-

nances. This distribution is obtained from the cross sections for the 2~2 subprocesses in O(aQcD) by replacing 1/p in
the gluon propagator by Dgg(p ). It is an excellent approximation (and simplifies computation) to make this replace-
ment only for s-channel gluon propagators [22]. Then, the modified subprocesses are q;q; ~q q
(jWi), q, q;~q, .q, , q,.q, —+QQ, QQ~q;q;, and QQ~QQ. Here, i,j=1, . . . , nF, where nF is the number of light-quark
Aavors. We take nI; = 5 for the Spp S and Tevatron colliders and nI; =6 for the LHC and SSC.

We express the subprocesses cross sections in terms of the squared center-of-mass energy s:—JR, the scattering angle
z =—cos8=2t /s+ 1 (with s+t+u =0), and the QQ element of the dimensionless propagator matrix

X)(s)=sD(s) .

The cross sections are give by (with jXi= 1, . . . , n~ )

(3.4)

d& q, q, ~ gq q
JWl maQcD(nF —1)

l&gg(s)l (1+z ),
9s

2
Q

l

l, (1+ ) 2[4+(1+ ) ]

(3.5)

(3.6)
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d&(q;q;~QQ) 64 d&(QQ~q;q;)
dz 9nz dz

~2)gg(s) —1~ (1—z )+
3$ 1 —z'

—(1+z ) (3.7)

d&(QQ~QQ)
dz

9maqcD

d&(qqJ qqj ) d&(qq q. q~) d&(q qj qqj ) 2vraQcD 4+(1+z)
dz dz dz 9s (1—z )2

(3.9)

d&(q, q;~q;q, )

dz

&(qtq qlql ) 2rraQCD 4+(1+z) 4+(1—z)
2

+
9s (1—z) (1+z) 3(1—z )

(3.10)

d&(Qq;~Qq;)
dz

d&(Qq;~Qq;) maQcD 2 1 2[4+(1+z) ] +
dz (1 —z)2 9(1+z) (3.1 1)

In our calculations of dijet (and m T~T) production below, the running QCD coupling aQcD in these cross sections will
be evaluated at Q =s from the "standard" formula aQcD(s)—= 12m/[(33 2n—

F)1 n(s/ AQcD)], with AQcD=200 MeV.
We use this formula, which gives a value of aQcD(s ) approximately 50% larger than the coupling evolved from (2.6), in
order to compare more directly with experiment. The important point is that we choose the Q of the process to be s,
rather than pT or pT/4, because we are concerned with the production of states having invariant mass JN=+s, . The
different choices of Q can make at least a 25 —50% difference in the overall scale of der(p p~jet jet)/dpi. This
should be taken into account in comparing our theoretical cross sections with dijet data.

We shall see in Sec. IV that the largest signal for P8 production occurs in dijets with qq final states. This signal comes
mainly from q,.q, ~q q (j Ai ). The ps signal in other subprocesses tends to be overwhelmed by the t and u--channel
poles (at z =+1) in the cross sections. In all cases, the signal-to-background ratio is enhanced by making a hard cut on
jet rapidities.

The dijet invariant-mass distribution in a p
—
p collider with center-of-mass energy &s, where both jets are required to

have rapidity ~y, 2 ~
( Y, is given by

da(p~p~jet jet) ~ & 'o ~z+~ &
—v~ „~ ~ &

— —
v~ 1 d&(ij ~kl)

(3.12)
Ic I z

Y~ =min( Y, —
—,
' Inc),

zo =min(l, tanh( Y—
~yz ~ )) .

(3.13)

The factor of —,
' multiplying the subprocess cross sections

prevents double counting both distinct (k&l ) and
identical-particle final states. We shall use the Eichten-
Hinchliffe-Lane-Quigg (EHLQ) Set-1 of parton distri-
bution function fJ& '(x, Q ), with Q =A, and
A&cD=200 MeV, to calculate the dijet mass distributions
in (3.12). The distributions at various hadron colliders
that result from our Sets A and 8 of technihadron masses
will be presented in Sec. IV.

B. Technipion pair production

In (3.12), r= JR /s, y~ is the boost rapidity of the subpro-
cess frame, and the rapidities y1,y2 of the produced jets
are related to yz and z by y & 2 =yz +—,

'
ln[ ( 1+z ) /( 1 —z ) ].

The cut on jet rapidities corresponds to the limits

I

colors and summed over the colors B,C of a specific pair
of technipions, is given by

B,C

d&(q;q; ~rr~vrc) aQcD(s )'P
S~c(1—z )

72s
8

g ~+aBC+QaBC+QaBC~2
a =1B,C

(3.14)

The counting factor S~c =NI for each channel of
m~&~&L production because technilepton flavor symme-

try is left unbroken in our calculations; S~c= 1 for
mnUm UD and Szc =

—,
' for the identical-particle final states

~UU~U~ and ~DD~DD. P=2k/+s is the velocity of m~

in the subprocesses frame when M =M, where k is
B C

the magnitude of the mT momentum in this frame. The
propagator factors are given by

Technipions are pair produced in hadron collisions
through two subprocesses that are ps dominated [1]. The
first is quark-antiquark annihilation to a single gluon.
Color-octet (m — m )and -triplet —(7r —zmz ) pairs may
then be produced via their coupling to 9' and to p8' and

P,". 8'+~UD and P, +~~D are produced from P8 only
The cross section for this process, averaged over qq

cgaBC ~ (~& )C aBC

~aBC g) (~& )C aBCgp
QO SOS 0

+2gQcD

~aBC ~ (~&)CaBC
Rp

91 91S 1
&2gQcD

(3.15)
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where Co c and C&B were given in Table I.
The second subprocess is technipion pair production

from two QCD gluons. There are four graphs for this
process in O(a&cD) dictated by gauge invariance: two-
gluon annihilation to a single gluon, as in the qq process-

es; t- and u-channel exchange of technipions; and a
99m.z m z direct coupling [1]. The last three graphs occur
only for color-octet and color-triplet pair production.
The cross section, averaged over initial gluon colors, is
given by

do(QQ~ms~c) ~o'qcD(s )p
BC

3 1P'z' —y g ~a"'+X"'+n" ~' "—' r(R)Re(Z +n +
a =1 B,C 1 — z

+2r(R) P",",'
1 —Pz

+r(R)
d(R)

(1—P ) +P'(1 —z )

(1 P2 2)2

(3.16)

2/t I r~

B,C

x g tf '~ '(&«)f '"'(&«-)+f '~ '(&« ')f,", '(&« ')]
I

Here, R is the SU(3) representation of the mr. T(R) is the trace of the square of their SU(3)-generator matrices;
T(R ) = —,

' for triplets [d(R) =3], 3 for octets [d(R) =8]. Note that only the first term in (3.16) contributes to 8'+m.
UD

and P;+~~D production. The factor ABC 1 for m~U~UU, ~~~m~U, and m&E~EU,'qBc= —1 for mDDmDD„, mD~m~D, and

~DE I7'ED''/Bc 0 o ~DU~UD since there is no interference between the t- and u-exchange terms and the p8 term in this
case.

