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Collider phenomenology of technihadrons in the technicolor straw man model
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We discuss the phenomenology of the lightestSU(3)C singlet and nonsinglet technihadrons in the straw
man model of low-scale technicolor~TCSM!. The technihadrons are assumed to be those arising in top-color-
assisted technicolor models in which top-color is broken by technifermion condensates. We improve upon the
description of the color-singlet sector presented in our earlier paper introducing the TCSM@K. Lane, Phys.
Rev. D 60, 075007~1999!#. These improvements are most important for subprocess energies well below the
masses of therT andvT vector technihadrons and, therefore, apply especially toe1e2 colliders such as CERN
LEP and a low-energy linear collider. In the color-octet sector, we consider mixing of the gluon, the coloronV8

from top-color breaking, and four isosinglet color-octet technirho mesonsrT8. We assume, as expected in

walking technicolor, that theserT8 decay intoq̄q, gg, andgpT final states, but not intopTpT , wherepT is
a technipion. All the TCSM production and decay processes discussed here are included in the event generator
PYTHIA. We present several simulations appropriate for the Fermilab Tevatron collider, and suggest benchmark
model lines for further experimental investigation.
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I. OVERVIEW OF THE TCSM

In this paper we improve and extend the ‘‘technico
straw man model’’~TCSM! @1# of collider signatures for dy-
namical electroweak and flavor symmetry breaking. T
TCSM is a simple phenomenology of the lowest-lying vec
and pseudoscalar technihadrons expected in technic
theories which have both a walking gauge couplingaTC and
top-color interactions to generate the large mass of the
quark.

The main improvements arise in the colorSU(3)C singlet
sector of the model. The treatment in Ref.@1# assumed
fermion-antifermion annihilations to technihadrons occur

at subprocess cm energyAŝ;M rT ,vT
. This is appropriate in

a hadron collider where the partonAŝ sweeps over the nar
row TCSM resonances and is, therefore, strongly domina
by the poles. In this paper we modify the production amp

tudes to make them accurate forAŝ below the resonances a
well. These modifications involve adding the continuum a
plitudes including, where appropriate, the three-po
anomaly amplitudes for production of an electroweak ga
boson and a technipion@2,3#. This is particularly appropriate
for technihadron searches ate1e2 colliders such as CERN
LEP @4–7# ~and the proposed linear collider if its early sta
hasAs&300 GeV).

Our extension of the TCSM includes several low-lyin
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color-nonsinglet, isosinglet states—four vectorrT8’s, the
massive topcolor gauge boson,V8, and a neutral pseudo
scalarpT8. These particles are most readily produced a
detected in hadron colliders—the Fermilab Tevatron and
CERN Large Hadron Collider~LHC!—because of their rela
tively large coupling to gluons. We have incorporated t
improved and extended production processes in the e
generatorPYTHIA @8# to allow detailed investigation by col
lider experiments.

The modern description of technicolor@9–11# requires a
walking technicolor gauge coupling@12# to evade unwanted
flavor-changing neutral currents and the assistance of
color interactions that are strong near 1 TeV@13,14# to pro-
vide a large top quark mass. Both these elaborations on
basic technicolor TC or extended technicolor~ETC! proposal
require a large numberND of technifermion doublets. Many
technifermions are needed to make the beta function of w
ing technicolor small. Many also seem required in top-col
assisted technicolor~TC2! to generate the hard masses
quarks and leptons, to induce the correct mixing betwe
heavy and light quarks, and to break top-color symme
down to ordinary color~via technifermion condensation!. A
large number of technidoublets implies a small technip
decay constantFT.Fp /AND, where Fp5246 GeV. This,
in turn, implies a technicolor scaleLTC;FT and masses of a
few hundred GeV for the lowest-lying technihadro
(pT ,rT ,vT) @15,16#. The signatures of this low-scale tech
nicolor have been sought in run I of the Tevatron collid
@17–21#. In the past two years, several LEP experime
have published limits on color-singlet technihadrons@5–7#
which in some cases exceed those set at Fermilab. Ru
©2003 The American Physical Society11-1
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K. LANE AND S. MRENNA PHYSICAL REVIEW D 67, 115011 ~2003!
will significantly extend the reach of run I in color-single
and octet sectors. If these low-scale technihadrons exist,
certainly will be seen in LHC experiments@22#.1

The TCSM provides a simple framework for the
searches. First, and probably most important, we assume
the lowest-lying bound states of the lightest technifermio
can be consideredin isolation. The lightest technifermions
are expected to be an isodoublet of color singlets, (TU ,TD).
Color triplets, discussed below, will be heavier because
SU(3)C contributions to their hard~chiral symmetry break-
ing! masses. We assume that all technifermions transf
under technicolorSU(NTC) as fundamentals. The electr
charges of (TU ,TD) are QU and QD5QU21. The color-
singlet bound states we consider are vector and pseudos
mesons. The vectors include a spin-one isotripletrT

6,0 and an
isosingletvT . In top-color-assisted technicolor, there is
need to invoke large isospin-violating extended technico
interactions to explain the top-bottom splitting. Thus, tech
isospin can be a good approximate symmetry, so thatrT and
vT are nearly degenerate. Their mixing will be described
the neutral-sector propagator matrix,D0, in Eq. ~21! below.
The new, improved formulas for the decays and product
of these technivector mesons will be presented in Sec
and III.

The lightest pseudoscalar (TU ,TD) bound states, color
singlet technipions, also comprise an isotripletPT

6,0 and an
isosinglet PT

08 . However, these are not mass eigensta
Our second important assumption for the TCSM is that
isovectors are simpletwo-state mixturesof the longitudinal
weak bosonsWL

6 , ZL
0—the true Goldstone bosons of dy

namical electroweak symmetry breaking in the limit that t
SU(2)^ U(1) couplingsg,g8 vanish—and mass-eigensta
pseudo-Goldstone technipionspT

6 ,pT
0 :

uPT&5sinxuWL&1cosxupT&. ~1!

We assume thatSU(NTC) gauge interactions dominate th
binding of all technifermions into technihadrons. Then t
decay constants of color-singlet and nonsingletpT are ap-
proximately equal,FT.Fp /AND, and the mixing angle is
given by

1The question of the effect of technicolor on precisely measu
electroweak quantities such asS, T, and U @23# naturally arises
because of the appearance of many technifermion doublets in
scale technicolor. Calculations that show technicolor to be in c
flict with precision measurements have been based on the ass
tion that technicolor dynamics are just a scaled-up version of Q
However, because of its walking gauge coupling, this cannot be~see
the first two papers of Ref.@11#!. In walking technicolor there mus
be something like a tower of spin-one technichadrons reaching
most to the ETC scale, and these states must contribute signific
to the integrals over spectral functions involved in calculatingS, T,
and U. Therefore, in the absence of detailed experimental kno
edge of this spectrum, including the spacing between states
their coupling to the electroweak currents, it is not possible to c
culate these quantities reliably.
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sinx.FT /Fp.1/AND!1. ~2!