The m&m. z invariant-mass distribution in p p collisions, where both technipions are required to have rapidity
~y, z ~

( Y, is given by

do (p~p ~itic)
de@

B,C dz

do (QQ~m'am'c)

B,C
(3.17)

As in the dijet invariant-mass distribution, the EHLQ
Set-1 parton distribution functions are used with

Q =JR . The ranges of the integrals that enforce the cut
on mr rapidities are obtained as follows: let v, 2 = k /E, 2

be the velocities of mB and ac in the subprocess frame.
Then, the limits on their rapidities in this frame are

1/2

Of course, these reduce to the limits in (3.13) when
M =M =0. The production rates for nz~z and our

7TQ lTc
expectations for their detectability will be discussed in
Sec. IV.

IV. DIJET AND TECHNIPION PRODUCTION
RATES IN HADRON COLLIDERS

y;*;„=max —( Y+yz ), —ln
l

L

1/2

y; „=min Y—gB, ln
1 —

U;

1 ~ 1
z) =max —1, tanhy );„,— tanhy2

U) U2

1
z2 =min 1, tanhy )

U(

1
tanhg 2 ~1~

and the limits on the integrals are given by

Ys =min( Y, —
—,
' in'),

(3.18)

(3.19)

In this section we present our results for p&& produc-
tion at hadron colliders in the dijet and ~&~~ channels,
first for the Set-A input parameters, then for Set B.
Much of our discussion is concentrated on signals at the
Fermilab Tevatron because it is possible that several of
them are now, or soon will be, within reach of experi-
ments there. For dijets, we pay attention to the e6'ect of
jet resolution smearing and rapidity cuts. We find that
only the pDD expected in Set A is likely to have a dijet
signal strong enough to be excluded soon. Production of
~z~z- is interesting and fairly copious for both parameter
sets, with several important channels having cross sec-
tions in the 10-pb range at the Fermilab Tevatron and
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1000 times larger at the SSC. These channels are conven-
tionally expected to decay to b~ b~+, bbbb, and t~ t~+.
Detailed detector-specific studies are needed to study the
backgrounds and decide the reach for these modes in
various experiments.

Again, we caution the reader that the technihadron
masses and production rates emerging from our model
calculations are, at best, illustrative of what should be ex-
pected from a multiscale model of walking technicolor.
Our detailed mass values can vary by 25 —100 GeV, with
corresponding changes in cross sections. We shall try to
give some feeling for this in our discussion of dijet pro-
duction below.

A. Set A parameters

b

1000

10—1

10

1O-4

1O
-5

200 300
M(GeV)

400
L

500

We record again the technihadron masses (in GeV) and
the mixing factors for the DU content of W+, P,+, and
P2 of Set A that we use to compute dijet and technipion
production rates:

Moo =342 M]& =326 Mo& = 1 14

M~=80, M + =172, M + =251,
1 2

M =261, M„=333, M = 157,
DU UU DD

FIG. 1. The dijet invariant-mass distribution for Pp collisions
at &s =1800 GeV (solid curve). Set-A input masses were used
and cross sections calculated using the EHLQ Set-1 distribution
functions with Q =Jkt Both . jets have rapidity ~y~ (0.7. The
qq (dashed), QQ (dotted), and q0 (dashed-dotted) components
are shown separately.

M„=280, M =218,
NU EU

M =215, M = 129,
ND ED

(4.1) perimentalists could efhciently distinguish between quark
jets and gluon jets. The integral over the pDD resonance
region (from 223 to 233 GeV) is

y ~=0.202, y] = —0. 109, @2=0.973 .

We find that the p8 appear as nearly, but not completely,
ideally mixed resonances with M =—228 GeV and

PDD

M —=465 GeV. Thus, the only allowed decay modes of
PUU

pDD are q, q, (i =1, . . . , 5) and QQ with the rates

2
5 +QcDI (pDD —+qq) =— M

Pz.

=1.7 GeV,

2
1 &@CDI (p — ~QQ)= — M =1.0 GeV .DD 2 cx

PT

(4.2)

The corresponding rates for ppU are 2.9 Gev and 1.8
GeV. We shall see that its ~z-~T width is about 15 GeV.
The only such channels open for p UU are mDE aED,

+ +
DN ND' UE EU' DD DD' UD' & UD'

far the 1~~gest decay modes are ~DE~- and m —~E .
In Fig. 1 we show the dijet invariant-mass distribution

at the Tevatron pp collider with &s =1800 GeV. The
cut on the jet rapidities is the same as that used by the
CDF Collaboration in their ongoing analysis of dijets,
Y=0.7 [23]. The poD appears as a striking narrow reso-
nance of width =4 GeV at 228 GeV, the pUU as a
broader ( =20 GeV), much less accessible one at 465
GeV. It is clear that both resonances show most clearly
in jets with qq final states. As we noted earlier, the reso-
nance in QQ' jets is diluted by the fairly large nonresonant
t and u channel and direct four-gluon contributions. In
searching for these resonances it would be a boon if ex-

o. ( Y =0.70)=565 pb, o bk d( Y=0.70) =360 pb .

(4.3)

The integral over the pU& region (from 455 to 475 GeV)
is

o ( Y=0.70)=7.4 pb, o bk d( Y'=0. 70)=6.0 pb .

(4.4)

That is, the theoretical signal-to-background (S/8) ratio
is about —,

' for pDD and 4 for pUU. The CDF Collabora-
tion has collected approximately 4.7 pb ' of dijet data
(up to JR=1000 GeV) which is still undergoing analysis.
The Tevatron collider is expected to provide an addition-
al 50—100 pb ' of data to CDF and DO in its next run.
Theoretically, then, this pDD can be excluded with ex.ist-
ing data and the p UU with data from the next run.

Unfortunately, these theoretical expectations for
signal-to-background ratio are significantly worsened by
the finite resolution of the detectors. For CDF, the dijet
invariant-mass resolution is b,Ai/JM, =0. 1 [24]. The
effects of including this resolution (with Gaussian smear-
ing) are illustrated in Fig. 2. Let us concentrate on the

pDD region which we show in close-up, with its back-
ground, in Fig. 3. The total and nonresonant cross sec-
tions in a bin of width LR centered on the resonance are
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10 ~ ~

~

i t r
0

10—1

10

10

1O-4

search for the W and Z bosons in dijets [25]) is the fol-
lowing. Assume a mass [and width from Eq. (4.2)] for the
pDD. Then fit the data for ~JR —M

~

~0. 1M to the
DD ~5D

shape expected from QCD and look for an excess in the

pDD region that 6ts a resolution-smeared resonance.
Determining the significance of a smeared resonance is a
job best left to the experimentalists. Therefore, from now
on we shall quote only the theoretical (unsmeared) signal
and background rates.

The effects of changing the rapidity cut F are shown in
Figs. 4—6, in which we present the dijet cross section for
X=0.35, 1.5, and 2.5. The total and background cross
sections in the 10-GeV wide pDD region are

10
200 300

I

400 500

FIG. 2. The dijet invariant-mass distributions for pp col-
lisions at &s = 1800 GeV assuming a resolution of
AAt/A, =0.1. Set A input masses were used. Both jets have ra-
pidity ~y ~

& 0.7. The curves are labeled as in Fig. l.

CT ( Y=0.35)= 140 pb 0'tk d( Y=0.35)=80 pb

o ( Y= 1.5 ) =3.4 nb, o &z d( Y = 1.5 ) =2. 8 nb,
DD

o (Y=2.5)=23.5 nb, o&z d(Y=2. 5)=22.7 nb .

(4.6)

o ( Y=0.70) =455 pb, cr~„d( Y=0.70) =400 pb

(5JN=10 , GeV),

o ( Y=0.70 ) = 1.00 nb, cr &k d( Y =0.70 ) =0. 89 nb

(Mf =23 GeV), (4.5)

o (Y=0.70)=2. 16 nb, o.
~k d(Y=0. 70)=1.97 nb

(5JN, =46 GeV) .

While these signals represent 5 —10 standard deviation
effects in the existing data, the CDF resolution degrades
S/8 to about —,', . With 10% resolution, a search for pDD
would not be a simple matter of bump hunting. One stra-
tegy (followed, e.g., by the UA2 Collaboration in its

=560

The signal-to-background ratio worsens as the rapidity
cut is loosened because of the increase in QQ jets. The
narrow rapidity range used by CDF in its analysis is thus
well suited to the search for narrow qq resonances in dijet
production.

As a measure of the sensitivity of these dijet cross sec-
tions to the input mass parameters, we have computed
them for three other sets of input mass parameters.

(i) In the first set, M =200 GeV and M =465
~DD ~vv

GeV. The total and background cross sections in the 10-
GeV bin containing the pDD are o. =1.11 nb and

~DD

o&kgd=0. 75 nb. For the 20-GeV bin containing the p&U
they are o = 12 pb and o.

&k
=6 pb.~vv gd

(ii) In the second set, M =245 GeV and M
~DD ~vv

GeV. The cross sections in the 10-GeV-wide pDD bin are

10

0.100 10

0.050

b

c3

$3
g

"d

b

10

1O
—4

0.010 1O
—5

0.005
175

I

200 225 250 275
M(cev)

300 10—6
200 300

M(Gev)
400 500

FIG. 3. The pDD dijet signal {solid curve) and background

{dashed curve) for pp collisions at &s =1800 GeV assuming a
resolution of AA, /Af =0.1. Set A input masses were used.
Both jets have rapidity ~y ~

&0.7.

FIG. 4. The unsmeared dijet invariant-mass distribution for
Pp collisions at &s =1800 GeV. Set-A input masses were used.
Both jets have rapidity ~y ~

&0.35. The curves are labeled as in
Fig. 1.
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Moi =65

100 Mp+ =160, M + =234,
1 2

M =239, M„=299, M„=157,
DU UU DD

M =251, M =201,
NU EU

(4.7)

10 M =199, M =131,
ND ED

10—4
200 300

I

400 500

@~=0.198 p&= 0. 105& &2=0.975 .

M(Gev)

FIG. 5. The unsmeared dijet invariant-mass distribution for

pp collisions at +s = 1800 GeV. Both jets have rapidity
~y ~

& 1.5. The curves are labeled as in Fig. 1.

o. =385 pb and o.
k =235 pb; in the 20-GeV-wide

~DD bkgd

pUU bin they are o.
z

=3.5 pb and o.bkgd=1. 3 pb. In
~UV

both these cases, S/B for the pUU is significantly better
than in Eq. (4.4), so it is barely possible that experiments
at the upgraded Tevatron (with an integrated luminosity
of 100 pb or so) will be able to test for the presence of the

~UV.
(iii) Finally, lest the weak isospin breaking in our "typi-

cal" Set A masses be considered uncomfortably large, we
have examined a case with smaller Mo&. This set corre-
sponds to MV =200 TeV, M~ =800 TeV, (g, /g~ ) =1.0,
and Ir=2.0. The scales A; are the same as in (2.29) and
the technihadron masses (in GeV) and mixing factors are

The theoretical and smeared dijet cross sections at the
Tevatron are shown in Figs. 7 and 8. The resonances ap-
pear at M =220 GeV and M =355 GeV with

~DD ~UV

widths of I =4 GeV and I = 15 GeV. The
~DD ~UV

theoretical cross section in the 10-GeV bin surrounding

pDD is o
p

720 pb with a back/Sound of 485 pb. In

the 20-Gev bin containing ppU, the cross section is
o =70 pb with a background of 40 pb. In this case

~UV

both p&& signals may be accessible and excluded with the
existing data.

Let us return to the Set-A mass inputs and consider
their dijet signals in other hadron colliders. The theoreti-
cal and smeared p&& signals are shown in Figs. 9 and 10
for the SOS collider. Again, we used a rapidity cut of
Y =0.7 and a 10% dijet mass resolution, which is correct
for the data taken by the UA2 Collaboration I25]. The
UA2 data is also based on an integrated luminosity of 4.7
pb . The theoretical dijet rates are shown in Fig. 11 for
the LHC (assuming &s = 17 TeV) and in Fig. 12 for the
SSC. The theoretical cross sections in a 10-GeV bin
about the pDD and a 20-GeV bin about the pUU are

I I I

I

I I 100

101
1O

—'

1OO

10
—2

"a

b

10—1

10

10
1O

—4

10—3 ~ I I I I I i I I I I I I I I I I I-. I

200 300 400 500
M(Gev)

1O
200 300 400 500

M(GeV)

FIG. 6. The unsmeared dijet invariant-mass distribution for
pp collisions at &s = 1800 GeV. Both jets have rapidity
~y~ &2.5. The curves are labeled as in Fig. 1.