Similarly, uPT
08&5cosx8 upT

08&1•••, where x8 is another
mixing angle and the ellipses refer to other technipio
needed to eliminate the two-technigluon anomaly from

PT
08 chiral current. It is unclear whether, likerT and vT ,

these neutral technipions will be degenerate as we have
viously proposed@16#. On one hand, they both contain th
lightest T̄T as constituents. On the other, because of
anomaly cancellation,pT

08 must contain other heavier tech
nifermions such as the color triplets we discuss below. IfpT

0

andpT
08 are nearly degenerate and if their widths are roug

equal, there may be appreciablepT
0-pT

08 mixing and, then,

the lightest neutral technipions will be ideally mixedT̄UTU

andT̄DTD bound states. Searches for these technipions ou
to consider both possibilities: they are nearly degenerate
not at all.

Color-singlet technipion decays are mediated by ETC a
~in the case ofpT

08)SU(3)C interactions. In the TCSM they
are taken to be@24#

G~pT→ f̄ 8 f !5
1

16pFT
2
NfpfC1 f

2 ~mf1mf 8!
2

G~pT
08→gg!5

1

128p3FT
2
aC

2 C1g
2 NTC

2 Mp
T
08

3/2
. ~3!

Like elementary Higgs bosons, technipions areexpectedto
couple to fermion mass. Thus,C1 f is an ETC-model depen
dent factor of order oneexcept that TC2 suggestsuC1tu
&mb /mt so that there is not a strong preference for techn
ons to decay to~or from! top quarks. The number of color
of fermion f is Nf . The fermion momentum ispf . The QCD
couplingaC is evaluated atMpT

; andC1g
2 is a Clebsch co-

efficient of order one. The default values of these and ot
parameters are tabulated at the end of this paper. ForMpT

,mt-mb , these technipions are expected to decay as
lows: pT

1→cb̄ or cs̄ or event1nt ; pT
0→bb̄ and, perhaps

cc̄, t1t2; andpT
08→gg, bb̄, cc̄, t1t2.

The breaking of top-color to ordinary color is most ec
nomically achieved by color-triplet technifermions@25#.
Therefore, we expectSU(3)C-nonsinglet technihadrons t
exist. The lightest of these may have masses not very m
larger than their color-singlet counterparts. Production a
detection of color-nonsingletrT and pT have been studied
before, both theoretically@26,27# and experimentally@19–
21#. In these studies it was assumed that there exists
doublet of color-triplet technifermions, one or more double
of color-singlets, and their associated technihadrons. In
likely case that techni-isospin is a good symmetry, the m
accessible states would then be an isosingletrT8, produced
as ans-channel resonance inq̄q andgg collisions, and the
technipions~as well as dijets! into which rT8 may decay.
With the advent of TC2, this simple model became obsole
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COLLIDER PHENOMENOLOGY OF TECHNIHADRONS IN . . . PHYSICAL REVIEW D67, 115011 ~2003!
In TC2 models, the existence of a larget̄ t ~but not b̄b)
condensate and mass is due toSU(3)1^ U(1)1 gauge inter-
actions which are strong near 1 TeV@14#. TheSU(3)1 inter-
action ist-b symmetric whileU(1)1 couplings aret-b asym-
metric. This makes these forces supercritical for the
quark, but subcritical for bottom. There are weakerSU(3)2
^ U(1)2 gauge interactions in which light quarks~and lep-
tons! may or may not participate.

The two U(1)’s must be broken to weak hypercharg
U(1)Y at an energy somewhat higher than 1 TeV
electroweak-singlet condensates@25#. This breaking results
in a heavy color-singletZ8 boson whose physics we do n
consider in this paper~see, however, Refs.@28,29#!. The two
SU(3)’s are broken to their diagonalSU(3)C subgroup.
When this happens, a degenerate octet of ‘‘colorons,’’V8,
mediate the broken top-colorSU(3) interactions. There are
two variants of TC2: The ‘‘standard’’ version@14#, in which
only the third generation quarks areSU(3)1 triplets, and the
‘‘flavor-universal’’ version @30# in which all quarks are
SU(3)1 triplets. We consider both in this paper.

In either version of TC2, theSU(3)’s areeconomically
broken toSU(3)C subgroup by using technicolor andU(1)1
interactions, both strong near 1 TeV. Following Ref.@25#, we
assume the existence of two electroweak doublets of tec
fermions,T15(U1 ,D1) andT25(U2 ,D2), which transform
respectively as (3,1,NTC) and (1,3,NTC) under the two color
groups and technicolor. The desired pattern of symme
breaking occurs ifSU(NTC) and U(1)1 interactions work
together to induce electroweak andSU(3)1^ SU(3)2 nonin-
variant condensates@which, of course, preserveSU(3)C and
U(1)EM]

^Ū iLU jR&52Wi j
U* DT,

^D̄ iLD jR&52Wi j
D* DT , ~ i , j 51,2!. ~4!

Here,WU and WD are nondiagonal U(2) matrices andDT

;LTC
3 . Assuming the condensates are parity-conserv

(Wi j
U,D)* 5Wji

U,D . Then, unitarity implies

W11
U,D1W22

U,D50,

W12
U,D5~W21

U,D!* 5eifU,DA12~W11
U,D!2, ~5!

wherefU,D are phases to be chosen.
This minimal TC2 scenario leads to a rich spectrum

color-nonsinglet states readily accessible in hadron co
sions. We concentrate on the lowest-lying isosinglet co
octets. In addition to the colorons,V8, these include fourrT8

formed from T̄iTj , and a technipionpT8. These states ar
constructed in Sec. IV. In Sec. V we discuss the decay r
of rT8 and V8 under the simplifying assumption thatM rT8

,2MpT
. As in the color-singlet TCSM, this is likely becaus

the large coupling of walking technicolor significantly e
hances the ETC contribution toMpT

@15#. In the extreme

walking aTC limit, MpT
.M rT8

. In Sec. VI we present the
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dijet production cross sections, using the fully mixed prop
gator of gluons, colorons and the fourrT8. These cross sec
tions are now encoded in thePYTHIA event generator@8#.
Simulated signals~at the parton level! appropriate to run I of
the Tevatron Collider are presented in Sec. VII, with spec
attention to the effects on thet̄ t invariant mass distribution

Two comments are in order before moving on. First, it h
been argued in Ref.@31# that Bd-B̄d mixing constrains
MV8

tanu3.1 –2 TeV in standard, but not flavor-universa

TC2 ~also see Ref.@32#!. Here, u3 is the SU(3)1-SU(3)2
mixing angle defined in Sec. IV below. This constraint reli
on the form of quark mass and mixing matrices expected
ETC/TC2. We view as independent and complementary
limit on MV8

tanu3 that may be derived from collider jet data
Second, Bertram and Simmons have used DO” jet data from
run I to place the limit MV8

tanu3.0.84 TeV in flavor-
universal TC2@33#. Their analysis did not include the poten
tial complicating effects ofrT8 and their interference with
V8. Our TCSM analysis closes this loophole. We find lim
on the coloron mass as high or higher than theirs.

II. DECAYS OF COLOR-SINGLET rT AND vT

In the limit that the electroweak couplingsg,g850, the
rT andvT decay as

rT→PTPT5cos2x~pTpT!12sinxcosx~WLpT!

1sin2x~WLWL!;

vT→PTPTPT5cos3x~pTpTpT!1•••. ~6!

The rT decay amplitude is

M„rT~q!→pA~p1!pB~p2!…5grT
CABe~q!•~p12p2!,

~7!

where e(q) is the rT polarization vector;arT
[grT

2 /4p

52.91(3/NTC) is scaled naively from QCD andNTC54 is
used in calculations; and

CAB5H sin2x for WL
1WL

2 or WL
6ZL

0 ,

sinxcosx for WL
1pT

2 ,WL
2pT

1 or WL
6pT

0 ,ZL
0pT

6 ,

cos2x for pT
1pT

2 or pT
6pT

0 . ~8!

TherT decay rate to two technipions is then~for later use in
cross sections, we quote the energy-dependent width forrT

mass ofAŝ)

G~rT
0→pA

1pB
2!5G~rT

6→pA
6pB

0 !5
2arT

C AB
2

3

p3

ŝ
,

~9!
1-3
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where p5$@ ŝ2(MA1MB)2#@ ŝ2(MA2MB)2#%1/2/2Aŝ is
the pT momentum in therT rest frame.

Walking technicolor enhancements of technipion mas
are likely to close off the channelsrT→pTpT , vT
→pTpTpT and even the isospin-violatingvT→pTpT @15#.
A rT

0 of mass 200 GeV, say, may then decay toWLpT or
WLWL , but suchvT decays are strongly suppressed@see Eq.
~15! below#. Therefore, allvT decays are electroweak:vT

→gpT
0 , Z0pT

0 , W6pT
7 , and f̄ f . Here,Z and W are trans-

versely polarized.2 Furthermore, since we expect sin2x!1,
the electroweak decays ofrT to the transverse gauge boso
g,W,Z plus a technipion may be competitive with the ope
channel strong decays.

As discussed in Ref.@1#, the amplitude forVT5rT ,vT
decay to any transversely polarized electroweak bosoG
plus a technipion is given by

M„VT~q!→G~p1!pT~p2!…

5
eVVTGpT

MV
emnlrem~q!en* ~p1!qlp1r1

eAVTGpT

MA

3@e~q!•e* ~p1!q•p12e~q!•p1e* ~p1!•q#.

~10!

The first term corresponds to the vector coupling ofG to the
constituent technifermions ofVT andpT and the second term
to its axial-vector coupling. The technicolor-scale parame
MV is expected to be of order several 100 GeV.3 The mass
parameterMA is expected to be comparable toMV . Note
that the amplitudes for emission of longitudinally polariz
bosons in Eq.~7! and transversely polarized ones in Eq.~10!
are noninterfering, as they should be. Adopting a ‘‘valen
technifermion’’ model for the graphs describing Eq.~10!—a
model which works very well forv,r→gp and gh in
QCD—CP-invariance implies that theV and A coefficients
in this amplitude are given in our normalization by4

VVTGpT
52 Tr~QVT

$QGV

† , QpT

† %!,

AVTGpT
52 Tr~QVT

@QGA

† , QpT

† # !. ~11!

In the TCSM, with electric chargesQU , QD for TU , TD ,
the generatorsQ in Eq. ~11! are given by

QvT
5S 1

2 0

0 1
2

D
2Strictly speaking, the identification ofW andZ decay products as

longitudinal or transverse is approximate, becoming exact in
limit of very largeM rT ,vT

.
3The correspondingr→gp parameter in QCD is about 400 MeV

A large-NC argument impliesMV.(FT / f p) 400 MeV.350 GeV.
4We have neglected decays such asrT

0→WTWL and rT
0

→WTWT . The rate for the former is suppressed by tan2x relative to
the rate forrT

0→WTpT while the latter’s rate is suppressed bya.
11501
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Qr
T
05S 1

2 0

0 2 1
2

D ; Qr
T
15Qr

T
2

†
5

1

A2
S 0 1

0 0D
Qp

T
05cosxS 1

2 0

0 2 1
2

D ; Qp
T
15Qp

T
2

†
5

cosx

A2
S 0 1

0 0D
Qp

T
085cosx8S 1

2 0

0 1
2

D
QgV

5S QU 0

0 QD
D ; QgA

50

QZV
5

1

sinuWcosuW
S 1

4 2QUsin2uW 0

0 2 1
4 2QDsin2uW

D
QZA

5
1

sinuWcosuW
S 2 1

4 0

0 1
4

D
QW

V
15QW

V
2

†
52QW

A
152QW

A
2

†
5

1

2A2sinuW
S 0 1

0 0D .

~12!

The decay rate forVT→GpT is

G~VT→GpT!5
aVVTGpT

2 p3

3MV
2

1
aAVTGpT

2 p~3MG
2 12p2!

6MA
2

, ~13!

wherep is theG-momentum in theVT rest frame. TheV and
A coefficients and sample decay rates are listed in Tabl
These are to be compared with the rates for decay into
gitudinal W and Z bosons plus a technipion. ForM rT

5210 GeV,MpT
5110 GeV, andNTC54, they are

G~rT
0→WL

6pT
7!5G~rT

6→WL
6pT

0!52.78sin2xcos2x,

G~rT
6→ZL

0pT
7!50.89sin2xcos2x. ~14!

For sin2x51/9, our nominal choice, and forMV5MA
5100 GeV, the rates forrT and vT→gpT and for rT
→WTpT , ZTpT via axial vector coupling are comparable
these. Obviously, these transverse boson decay rates
quickly for greaterMV andMA .

The rate for the isospin-violating decayvT→WL
6pT

7 can
be estimated as

G~vT→WL
6pT

7!5uervu2G~rT
0→WL

6pT
7!, ~15!

where erv is the rT-vT mixing amplitude. In QCD,uervu
.0.05, so we expect this decay mode to be entirely ne
gible.

e
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TABLE I. Amplitudes and sample decay rates~in GeV! for VT→GpT . In the rate calculations,MVT

5210 GeV,MpT
5110 GeV,MV5MA5100 GeV; technifermion charges areQU1QD5

5
3 ; cx5cosx and

cx85cosx8; GV andGA refer to decays involving the vector and axial-vector couplings, respectively. R
involving both couplings are summed in the last column.

Process VVTGpT
AVTGpT

G(VT→GpT)

vT→gpT
0 cx 0 0.115cx

2

→gpT
08 (QU1QD)cx8 0 0.320cx8

2

→Z0pT
0 cxcot2uW 0 2.931023cx

2

→Z0pT
08 2(QU1QD)cx8tanuW 0 5.931023cx8

2

→W6pT
7 cx /(2sinuW) 0 2.431022cx

2

rT
0→gpT

0 (QU1QD)cx 0 0.320cx
2

→gpT
08 cx8 0 0.115cx8

2

→Z0pT
0 2(QU1QD)cxtanuW 0 5.931023cx

2

→Z0pT
08 cx8cot2uW 0 2.931023cx8

2

→W6pT
7 0 6cx /(2sinuW) 0.143cx

2

rT
6→gpT

6 (QU1QD)cx 0 0.320cx
2

→Z0pT
6 2(QU1QD)cxtanuW 6cx /sin2uW 0.153cx

2

→W6pT
0 0 7cx /(2sinuW) 0.143cx

2

→W6pT
08 cx8 /(2sinuW) 0 2.431022cx8

2

at t-

-

ron

ing
Finally, for completeness, we record again the decay r
for rT ,vT→ f f̄ . The rT decay rates to fermions withNf
51 or 3 colors are

G~rT
0→ f i f̄ i !5

Nfa
2p

3arT
ŝ

@~ ŝ2mi
2!Ai

0~ ŝ!