FIG. 7. The dijet invariant-mass distribution for Pp collisions
at &s =1800 GeV. Input masses from Eq. (4.7) were used.
Both jets have rapidity ~y~ &0.7. The curves are labeled as in
Fig. 1.
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1O-6
150 200 250 300
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350

FIG. 8. The dijet invariant-mass distribution for pp collisions
at &s =1800 GeV assuming a resolution of AAL/Af =0.1. In-
put masses from Eq. (4.7) were used. Both jets have rapidity
~y ~

& 0.07. The curves are labeled as in Fig. l.

FIG. 10. The dijet invariant-mass distribution for pp col-
lisions at &s =630 GeV assuming a resolution of AA, /A, =0.1.
Set-A input masses were used. Both jets have rapidity ~y ~

& 0.7.
The curves are labeled as in Fig. 1.

10

o (SppS) =21 pb, crbksd(SppS) =7 pb,

o (LHC)=29 nb, obk d(LHC)=19 nb,
~DD

o (SSC)= 85 nb, crbk d(SSC) = 55 nb,
DD

cr (LHC)=1. 5 nb, crbk d(LHC)=1. 4 nb,
~UU

o. (SSC)=5.3 nb, obq d(SSC)=4. 8 nb .
UU

(4.8)

a
b

1OO

1O
—'

10

Although S/B has deteriorated for LHC and SSC be-
cause of the increased importance of QQ jets, the statisti-
cal significance of the pDD resonance at the LHC and SSC
should be substantial. With the improved jet energy reso-
lution expected for detectors at the SSC, we are confident
that pDD and p UU can be seen in experiments there, even
if they cannot be discerned at the Fermilab Tevatron.

10
200 300 400 500

M(GeV)

FIG. 11. The dijet invariant-mass distribution for pp col-
lisions at &s =17 TeV. Set-A input masses were used. Both
jets have rapidity ~y ~

& 0.7. The curves are labeled as in Fig. 1.
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FIG. 9. The dijet invariant-mass distribution for pp collisions
at &s =630 GeV. Set-A input masses were used. Both jets
have rapidity ~y ~

& 0.7. The curves are labeled as in Fig. l.

FIG. 12. The dijet invariant-mass distribution for pp col-
lisions at &s =40 TeV. Set-A input masses were used. Both
jets have rapidity ~y ~

& 0.7. The curves are labeled as in Fig. l.
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Colored technipion pair production at the Tevatron is
displayed in Fig. 13. The cut on the mT rapidities is
Y=0.7. We shall discuss this cut shortly. The pUU reso-
nance at 465 GeV has a total width of about 20 GeV, of
which about 15 GeV is to technipions. The largest con-
tributions to the cross section come from ~DE ~ED,
~UE ~EU' ~DD ~DD ' and 7TDN ~ND Because of the small

mixing angle, y~ —-—0.2, the potentially very interesting
8'+mUD+ 8' AU channel has much too small a cross
section to be seen above the ordinary 8'—plus two-jet
background. The main p&U decay channels are shown in

Fig. 14. The integrated cross sections for these exclusive
channels are

o (Tevatron)=31 pb,
DE ED

cr „(Tevatron) =21 pb,
UE EU

(4.9)
cr (Tevatron) =6.3 pb,

DD DD

o. (Tevatron) =2. 1 pb .
DN ND

Several features of these production rates deserve com-
ment.

(1) It is evident from the shape of the mDznED and
m.

DDmDD distributions that the p&U resonance contains a
small, but non-negligible, DD component —ideal mixing
is not complete. The relative sizes of the three lepto-
quark production rates are then due to this DD admix-
ture, to the phase space available for each channel at the
resonance, and to the appreciable continuum production

~DE~ED below the resonance.
(2) The overall magnitude of leptoquark-pair produc-

tion relative to octet pairs is due in part to the large num-
ber of technilepton flavors, XL =6, whose splitting was

not included in our assumed pattern of ETC breaking.
As a rough measure of the efFect of NL on the cross sec-
tions, we have also computed the ~z-mT rates for the same
Set A masses with NL =3. (This calculation is unjustified
within our model because PTc, y, and all the fundamen-

t

tal scales and masses depend on Nl. ) The pUU in this
case is somewhat narrower, with a width of about 15
GeV. The mz production rates are o. =18 pb,

DE ED
o. =16 pb, o. =8 pb, and o. =1.5 pb.

UE ED DD DD DN ND

The decrease in the leptoquark rates is due to the smaller
S~c=NL in the numerator of their cross sections [Eqs.
(3.14) and (3.16)], and this is most effective for mnzm. zD
because of the large continuum component of its produc-
tion rate. The increase in o„„ is due to the smaller

DD DD

p~U width in the denominator of the cross section. We
can only guess what efFect splitting the technilepton
masses would have on the production rates. Such a split-
ting would be induced by a complicated SU(NI ) asym-
metric mass matrix for the relevant ETC gauge bosons.
If, to avoid unwanted Aavor-changing neutral currents,
the lowest eigenvalues of this mass matrix must be at
least 100 TeV, then the leptoquark masses in (4.1)
represent an upper bound on M . Then, some m&zmL&Ql.
thresholds would open up below 320 GeV and would lead
to larger continuum production rates for the leptoquarks
and, perhaps, a broader pUU (and, possibly, pDD) reso-
nance.

(3) Our cut of Y=0.7 on ~T rapidities is a crude guess
of what may be appropriate for the CDF and DO detec-
tors. This is a cut on the real rapidity of the ~z- s and it
translates to a larger pseudorapidity which may be un-
realistically large. If we follow the "conventional wis-
dom" for mT decays, we expect

10
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1O
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lo —8
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I

400 600
M (GeV)

800 1000

b 10—6
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FICx. 13. The total invariant-mass distribution in technipion
pair production for pp collisions at &s =1800 GeV (solid
curve). Set-A input masses were used and cross sections calcu-
lated using the EHLQ Set-1 distribution functions with
Q'=91,'. Both m & have rapidity ~y ~

&0.7. The rr&~IL& (dashed
curve), mQQ~QQ (dashed-dotted curve), W+m.

UD, W mDU (dot-
ted curve), and P;+~», P; m.

DU (double dashed-dotted curve)
channels are shown separately.

400 600
M (GeV)

800 1000

FICx. 14. The largest components of the ~T~T invariant-mass
distribution for Pp collisions at &s =1800 G-eV. Set-A input
masses were used. Both err have rapidity ~y ~

&0.7. The chan-
nels are m.DE~ED (dashed curve), m UE~EU (dotted curve),

(dashed-dotted curve), and ~DN~ND (double dashed-
dotted curve). The sum of these channels is the solid curve.
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77DE~~+ ' +DN~b

+UE ~ t7 ~ ADD ~6b
(4.10)

IA1., —AI„I &10 GeV,

pT & 50 GeV,

V (y. —yb)'+(p. p, )'&0.7—.

(4.1 1)

Following [26], we plotted the surviving cross sections
against the average dijet mass At of the mo"st equal-mass
pairs. Assuming 10-GeV bins for the At data, a neut"ral
color-octet mDD with mass M = 160 GeV gave a signal

DD

of only 0.1 pb above a background of 0.5 pb. Our cuts
tend to select events from a region of mD~-pair invariant
mass where the continuum cross section is much smaller
than it is near threshold. Thus, the four-jet signal rate
may be considerably larger when the technirho is includ-
ed, even though it accounts for at most one-half the
mDD~DD production rate. A~other hopeful development
is that, in its next run, CDF will have a vertex detector
that can be used to tag events with a b jet. Since CDF
can observe and measure jets with y ~ 3.5 [24], this up-
graded detector may make it possible for a larger fraction
of signal events to be accepted while the background is
reduced to such processes as QQbb. Nevertheless, to ob-
serve or exclude convincingly a mDD~zD signal of the size
we expect here may require a luminosity above 100 pb

The situation may be better for leptoquarks decaying
to a b jet plus a lepton. If the lepton is a ~, it will appear
as a low-multiplicity jet or as a reasonably well-isolated e
or p. A detailed study of the acceptance of such events in
CDF and DO, and of the backgrounds (from Z ~l+ I
plus two jets, tt production, etc.), is needed. While we are
unaware of any such studies specific to the search for lep-
toquarks, they might be similar to those for the back-
ground to tt production in which both t quarks decay

The light fermions into which the ~T decay each have a
mobility of —1 unit of rapidity and may fall outside the
detectors' fiducial volumes. Furthermore, the fiducial
volume of CDF (and DO and other detectors) varies for
detection of multijet events and of events with jets plus
electrons and/or muons. Thus, determining a reasonable
cut on the ~T rapidities appropriate to CDF and DO is
complicated and beyond the scope of the calculations in
this paper.

One measure of the effect of cuts on the decay fermions
is this: Chivukula, Golden, and Simmons have studied
the signal and four-jet background (at the parton level)
for production of a color-octet pair such as mDDmDD [26].
Their signal cross section does not include the p~U reso-
nance. The signal and background are determined by
pairing jets and finding the two pairs which have the
closest invariant mass. We have used their routines, put-
ting the following cuts on the four jets, designed to
enhance the signal-to-background ratio and ensure separ-
ability of the jets:

semileptonically.
Finally, we display the technipion production rates in

the LHC and SSC. In these cases, we suppose that the
detectors will have larger acceptances for jets, electrons,
and muons than CDF and DO, so we assume a rapidity
cut on the ~T of 7=1.5. The major pair production
rates are shown for the LHC in Fig. 15. The exclusive
channel cross sections are

rr ( LHC ) =S.7 nb,
DE ED

o„(LHC)=3.6 nb,
UE EU

cr (LHC) =2.9 nb,
DD DD

o (LHC)=0. 7 nb .
DN ND

(4.12)

o „(SSC)=20 nb,
DE ED

o„(SSC)=14nb,
UE EU

o' (SSC)=11 nb,
DD DD

o' (SSC)=2.8 nb .
DN ND

(4.13)

The four-jet signals and backgrounds for mDD~DD at the
LHC and SSC were estimated using the routines
developed in [26]. In this case, we used the following
cuts on the jets:

IAl. b
—Al, d I

& 25 Gev,

pT ) 100 GeV,

ly. I
(2.0,

Q(y. yb)'+(y. —ys)'» 0—.

(4.14)

100
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1O
—4

400 600
M (Gev)

l~
800 1000

FIG. 15. The largest components of the ~Tv.T invariant-mass
distribution for pp collisions at &s =17 TeV. Set-A masses
were used. Both nr have rapidity Iyl (1.5. The curves are la-
beled as in Fig. 14.

The corresponding curves for mT production at the SSC
are shown in Fig. 16. The exclusive channel cross sec-
tions at the SSC are approximately four times larger than
at the LHC:
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Assuming 25-GeV bins for the AL . data, we obtain a sig-
nal of 10 pb and a background of 40 pb at the LHC. At
the SSC, the signal and background rates are 40 pb and
140 pb. While more careful studies are needed, it appears
that these technipion signals will be accessible at the
LHC and the SSC even without Aavor tagging.

B. Set B parameters

The Set B technihadron masses (in GeV) and the mix-
ing factors for 8'+m&D and P,+~~D production are

Moo =484 M) ] =460 Mo& =78

M~=80, M + =218, M + =311,
1 2

M =318, M =405, M = 197,
DU UU DD

M„=340, M =265,
NU EU

M =263, M = 158,
ND ED

(4.15)

FIG. 16. The largest components of the ~Twr invariant-mass
distribution for pp collisions at &s =40 TeV. Set-A masses
were used. Both vrz have rapidity ~y ~

(1.5. The curves are la-
beled as in Fig. 14.

FIG. 17. The dijet invariant-mass distribution for pp col-
lisions at &s = 1800 GeV (solid curve). Set-B input masses were
used and cross sections calculated using the EHLQ Set-1 distri-
bution functions with Q =A, . Both jets have rapidity
~y ~

(0.7. The qq (dashed), QQ (dotted), and q 9 (dashed-dotted)
components are shown separately.

o (Tevatron) =2.5 pb, o&z d(Tevatron) =2.0 pb,1'vv

o (LHC)=0. 99 nb, o&z d(LHC)=—0.93 nb,1'vv

o (SSC)=3.7 nb, o~k d(SSC)=3.5 nb .1'vv

(4.17)

Although S/B is best at the Tevatron (where qq annihila-
tion dominates the jet cross section above JM = 500 GeV),
the pUU will be out of reach there until the luminosity
exceeds 100 pb ', and perhaps, even then. It will be very

100

Tevatron, LHC, and SSC with a rapidity cut of Y=0.7.
The total dijet background is also displayed in these
figures. No sign of the pDD is visible. The integrals over
the pUU from 560 to 600 GeV and the corresponding
backgrounds are

y ~=0.301, yp =0.263, yp =0.917 .

As in Case A, the p8 appear as nearly ideally mixed reso-
nances pDD and pUU. Their masses and total widths are
given by

10—1

M —=400 GeV, I -=40 GeV,
~DD ~DD

M —=575 GeV, I -=20 GeV .
~UU ~UU

(4.16)
b 10—2

The pDD is above the ~Dz~ED threshold. This accounts
for most of its relatively large width and a quite different
phenomenology than we found for the set A parameters.