16mi
2Re„AiL~ ŝ!AiR* ~ ŝ!…#,

G~rT
1→ f i f̄ i8!5

Nfa
2p

6arT
ŝ2

@2ŝ22 ŝ~mi
21mi8

2!

2~mi
22mi8

2!2#Ai
1~ ŝ!, ~16!

where a unit Cabibbo-Kobayashi-Maskawa~CKM! matrix is
assumed in the second equality. The quantitiesAi are given
by

Ai
6~ ŝ!5

1

8sin4uW
U ŝ

ŝM W
2 U2

,

Ai
0~ ŝ!5uAiL~ ŝ!u21uAiR~ ŝ!u2, ~17!

where, forl5L,R,

Ail~ ŝ!5Qi1
2z ilcot2uW

sin2uW
S ŝ

ŝ2MZ
2D ,

z iL5T3i2Qisin2uW ,

z iR52Qisin2uW . ~18!
11501
esHere, Qi and T3i561/2 are the electric charge and lef
handed weak isospin of fermionf i . Also, MW,Z

2 5MW,Z
2

2 iAŝGW,Z( ŝ), whereGW,Z( ŝ) is the weak boson’s energy
dependent width.5

The vT decay rates to fermions withNf colors are given
by

G~vT→ f̄ i f i !5
Nfa

2p

3arT
ŝ

@~ ŝ2mi
2!Bi

0~ ŝ!

16mi
2Re„BiL~ ŝ!BiR* ~ ŝ!…#, ~19!

where

Bi
0~ ŝ!5uBiL~ ŝ!u21uBiR~ ŝ!u2,

Bil~ ŝ!5FQi2
4z ilsin2uW

sin22uW
S ŝ

ŝ2MZ
2D G ~QU1QD!.

~20!

III. COLOR-SINGLET TECHNIHADRON PRODUCTION
RATES

In this section we list the cross sections for the had
collider subprocessesqq̄→VT→pTpT , GpT , and f f̄ . The
e2e1 cross sections are obtained from the correspond
qi q̄i ones by multiplying the latter by 3. To includerT-vT

5Note, for example, thatGZ( ŝ) includes at t̄ contribution when

ŝ.4mt
2 .
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interference in these cross sections, we use the m
g-Z0-rT

0-vT propagator matrixD0. It is the inverse of6

D0
21~s!5S s 0 s fgrT

s fgvT

0 s2MZ
2 s fZrT

s fZvT

s fgrT
s fZrT

s2Mr
T
0

2
0

s fgvT
s fZvT

0 s2MvT

2

D .

~21!

To guarantee a photon pole ats50, we assume only kinetic
mixing between the gauge bosons and technivector mes
In setting the off-diagonalrT

0-vT elements of this matrix
equal to zero, we are guided by the smallness of this mix
in QCD and by the desire to keep the number of adjusta
parameters in the TCSM small. This mixing can always
added if desired. The properly normalizedGVT couplings
are
11501
ed

ns.

g
le
e

f GVT
52j Tr~QGV

QVT

† !; ~22!

in particular, f grT
5j, f gvT

5j(QU1QD), f ZrT
5jcot2uW,

and f ZvT
52j(QU1QD)tanuW , wherej5Aa/arT

. In the

charged sector, theW6-rT
6 matrix is the inverse of

D6
21~s!5S s2MW

2 s fWrT

s fWrT
s2Mr

T
6

2 D , ~23!

where f WrT
5j/(2sinuW).

The rates for production of any technipion pair,pApB

5WLWL , WLpT , andpTpT , in the isovector (rT) channel
are7
he

pton
dŝ~qi q̄i→pA
1pB

2!

d t̂
5

pa2C AB
2 @4ŝp22~ t̂2û!2#

12ŝ2 (
l5L,R

UQi@Dgg~ ŝ!1 f grT

21 DgrT
#

1
2z ilcot2uW

sin2uW
@DZZ~ ŝ!1 f ZrT

21 DZrT
~ ŝ!#1S Qicos2uW12z il

sin2uW
DDgZU2

, ~24!

and

dŝ~ui d̄i→pA
1pB

0 !

d t̂
5

pa2C AB
2 @4ŝp22~ t̂2û!2#

96sin4uWŝ2
uDWW~ ŝ!1 f WrT

21 DWrT
~ ŝ!u2, ~25!

where p5$@ ŝ2(MA1MB)2#@ ŝ2(MA2MB)2#%1/2/2Aŝ is the ŝ-dependent momentum ofpA,B . As usual, t̂5MA
22Aŝ(EA

2pcosu), û5MA
22Aŝ(EA1pcosu), where u is the c.m. production angle ofpA . The factor 4ŝp22( t̂2û)254ŝp2sin2u.

Because therT-vT mixing parametererv is expected to be very small, the rates forqiq̄i→vT→pA
1pB

2 are ignored here.
The production of a transverse gauge boson plus technipion,GpT , is dominated by therT , vT poles. However, in the limit

M rT , vT
→`, it still proceeds via the usual axial vector anomaly process,G1→G2pT @2#. This contribution interferes only

with theVVTG2pT
term in Eq.~10!. It is small in a hadron collider, but may be non-negligible in ane1e2 collider ~such as LEP!

operating well below the resonances. As discussed in Ref.@3#, we include the anomaly contribution by simply adding it to t
corresponding technivector amplitude. The cross section in the neutral channel is given by

dŝ~qi q̄i→GpT!

d t̂
5

pa2

24ŝ
$@ uG iL

VGpT~ ŝ!u21uG iR
VGpT~ ŝ!u2#~ t̂21û222MG

2 MpT

2 !1@ uG iL
AGpT~ ŝ!u21uG iR

AGpT~ ŝ!u2#

3~ t̂21û222MG
2 MpT

2 14ŝMG
2 !%, ~26!

where, for quark helicitiesl5L,R,

6Note sign changes in the off-diagonal elements relative to the propagator matrices in Ref.@1#.
7For W1W2 andW6Z0 production, one should add the standard modelt andu-channel amplitudes to the technicolor-modifieds-channel

amplitude. This is a small correction for a narrowrT when one effectively is always near the pole, as in a hadron collider. For a le
collider far below therT pole, these contributions are important. Similarly, the terms involvingDgg , DZZ andDgZ in Eq. ~24! are important
only far below the pole. They are relevant for LEP, but not the Tevatron.
1-6
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G il
VGpT~ ŝ!5 (

VT5rT
0 ,vT

VVTGpT

MV
S QiDgVT

~ ŝ!1
2z il

sin2uW
DZVT

~ ŝ! D1
eNTC

8p2FT
FVgGpTS QiDgg1

2z il

sin2uW
DZgD

1VZGpTS QiDgZ1
2z il

sin2uW
DZZD G ;

G il
AGpT~ ŝ!5 (

VT5rT
0 ,vT

AVTGpT

MA
S QiDgVT

~ ŝ!1
2z il

sin2uW
DZVT

~ ŝ! D . ~27!