The dijet decay rates of these resonances are I
(pDD~qq+QQ)=4. 2 GeV and I (pUU~qq+QQ)=5. 5

GeV. Thus, we expect that, at best, only pUU will appear
in the dijet spectrum. This is borne out in Figs. 17—19
which show the unsmeared dijet mass distribution at the

350 400 450 500 550 600
M(Gev)

650

FIG. 18. The dijet invariant-mass distribution for pp col-
lisions at &s =17 TeV. Set-B input masses were used. Both
jets have rapidity ~y ~

(0.7. The curves are labeled as in Fig. 17.
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FIG. 19. The dijet invariant-mass distribution for pp col-
lisions at &s =40 TeV. Set-B input masses were used. Both
jets have rapidity ~y ~

(0.7. The curves are labeled as in Fig. 17.

difficult to observe this pUU at LHC and SSC unless the
dijet mass resolution is 5% or better and it is possible to
distinguish quark jets from gluon jets.

The inclusive technipion pair production rates at the
Tevatron are shown in Fig. 20. Again, we have chosen a
rapidity cut of K=0.7. The major decay modes of the

p&& resonances are

PDD DE ED ' P UU UE EU

cr ( Tevatron ) =30 pb,
DE ED

o (Tevatron) =6. 1 pb,
UE FU

cr ( Tevatr on ) =3.0 pb,
DD DD

(4.19)

FIG. 21. The largest components of the ~„mT invariant-mass
distribution for Pp collisions at &s =1800 GeV. Set-8 input
masses were used. Both orhave -r.apidity ~y ~

(0.7. The chan-
nels are mDE~ED (dashed curve), ~pE~EU (dotted curve),

(dashed-dotted curve), and ~D~~gD (double dashed-
dotted curve). The sum of these channels is the solid curve.

DE ED' DD DD' DN ND

(4.18) o. (Tevatron) =0.7 pb .
DX JVD

The integrated cross sections for these channels are (see
Fig. 21)

10

1O-4

10

e
b'e

10—6

10
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M (Gev)

8OQ 100Q

FIG. 20. The total invariant-mass distribution in technipion
pair production for pp collisions at &s =1800 GeV (solid
curve). Set-8 input masses were used and cross sections calcu-
lated using the EHLQ Set-1 distribution functions with
Q =At . Both rrz have rapidity ~y ~

(0.7. The rr&~n~& (dashed
curve), ~&~&& (dashed-dotted curve), 8'+~», 8' ~DU (dot-
ted curve), and P; m. ~D, P; ~DU (double dashed-dotted curve)
channels are shown separately.

%'e see in Fig. 21 that most of the mDEmED production
comes from the pDD resonance. Compared to Case A [see
(4.9)], all of the other channels have production rates
which are smaller by a factor of 2—3. This occurs be-
cause of the larger technihadron masses in (4.15), a conse-
quence, ultimately, of the scaling assumption B in (2.20).
The bulk of the ~DD~DD production comes from the con-
tinuum just above (and modified by) the pnD resonance.
Most of the remarks made in Case A regarding the
dependence of these cross sections on model assumptions
and the observability of specific final states apply here.
One difI'erence is that the production rates computed
with the same masses, but XL =3, are essentially un-
changed from those in (4.19); in particular, we again find
o (Tevatron) =30 pb. The reason for this is that

DE ED
the pDD decays almost entirely to ~DE~ED, and so, the in-
tegral over the resonance is almost independent of XL.
Using the cuts in (4.11), we find that the signal for pair
production of a 200-GeV ~DD is 0.02 pb with a back-
ground of O. II5 pb. If this result holds under more careful
study (including the pUU resonance), flavor tagging would
be essential to searching for this wDD at the Tevatron.

The large components of technipion pair production
rates are shown in Fig. 22 for the LHC. As in Case A, a
rapidity cut of F= 1.5 is imposed on the mT. The princi-
pal exclusive channel cross sections are
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b"a

100
I

10 1

10—2

10

! I Following [26], with the cuts in (4.14), we estimate the
four jets signal and background rates to be 15

pb and 55 pb at the LHC, 65 pb and 190 pb at the SSC.
With such large cross sections, it seems very likely that
the ~DD signal will be accessible at the LHC and SSC
even if it is not at the Tevatron. Nevertheless, color-
octet, as well as leptoquark, signal and background rates
deserve more careful study.

10-4
400 800600 1000

M (Gev)

FIG. 22. The largest components of the ~T~& invariant-mass
distribution for pp collisions at &s =17 TeV. Set-8 masses
were used. Both ~r have rapidity ~y ~

(1.5. The curves are la-
beled as in Fig. 21.

o (LHC)=5. 3 nb,
DE ED

o. (LHC) = 1.5 nb,
UE FU
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(4.20)

o (SSC)= 19 nb,
DE ED

o. (SSC)=6.1 nb,
UE EU

o (SSC)=5.5 nb,
DD DD

o.„(SSC)=1.4 nb .
DN ND

(4.21)
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distribution for pp collisions at &s =40 TeV. Set-8 masses
were used. Both m. r have rapidity ~y ~
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The corresponding curves for aT production at the SSC
are shown in Fig. 23. Here again, the principal exclusive
channel cross sections are about four times larger than
those at the LHC:

Walking technicolor is so far the only dynamical pic-
ture of electroweak- and flavor-symmetry breaking that
seems able to eliminate unwanted Aav or-changing
neutral-current interactions. If the walking coupling is
realized by having technifermions in both fundamental
and higher-dimensional representations of the tech-
nicolor gauge group, then there will be several scales of
chiral-symmetry breaking with the largest (highest-
dimension) scale pinned down by the electroweak energy
of 1 TeV. It is then plausible that the lowest scale is in
the energy range covered by the Tevatron, and if this
scale belongs to colored techniquarks, the corresponding
technihadrons pT and ~T will be copiously produced
there. The mass enhancements characteristic of walking
technicolor tend to raise 2M relative to M, closing

T p

off many, if not all, of the pT~~T~T decay channels.
Thus, it is possible that some pT will be quite narrow, de-
caying predominantly to dijets, an important and simple
final state. Those that decay to ~T~T will have only a
few important channels and will also be relatively narrow
compared to expectations in nonwalking models of tech-
nicolor [1]. Finally, the large weak isospin splitting that
must be present in walking technicolor models if they are
to explain the t-b mass diff'erence implies that neutral,
color-octet (and singlet) pT will be nearly ideally mixed,
well-separated pDD and p~U resonances in dijet and ~T~T
production. The rates for these processes at hadron col-
liders are effectively of O(a&cD) and, up to questions of
resolution, acceptance, and background, most of them
may be observable at the Tevatron for M -200—600

PQQ

GeV.
These expectations were realized and illustrated in an

explicit multiscale model of walking technicolor. The
light-scale technifermions in this model consist of one
electroweak doublet of techniquarks and Xl =6 doublets
of technileptons, all belonging to the fundamental repre-
sentation of SU(XTC). The colored technihadrons of in-
terest are color-octet technirhos (pDD and p Uo) and
color-octet (r;&& ) and -triplet (rrL& and n&L) technipions.
Forced by our basic ignorance of how to estimate funda-
mental parameters in a walking gauge theory, we con-
sidered two QCD-motivated schemes, A and B, for calcu-
lating A, /F, and (T;T, ) [see (2.20) and (2.24)]. These
schemes led to quite diA'erent technihadron spectra and
decay patterns, but in both cases, the pT and ~T could be
within reach of experiments at the Tevatron, and certain-
ly within the reach of those at the LHC and SSC.

In scheme A, we typically found M =200—250 CxeV
~DD
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and M =350—550 GeV. For a reasonable range of
l'UU

our adjustable parameters, the ~~~~ decay channels of
p~~ are closed, so that it appears as a narrow resonance
in dijet production at the Tevatron with a signal cross
section of 100—300 pb. With a 10/o dijet mass resolu-
tion, this signal is 5 —10 times smaller than the back-
ground. To see this signal, it is important that a relative-
ly tight rapidity cut is made on the dijets to enhance the
dominant and central qq signal over the QQ and q 0 dijets.
Obviously, it would be very useful if quark jets and gluon
jets can be discriminated with reasonable eSciency. We
are reasonably confident that the dijet signal for p~z can
be seen at the SSC (and LHC) because the signal rate is
enormous and the detectors are expected to have better
resolution. Ideal mixing is noi complete and the pUU
tends to be far enough above several ~~~& thresholds,
specifically ~zz~zz, m~z~zU, and ~~~~~~, that these
modes are its dominant production signals. These techni-
pions conventionally are expected to decay as
~~E~b~, ~~~~t~, and ~~~~bb. We found that

pUU ~z-~z- rates at the Tevatron are each of order 10
pb, but reliable estimates of these rates will require care-
ful, detector-specific simulations of the signals and their
backgrounds. Assuming these backgrounds are not too
severe, the large production rates at the SSC, and the
better coverage and resolution of SSC detectors, should
ensure that the color-triplets and octets can be excluded,
or discovered, there.

In Scheme B, we found M =375 —425 GeV and
~DD

M =500—700 GeV. Both resonances were above the
) UU

~z-~z- threshold and tend not to be visible in dijet produc-
tion unless it is possible to enrich the sample of dijets
containing quarks. As in Case A, the rates for the ~z-~&-
channels were naively calculated to be of order 10 pb at
the Tevatron, but simulations are still needed to deter-
mine the potential for their discovery there. We expect
that the technipions will be much more accessible at the
SSC than at the Tevatron. At any collider, the search for
the color-triplet and -octet technipions must be flexible,
with different search strategies for threshold and for reso-
nance production. Certainly, the first signal to look for is
the predominance of heavy quarks and leptons in mz de-

cays expected in ETC models. But, it must be recognized
that no satisfactory ETC model exists, and assuming one
can be constructed, ~z- decays may be different than we
have imagined.

Finally, we return to the question of what happens if
ETC interactions are so strong that they participate
significantly in the breakdown of technifermion chiral
symmetries [10]. For strong ETC interactions to be
relevant to the scenario presented in this paper, we sup-
pose that they affect even the light-scale technifermions
of a multiscale model. The effect of strong ETC is to give
such large hard masses to the technifermions that chiral
perturbation theory breaks down. The ~~ can no longer
be regarded as pseudo-Goldstone bosons; their masses are
expected to be given by the sum of their constituent tech-
nifermion masses. This is the situation that occurs in
heavy-quark systems, where M& &2M~ and Mz &2M~.

Thus, we still expect to find ideally mixed p~~ and p«
with M & 2M . The pzz will be very narrow and

~DD T

will always decay to two QCD jets. Furthermore, p~~
should still be in the Tevatron energy range because, as
we have emphasized, the highest technifermion scale is
constrained from above by the electroweak energy. On
the other hand, weak isospin breaking can be expected to
put pUU above the ~DE~ED and ~DD~DD thresholds

Since ideal mixing probably will be imperfect, pUU will

decay to these states as well as dijets, the relative rates
depending on the BB contamination in p&U. We con-

clude that the signatures of a multiscale model with
strong ETC interactions will not be very different from
what we found in Case A and, in particular, such a
scenario is subject to test at the Tevatron, LHC, and SSC.
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APPENDIX: TECHNIFERMION
AND TECHNIPION MASSES

We summarize here the formulas for the masses of
technifermions and technipions that occur in the multis-
cale ETC model of Sec. II. We remind the reader that
these masses are computed assuming the validity of chiral
perturbation theory. The model is based on the gauge
group GE+c SU(NErc)iSU(Nmc)2 with gauge cou-
plings g, and g2. At the scale M~, GE~& is assumed to be
broken down to SU(NE~c ),+2 with gauge coupling

gErc=g, gz/Qg, +g2. At the lower scale Mz,
SU(NErc), +2 is further broken down to
SU(N~c ) SU( 3 )SSU(NL ). The technifermions that
emerge at this scale are the chiral doublets P, techni-
quarks Q, and technileptons L, transforming as in (2.2).
To keep our calculations tractable, we assumed that the
technilepton flavor group SU(NL ) was not broken. In
our calculations, we took Nzc =NL =6 to ensure a walk-
ing a~c from 2A& to M~. The complete list of massive
ETC gauge bosons that emerge in this model are
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GT E (NTC —1, lc, lr )~ Gc & (1TC~ gc, 1L ),
GL, „&(lTC lc, NL —1),

Xv „H(NTc, 3c, 1L)e(Nk, 3c, 1L),

YV, A +(NTC lc NL )(NTC lc NL )

Zv „C(1Tc,3c,NL )e(1Tc,3c, N ),
Bi,Bz E(1TC, lc, lL) .

(A 1)

The subscript A or V connotes that the gauge boson has
mass Mz or M&&M&, respectively. The ETC bosons
B, and Bz couple to the various U(1) currents that

V, A V, A

arise in the breakdown of GETC.

1. Dominant contributions to technifermion hard masses

The hard masses of gv and gD arise from the exchange
of GT and B; bosons and are given at the scale A& by

A V, A

m~ ~ (A~)=
g ETC «P4 )A,

dyMv2
4(Y, +Yz)exp 2f y (p)m3

Mv ~A dp+tv D [Cz~+4( Y, + Yz)]exp 2 f y (p, )
M Ap p 3

(A2)

Here, d&= ,'NTc(NT—c—1) is the dimensionality of the
SU(NTc ) representation of hatt, Cz& = (NTc —2)(NTc
+ 1)/NTc is its quadratic Casimir, and

' 1/2

2(NTC+ 3 )(NETC +NL +3 )

3

2NTc(NTc+ 3)

are the U(1) charges of g. Weak isospin breaking is

parametrized by

multiplying the integrals comes from relating (gttj)M
to (PP)A and the running of the Mv, Mz components

of the hard mass from Mz z down to A& as dictated by
(2.25).