The anomaly factors in Eq.~27! are

VG1G2pT
5Tr@QpT

† ~$QG1
,QG2

† %L1$QG1
,QG2

† %R!#, ~28!

whereQGR,L
5QGV

6QGA
in Eq. ~12!. They are listed in Table II. Note thatt̂21û222MG

2 MpT

2 52ŝp2(11cos2u). The GpT

cross section in the charged channel is given by~in the approximation of a unit CKM matrix!

dŝ~uid̄i→GpT!

d t̂
5

pa2

48sin2uWŝ
H Ar

T
1GpT

2

MA
2

uDWrT
u2~ t̂21û222MG

2 MpT

2 14ŝMG
2 !

1U eNTC

8p2FT

VW1GpT
DWW1

Vr
T
1GpT

MV
DWrTU2

~ t̂21û222MG
2 MpT

2 !J . ~29!

The cross section forqi q̄i→ f j f̄ j in the color-singletchannel~with mqi
50 and allowingmjÞ0 for t t̄ production! is

dŝ~qi q̄i→g, Z→ f̄ j f j !

d t̂
5

Nfpa2

3ŝ2
$@~ û2mj

2!21mj
2ŝ#~ uD i jLL u21uD i jRRu2!1@~ t̂2mj

2!21mj
2ŝ#~ uD i jLRu21uD i jRLu2!%,

~30!

where

Di j ll8~ ŝ!5QiQjDgg~ ŝ!1
4

sin22uW

z ilz j l8DZZ~ ŝ!1
2

sin2uW
@z ilQjDZg~ ŝ!1Qiz j l8DgZ~ ŝ!#. ~31!

Finally, the rate for the subprocessuid̄i→ f j f̄ j8 is

dŝ~uid̄i→W1→ f j f̄ j8!

d t̂
5

Nfpa2

12sin4uWŝ2
~ û2mj

2!~ û2mj8
2!uDWW~ ŝ!u2. ~32!
he

t

con-
this
IV. THE COLOR-NONSINGLET SECTOR OF THE TCSM

The elementary particles of our TC2 model are t
SU(3)1^ SU(3)2 gauge bosonsV1

A and V2
A(A51, . . . ,8)

and the technifermion doubletsT15(U1 ,D1)P(3,1,NTC)
and T25(U2 ,D2)P(1,3,NTC) of SU(3)1^ SU(3)2
^ SU(NTC). The gauge boson mass eigenstates are
SU(3)C gluonsgA and the coloron octetV8

A :

gA5
g2V1

A1g1V2
A

Ag1
21g2

2
[sinu3V1

A1cosu3V2
A ,

V8
A5

g1V1
A2g2V2

A

Ag1
21g2

2
[cosu3V1

A2sinu3V2
A , ~33!
11501
he

where a15g1
2/4p@a2.aC5gC

2 /4p and gC

5g1g2 /Ag1
21g2

2. We shall assume that, near 1 TeV,SU(3)1

interactions are nearly strong enough to cause top quark
densation. In the Nambu–Jona-Lasinio approximation,
means aV8

[4aC /sin22u3*p/2C2(3)cos4u3 where C2(3)

54/3 ~see Ref.@31#!. With aC.0.1, this requires tanu3

&A0.08. In terms of theSU(3)1 andSU(3)2 currentsj 1,2m
A ,

the fermion-gluon-coloron interactions are

g1 j 1m
A V1

Am1g2 j 2m
A V2

Am

5gC~cotu3 j 1m
A 2tanu3 j 2m

A !V8
Am1gCj cm

A gAm,

~34!
1-7



K. LANE AND S. MRENNA PHYSICAL REVIEW D 67, 115011 ~2003!
TABLE II. Anomaly factors forG1→G2pT for Gi a transverse electroweak boson,g,Z0,W6. Here,cx

5cosx andcx 85cosx 8.

Process VG1G2pT

g→gpT
0 2(QU1QD)cx

→gpT
08 2(QU

2 1QD
2 )cx8

→Z0pT
0 (QU1QD)cx (124sin2uW)/sin2uW

→Z0pT
08 cx8@124(QU

2 1QD
2 )sin2uW#/sin2uW

→W6pT
7 (QU1QD)cx /(2sinuW)

Z0→gpT
0 (QU1QD)cx (124sin2uW)/sin2uW

→gpT
08 cx8@124(QU

2 1QD
2 )sin2uW#/sin2uW

→Z0pT
0 2(QU1QD)cxcos2uW /cos2uW

→Z0pT
08 2cx8@cos2uW14(QU

2 1QD
2 )sin4uW#/sin22uW

→W6pT
7 2(QU1QD)cx /(2cosuW)

W6→gpT
6 (QU1QD)cx /(2sinuW)

→Z0pT
6 2(QU1QD)cx /(2cosuW)

→W6pT
0 0

→W6pT
08 cx8 /(2sin2uW)
d

om
a

r-
n-
ha
e

at
s
he

y

ar 1

ion

e-

gni-

c-
e

where j cm
A 5 j 1m

A 1 j 2m
A is theSU(3)C current.

We consider the couplings of both standard@14# and
flavor-universal@30# TC2 models. In standard TC2, top an
bottom quarks couple toSU(3)1 and the four light quarks to
SU(3)2. The fermion parts of theSU(3)1,2 currents are

j 1m
A 5

1

2
T̄1gmlAT11 (

a5t,b

1

2
q̄agmlAqa;

j 2m
A 5

1

2
T̄2gmlAT21 (

a5u,d,c,s

1

2
q̄agmlAqa . ~35!

In this case, colorons decay strongly to top and bott
quarks and weakly to the light quarks. In flavor-univers
TC2 all quarks couple toSU(3)1, not SU(3)2, so that col-
orons couple to all flavors with equal strength.

We assume thatSU(NTC), not top-color SU(3)1
^ U(1)1, interactions dominate the formation of colo
nonsingletrT and pT states. This is an assumption of co
venience; it may be inconsistent with the requirement t
U(1)1 is instrumental in driving the nondiagonal form of th
condensates in Eq.~4!. On firmer ground, we assume th
techni-isospin is not badly broken by ETC interactions
that therT8 are isosinglets. Then, a useful initial basis for t
ground staterT8’s that mix with g andV8 is

ur11
A &5~lA/2!abuU1aŪ1b1D1aD̄1b&12

ur22
A &5~lA/2!abuU2aŪ2b1D2aD̄2b&12

ur12
A &5~lA/2A2!abuU1aŪ2b1D1aD̄2b1~1↔2!&12

ur128
A &5 i ~lA/2A2!abuU1aŪ2b1D1aD̄2b2~1↔2!12.

~36!
11501
l

t

o

The first two of these states,r11 andr22, mix with V8 andg.
The top-color-breaking condensate in Eq.~4!, ^T̄1LT2R&
Þ0, causes them to mix withr12 and r128 also. TherT8
mixing with g and V8 is purely kinetic and is governed b
the U(2) matrices WL,R

U,D that diagonalize theT̄LiTR j

condensates.8 These matrices appear, e.g., in theSU(3)1 cur-
rent as follows:9

j 1m
A 5

1

2 (
T5U,D

T̄iLWLi1
T† gmlAWL1 j

T TjL1~L→R!1•••.

~37!

Even though technicolor may be the strongest ofT1,2’s
interactions, the top-colorSU(3)1^ U(1)1 interactions are
not weak perturbations; they must be strong enough ne
TeV to condense top quarks. Therefore, theU(1)1 interac-
tions must be custodial-isospin invariant in the techniferm
sector@35,36#. On the other hand, theSU(3)2 interactions of
T2 are relatively weak. Thus, the approximate chiral symm
try of T1 andT2 is

@SU~2!L ^ SU~2!R#1^ @SU~6!L ^ SU~6!R#2 . ~38!

8The condensate in Eq.~4! breaksSU(3)1^ SU(3)2 down to or-
dinary color, SU(3)C . The unitary aligning matricesWU,D

5WL
U,D (WR

U,D)†. See Ref.@34# for a recent discussion of vacuum
alignment in technicolor, the physics that gives rise toWL,R

U,D . It is
likely that all elements of these matrices are comparable in ma
tude. For economy in the default parameters, we shall takeWR

U,D

51, so thatWU,D5WL
U,D.

9In standard TC2, these currents are parity-violating ifWL

ÞWR . In flavor-universal TC2, the quark currents are purely ve
torial because theWL,R are unitary. The same is always true of th
SU(3)C currents.
1-8
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Then technifermion condensation leads to a number
~pseudo!Goldstone boson technipions. Although we assu
that the technirhos are too light to decay into a pair of te
nipions, they may decay into one of them plus a gluon. T
relevant technipions are an isosingletSU(3)C octet T̄2T2

state and the color-singletpT
08 discussed in Sec. I. The colo

octet state is10

upT8
A &5~lA/2!abuU2aŪ2b1D2aD̄2b&02. ~39!

In the absence ofrT8 mixing, only r22 decays into one of
these technipions plus a gluon. The strength ofr22→gpT

08 is
controlled by cosx9, wherex9 is another mixing angle.

For the straw man model,pT8 is assumed to decay int
either fermion-antifermion pairs or two gluons, with the d
cay rates:

G~pT8→ f̄ f !5
1

4pFT
2
NfpfC8 f

2 mf
2

G~pT8→gg!5
1

128p3FT
2
aC

2 C8g
2 NTC

2 MpT8

3 . ~40!

Here,C8 f is an ETC-model dependent constant. In Ref.@25#
the colored technifermionsT1,2 do not couple to quarks an
leptons. Accordingly, we take the default valueC8 f50. To
turn onpT8→b̄b, setC8b.1. In TC2 models, thet̄ t mode
hasC8t.mb /mt . The number of colors of fermionf is Nf ;
its momentum ispf ; aC is the QCD coupling evaluated a
the technipion mass; andC8g

2 is anSU(3)C Clebsch of order
1. We use the color-singlet sector technipion decay cons
FT5Fpsinx. The default values of these and other para
eters are tabulated at the end of this paper.

V. rT8 AND V8 DECAY RATES

In low-scale technicolor, color-triplet and octet technipi
masses are expected to be a few hundred GeV. As noted
expect therT8 to decay intoq̄q andgg dijets andgpT . The
energy-dependent two-parton decay rates are~for r i j mass
As)11

10This state is essentially the same as thehT appearing, e.g., in the
one-family technicolor model@26#. However, and this is an impor

tant feature of TC2 models, it does not have a strong coupling tt̄ t

and, therefore, does not appear as a resonance int̄ t production as
described in Ref.@37#.

11Zerwekh and Rosenfeld have argued that hidden local symm
implies rT8→gg is forbidden@38#. However, as Chivukula, Gran
and Simmons have shown, hidden local symmetry is inappropr
for bound staterT8’s. The latter authors do emphasize that there
some uncertainty in the strength of therT8→gg amplitude@39#.
Nevertheless, we use the canonical decay rate from Ref.@26#.
11501
f
e
-
e

-

nt,
-

we

G~r i j →q̄aqa!5
aC

6 Ujgd i j 1
gajr i j

s

gC~s2MV8

2 !
U2

3S 11
2ma

2

s D ~s24ma
2!1/2,

G~r i j →gg!5
aC

2Asd i j

4arT

, ~41!

whereMV8

2 5MV8

2 2 iAsGV8
(s), andGV8

(s) is defined in Eq.

~46! below. The couplings in Eq.~42! are obtained from Eqs
~35!–~38!; for WRi j

U,D5d i j , they are

ga5S gCcotu3 for qa5t,b

2gCtanu3 for qa5u,d,c,sD ~standard TC2!

ga5gCcotu3 ~flavor universal TC2!

arT
5

grT

2

4p
52.91S 3

NTC
D

jg5
gC

grT

jr11
5

2gC

grT
sin2u3

F1

4
~ uWL11

U u21uWL11
D u212!2sin2u3G

jr22
5

2gC

grT
sin2u3

F1

4
~ uWL12

U u21uWL12
D u2!2sin2u3G

jr12
5

gC

A2grT
sin2u3

Re@WL11
U* WL12

U 1WL11
D* WL12

D #

jr128
5

gC

A2grT
sin2u3

Im@WL11
U* WL12

U 1WL11
D* WL12

D #.

~42!

It is clear from these expressions how to generalize
WR

U,DÞ1. We have assumed that therT8→pTpT coupling
grT

is the same for all ground-state technirhos, and the sa
that we have used for color singlets; as usual, we use
naive large-NTC value. Using Eq.~5!, the jrT8

parameters
become

jr11
5

2gC

grT
sin2u3

H 1

4
@21~WL11

U !21~WL11
D !2#2sin2u3J

jr22
5

2gC

grT
sin2u3

H 1

4
@22~WL11

U !22~WL11
D !2#2sin2u3J

~43!

ry

te
s
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jr12
5

gC

A2grT
sin2u3

@WL11
U A12~WL11

U !2cosfU

1WL11
D A12~WL11

D !2cosfD#

jr128
5

gC

A2grT
sin2u3

@WL11
U A12~WL11

U !2sinfU

1WL11
D A12~WL11

D !2sinfD#.

Only ther22 can decay togpT ; the rates are

G~r22→gpT8!5
5aCp3

9M8
2

G~r22→gpT
08!5

2aCcos2x9p3

9M8
2

.

~44!

Here,p5(s2MpT

2 )/2As is the gluon orpT momentum and

M8 is a mass parameter of order several hundred GeV, an
gous to the parameterMV in Eq. ~10!. So long aspT8→gg is
the octet technipion’s principal decay mode, it will be dif
cult, if not impossible, to detect it inr22 decays.

The V8 colorons are expected to be considerably hea
than therT8 @31,33#. Since they couple to quarks, they ca
decay to dijets; see Eqs.~35!, ~36!. In both the standard an
flavor-universal models, colorons couple strongly toT̄1T1,
but with strengthgC to T̄2T2. Since relatively light technipi-
ons areT̄2T2 states, we expectG(V8→pTpT)5O(aC) and
G(V8→gpT)5O(aC

2 ). In this paper, we make the simplify
ing assumption that such decays are irrelevant.12 Then theV8
decay rate is the sum over open channels of

G~V8→q̄aqa!5
aa

6 S 11
2ma

2

s D ~s24ma
2!1/2, ~45!

whereaa5ga
2/4p was given in Eq.~43! for the two types of

TC2 models we consider.