The dominant contributions to the hard masses mU, D
and m& E come, respectively, from Xz ~- and Yv &-
exchange graphs connecting U, D and N, E to Pv, gD. As
described in [6], there are sizable contributions to these
hard masses from both the dynamical and hard-mass
parts of the g propagator in the techniquark and tech-
nilepton self-energy graphs. For the U and D hard
masses, we obtain

nv «i/gz» —nD 1 . ——2 (A4)

This factor arises because up and down fermions are as-

signed to di6'erent representations of GET~. Note that
m is negative. This does not lead to any interesting

CP-violating effects in the quark sector of this model. In
computing the integrals that occur in Eq. (A2) and below,
we take y (p, ) = 1 for A,. &p & 2A,. [21] and

1

y (p)=y (Mv) for Mv&p&M„. The factor of 2
j

Ad@+'9v, DB~ exp y (p)
U, D Ag p

where 8~ is given by

(A5)

Vdp
mv, D(Ag)=gETc Bv exp y (p)

U, D Ag p 2

]nM v /A~
Bv = zexp f y~(p) + m& ( A&)f dt

M Ay p 3 4~2

n~v/A
exp —f ds y (s)

t (A6)

Corresponding expressions give Bv, B„,and B„.The second term in (A6) is the integral over the running hard
D

mass of P. We find that it is somewhat smaller than the dynamical (first) term, which is difFerent from what was found
in [6] with cruder approximations. The technilepton hard masses m~z(AL) are obtained by making the appropriate
changes in Eq. (A5).

For the model parameters Mv= 100 TeV, M~ =400 TeV, (g, /gz) =1.5, and s.=1.5, the hard masses (in GeV) for
Case A in (2.21) and (2.24) are given by

m =223 m = —133~U ~D

mU=136, mD =22,
m~ —61, mE —13 .

(A7)
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For the same model parameters, the hard masses in Case B are

m =119 m~ = —70
~U D

mU=92, mD =14,
mN =43, mE =9 .

(A8)

We see in Eqs. (A4) and (A5) that up-down mass splittings grow linearly with (g, /g2 ) . From (2.24), we also see that all
hard masses grow linearly with x.. It is then easy to estimate the hard masses for other values of M~ /M~, (g, /g2 ), and
a.. The large splitting between techniquark and technilepton masses is due to the dependence of y on the QCD cou-

2

pling aQcD(p) which is growing above p=A& to meet aTc(p) at p=M~.
2. Technipion masses

To calculate the masses of ~&&, ~~&, and P;+ in the limit FI =—F& «F&, it might be thought that one could use an
effective chiral-symmetry-breaking Hamiltonian, analogous to the quark-mass terms in QCD, obtained in integrating
out the heavy f technifermions. However, this procedure fails to give the masses of m&z correctly because of the
different scalings of Qg and LL between Mt, ,M&, and A&=-AL. The correct effective Hamiltonian (up to very small

QQQQ, LLLL, and QLLQ terms) is given by
2 2

jef ~ ( QL y "PL Pz y„g~ +LL y"PL P~ y„L~ +H. c. ) + 2 ( QL

y"/LPGA

y+ Q~ +LI y "PL P~ y+ L~ +H.c. )
2~v 2M„

4 8

+—J g&cD(k )bF (k) g J d x e '" T(g(x )y„t„g(x)g(0)y t„Q(0)) . (A9)

The fermion fields are written in doublet notation and
A =gz(1+F3)/2+r)D(1 —r3)/2 expresses the isospin
breaking. Technicolor, color, and flavor indices are
suppressed. The operators in the four-fermion terms are
renormalized at the appropriate ETC scale, M~ or M„.
The last term in &,ff is the one QCD-gluon-exchange
contribution to chiral-symmetry breaking, where 6„ is
the gluon propagator and t~ is the SU(3) generator of Q.
In nonwalking theories of technicolor, this QCD term
gave the dominant contribution to the mass of colored
technipions, much larger than the ETC-generated mass
terms [27,5]. Insofar as we can estimate the QCD contri-
bution to colored-~T masses in a walking theory, we shall
see that this is no longer true.

The color-octet technipion masses are obtained from
&,ff as (for Q, Q'= U, D)

where we took the ratio of axial-vector to vector masses
to be &2. This contributes about (65 GeV) in Case A
[(95 GeV) in Case 8] to M, considerably less than the

QQ

hard-mass terms in (A10).
The leptoquark masses are given by

(m (gg ) +m (LL ) )+5M
DE F2

Q
Q L

M —=
2 (mU( Qg )~ +m~(LL )~ )+5M3, (A12)

==M =— [(mU+mD)(gg)~
1

+(m~+m~)(LL )~ ]+5M3,

where we approximated the QCD contribution by

M —= (mg+mg)(gg)A +5M8,
'ITQQ~ F2 Q

(A 10) 4
5M3 —

4 CXQ( D(2A& )[—,
' (M~ +M~ ) ] ln2 . (A 13)

4m UU EE

where masses and condensates are renormalized at A&.
The authors of Ref. [27] estimated the QCD contribution
5M8 using the time-honored method of first writing
techniquark-current correlations as integrals over spec-
tral functions (satisfying Weinberg sum rules [28]) and
then dominating the spectral integrals by the lowest-lying
vector and axial-vector mesons. It is far from obvious
that this procedure is valid in a walking technicolor mod-
el because of the slow falloff of the spectral functions,
and, hence the slow convergence of the spectral integrals.
Nevertheless, it probably is adequate for our purposes be-
cause we do not need to know 5M& very precisely [29].
Then, directly copying the calculation in [27], we obtain

5M28 = a&cD(2A&)[ —,'(M +M )] ln2, (All)9

Finally, to calculate the masses of the charged color-
singlet technipions P;, it is necessary to construct com-
binations of g, Q, and L chiral generators in the subspace
orthogonal to the massless technipion O'L+. When this is
done, we find the obvious answer in the limit
Fg =—FL «F~..

M ~ —— (m~+ )m(LL )~P F2 N

(A14)
M + —— (mU+mD)(gg)~P2 F2 U D

Q

This last result is only approximate, as evidenced by the
small, but nonzero values in (2.29) and (2.30) of the mix-
ing factor y& describing the DU component of P j+.
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