VI. SUBPROCESS CROSS SECTIONS FOR DIJETS

The subprocess cross sections presented below as
massless initial-state partons. They are averaged over in
spins and colors. These cross sections require the propa
matrix describing mixing between the gluon,V8 and the
rT8’s. We have assumed that the mixing between ga
bosons andrT8 is purely kinetic, proportional tos. There are
also mixing termsMi j ,kl

2 5Mkl,i j
2 between differentrT8, in-

duced byT̄1T2 condensation. They are given by

12A heavyV8 may be able to decay to technihadron pairs conta

ing T̄1T1. We shall not attempt to include these modes in theV8’s
energy-dependent width. This approximation is good at Teva
energies.
11501
lo-
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me
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M11,22
2 5

1

2
@ uW12

U u21uW12
D u2#M88

2

5
1

2
@22~WL11

U !22~WL11
D !2#M88

2

M11,12
2 5

1

A2
Re@W11

U W12
U 1W11

D W12
D #M88

2

5
1

A2
@WL11

U A12~WL11
U !2cosfU

1WL11
D A12~WL11

D !2cosfD#M88
2

M11,128
2

52
1

A2
Im@W11

U W12
U 1W11

D W12
D #M88

2

52
1

A2
@WL11

U A12~WL11
U !2sinfU

1WL11
D A12~WL11

D !2sinfD#M88
2 ~46!

M22,12
2 5

1

A2
Re@W21

U W22
U 1W21

D W22
D #M88

2

52
1

A2
@WL11

U A12~WL11
U !2cosfU

1WL11
D A12~WL11

D !2cosfD#M88
2

M22,128
2

5
1

A2
Im@W21

U W22
U 1W21

D W22
D #M88

2

5
1

A2
@WL11

U A12~WL11
U !2sinfU

1WL11
D A12~WL11

D !2sinfD#M88
2

M12,128
2

52
1

2
Im@~W12

U !21~W12
D !2#M88

2

52
1

2
@„12~WL11

U !2
…sin2fU

1„12~WL11
D !2

…sin2fD#M88
2.

Here,M88 is another technicolor scale mass parameter of
der M8. In the second equalities, we assumedWR

U,D51 and
used Eq.~5!. The g-V8–r11-r22-r12-r128 propagator is the
inverse of the symmetric matrix

-

n
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2 2M11,128

2
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D21~s!51 sjg sjr22 2M11,22
2 s2M22

2 2M22,12
2 2M22,128

2

0 sjr12 2M11,12
2 2M22,12

2 s2M12
2 2M12,128

2

0 sjr128
2M11,128

2
2M22,128

2
2M12,128

2 s2M128
2

2 . ~47!

Here, MV
25MV

22 iAsGV(s) uses the energy-dependent widths of the octet vector bosons. The following combinati
propagators are used in the parton-parton cross sections~here,qa,b5u,d,c,s or t,b):

Dqaqb
~s!5Dgg~s!1S ga1gb

gC
DDgV8

~s!1
gagb

gC
2

DV8V8
~s!

Dgg~s!5sDgg~s!21

Dqag~s!5Dgg~s!1
ga

gC
DgV8

~s!

Dqag~s!5sDqag~s!21. ~48!

The subprocess cross sections for 2→2 scattering of light quarksu,d,c,s,b and gluons are given by~hereqaÞqb):

dŝ~ q̄aqa→q̄bqb!

d t̂
5

4paC
2

9ŝ2
uDqaqb

~ ŝ!u2~ û21 t̂2! ~49!

dŝ~qaqb→qaqb!

d t̂
5

dŝ~ q̄aq̄b→q̄aq̄b!

d t̂
5

4paC
2

9ŝ2
uDqaqb

~ t̂ !u2~ û21 ŝ2! ~50!

dŝ~ q̄aqa→q̄aqa!

d t̂
5

4paC
2

9ŝ2 H uDqaqa
~ ŝ!u2~ û21 t̂2!1uDqaqa

~ t̂ !u2~ û21 ŝ2!2
2

3
Re„Dqaqa

~ ŝ!Dqaqa
* ~ t̂ !…û2J ~51!

dŝ~qaqa→qaqa!

d t̂
5

dŝ~ q̄aq̄a→q̄aq̄a!

d t̂
5

2paC
2

9ŝ2 H uDqaqa
~ t̂ !u2~ û21 ŝ2!1uDqaqa

~ û!u2~ t̂21 ŝ2!2
2

3
Re„Dqaqa

~ t̂ !Dqaqa
* ~ û!…ŝ2J

~52!

dŝ~gg→q̄aqa!

d t̂
5

9

32

dŝ~ q̄aqa→gg!

d t̂
5

3paC
2

8ŝ2 H 4

9 S û

t̂
1

t̂

û
D 2S t̂21û2

ŝ2 D 1
2 t̂ û

ŝ2
uDqag~ ŝ!u2J ~53!

dŝ~qag→qag!

d t̂
5

paC
2

ŝ2 H S ŝ21û2

t̂2 D 2
4

9 S û

ŝ
1

ŝ

û
D 2

2ŝû

t̂2
uDqag~ t̂ !u2J
115011-11
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dŝ~gg→gg!

d t̂
5

9pac
2

32ŝ2 H UDgg~ ŝ!S t̂2û

ŝ
D 1Dgg~ t̂ !F û2

ŝ2 S ŝ2û

t̂
D 1

8û

ŝ
G1

2ŝ

t̂
U2

1UDgg~ ŝ!S û2 t̂

ŝ
D

1Dgg~ û!F t̂2

ŝ2 S ŝ2 t̂

û
D 1

8 t̂

ŝ
G1

2ŝ

û
U2

1ReXH Dgg* ~ ŝ!S t̂2û

ŝ
D 1Dgg* ~ t̂ !F û2

ŝ2 S ŝ2û

t̂
D 1

8û

ŝ
G1

2ŝ

t̂
J H Dgg~ ŝ!

3S û2 t̂

ŝ
D 1Dgg~ û!F t̂2

ŝ2 S ŝ2 t̂

û
D 1

8 t̂

ŝ
G1

2ŝ

û
J C1UDgg~ ŝ!S t̂2û

ŝ
D 1Dgg~ t̂ !S û22 ŝ2

ŝ2 D U2

1UDgg~ ŝ!S û2 t̂

ŝ
D

1Dgg~ û!S t̂22 ŝ2

ŝ2 D U2

1ReH F Dgg* ~ ŝ!S t̂2û

ŝ
D 1Dgg* ~ t̂ !S û22 ŝ2

ŝ2 D G
3FDgg~ ŝ!S û2 t̂

ŝ
D 1Dgg~ û!S t̂22 ŝ2

ŝ2 D G J 1S û41 t̂4

ŝ4 D XUDgg~ t̂ !S ŝ2û

t̂
D 1

2ŝ

t̂
U2

1UDgg~ û!S ŝ2 t̂

û
D 1

2ŝ

û
U2

1ReH FDgg* ~ t̂ !S ŝ2û

t̂
D 1

2ŝ

t̂
GFDgg~ û!S ŝ2 t̂

û
D 1

2ŝ

û
G J C

14S t̂ û

ŝ2 D 2

@ uDgg~ t̂ !u21uDgg~ û!u21Re„Dgg* ~ t̂ !Dgg~ û!…#J . ~54!

For massless partons,t̂52 1
2 ŝ(12cosu) and û52 1

2 ŝ(11cosu) whereu is the cm scattering angle.
The cross sections for top quark production are:

dŝ~ q̄aqa→ t̄ t !

d t̂
5

4paC
2

9ŝ4
uŝDqat~ ŝ!u2@~ û2mt

2!21~ t̂2mt
2!212mt

2ŝ# ~55!

dŝ~gg→ t̄ t !

d t̂
5

3paC
2

8ŝ2 H 4

9 F ~ t̂2mt
2!~ û2mt

2!22mt
2~ t̂1mt

2!

~ t̂2mt
2!2

1
~ t̂2mt

2!~ û2mt
2!22mt

2~ û1mt
2!

~ û2mt
2!2 G

1
~ t̂2mt

2!~ û2mt
2!1mt

2~ t̂2û!Re„D tg~ ŝ!21…

ŝ~ t̂2mt
2!

1
~ t̂2mt

2!~ û2mt
2!1mt

2~ û2 t̂ !Re„D tg~ ŝ!21…

ŝ~ û2mt
2!

1
2

ŝ2
~ t̂2mt

2!~ û2mt
2!@ uD tg~ ŝ!u211#2

mt
2~ ŝ24mt

2!

9~ t̂2mt
2!~ û2mt

2!
J . ~56!

Here, t̂5mt
22 1

2 ŝ(12b tcosu) whereb t5A124mt
2/ ŝ.
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VII. HADRON COLLIDER PHENOMENOLOGY

In this section, we concentrate on the phenomenology
the color-octet sector of the TCSM. The color-singlet sec
has been studied in Refs.@1,3–7,17,18,22#. Numerical results
are presented for the Tevatron collider, since new strong
teractions may be visible there if they are related to el
troweak symmetry breaking and the top quark’s mass.
results are readily generalizable to the LHC.

The impact of the coloronV8 on high-pT scattering has
been explored in the past@33,40,41# and, by itself, it is easy
to understand. The improvement in the present approach
include the full propagator structure, with an energ
dependent widthGV8

(s) for the coloron. The simplification
of treating coloron-exchange as a contact term is approp
11501
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when the coloron is very heavy andAsGV8
(s)!MV8

2 .
Let us first ignore the subleading effects of kinetic mixin

with the color-octet technirhos. Then, in fermion scatteri
processes, the coloron appears as a modification to the g
propagator which may depend on the fermion generatio
For standard TC2, there is an enhanced coloron couplingb
andt quarks, which changes the gluon propagator connec
pairs of fermions to

Dqt~s!5
1

s F12
s

s2MV8

2 2 iAsGV8
~s!G . ~57!

In the limit MV8
@mt , the energy dependent width scales

As. For the ‘‘NJL-inspired’’ value of the top-colorSU(3)
1-12
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mixing angle, tanu35A0.08, the coloron width is roughly
As/3. Below resonance, the coloron interferes constructiv
and can thus manifest itself as an energy-dependent enha
ment of theb or t quark cross sections. The invariant ma
distribution of top quark pairsM t̄ t was measured by bot
the Collider Detector at Fermilab~CDF! and DO” @42,43#,
and it constrains the values ofMV8

and tanu3 ~the latter
dependence arises indirectly through the coloron wid!.
Roughly, these measurements are consistent with a col
mass near 1 TeV, with little restriction on the value
tanu3.13 From theMb̄b distribution, CDF@20# excludes stan-
dard TC2 colorons in the mass range 2802670 GeV for
GV8

/MV8
50.3. The limit worsens as the width is increase

essentially vanishing forGV8
/MV8

.0.7.
For flavor-universal TC2, there is an enhanced colo

coupling to all flavors of quarks:

Dqq8~s!5
1

s F11
1

tan2u3

s

s2MV8

2 2 iAsGV8
~s!G . ~58!

In contrast to standard TC2, the coloron interferes dest
tively below resonance, almost cancelling the simple glu
exchange atAs5MV8

sinu3. Furthermore, the on-mass-she
coloron width is comparable to its mass for our defa
choice of parameters. We shall see below that consiste
with the CDF and DO” data tends to require a universal co
oron mass of several TeV, in agreement with the DO” limit
resulting from dijet measurements@33#. Despite the fact tha
the interference occurs for all flavors of quarks in flavo
universal TC2, theM t̄ t distribution itself ultimately may be
the most constraining, because of the relative importanc
q̄q annihilation to other partonic processes. In dijet cro
sections, many different subprocesses contribute, some
s-channel gluon exchanges~which are destructive below
resonance! and some witht andu-channel exchanges~which
are constructive!.

While the coloron phenomenology is straightforward, t
effects of the color-octet technirhos are less transparent
simplify the discussion, we consider first the case of a c
oron and a single technirho mixing with the gluon and c
oron. The inverse propagator matrix describing the glu
V8-rT8 mixing is

D 0
21~s!5S s 0 sj

0 s2MV8

2
sj8

sj sj8 s2Mr
2
D , ~59!

wherej5jg andj85jr i j
set the strength of the kinetic mix

ing. The cross sections depend on the propagators@see Eq.
~49!#,

13This and the following statement for the universal coloron
based on basic fits to the public run I data, but a more system
analysis is needed. There are no published results on limits for w

resonances in thet̄ t system.
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Dgg5
~s2MV8

2 !~s2Mr
2!2s2j82

DetD 0
21

5
1

s
1

s~s2MV8

2 !j2

DetD 0
21

~60!

DgV8
5

s2jj8

DetD 0
21

~61!

DV8V8
5

s~s2Mr
2!2s2j2

DetD 0
21

5
1

~s2MV8

2 !
1

s3j82

~s2MV8

2 !DetD 0
21

~62!

DetD 0
215s~s2MV8

2 !~s2Mr
2!

2s2@sj821~s2MV8

2 !j2#. ~63!

When written in this form, the gluon and coloron comp
nents are approximately separated from the technirhos.

The t̄ t cross section involvesDqt , which depends on the
specific model. For standard TC2, it has the form

Dqt5
1

s
2

1

s2MV8

2
1

1

DetD 0
21 F s~s2MV8

2 !j2

1s2jj8S 2tanu31
1

tanu3
D2

s3j82

s2MV8

2 G . ~64!

The technirho phenomenology is determined by the
term. Takingr5r22, e.g., this can be written asj2s2 times
the dimensionless quantity

N5r 2tan2u3Yr S 12W2

2sin2u3

21D 2

1~12tan2u3!S 12W2

2sin2u3

21D , ~65!

with r 512M V8

2 /s and we putW5W11
U 5W11

D .

For small coloron-technirho mixing,j@uj8u, the tech-
nirho contribution toDqt reduces toj2/(s2Mr

2), yielding
the behavior of a narrow resonance. For comparablej and
j8, the maximum ofDqt nears5M r

2 is no longer just in-
versely proportional toGr , but also depends onj82GV8

/r 2.
The effective technirho width is larger and the cross sect
is smaller, depending on the mixing and coloron propert
Furthermore, certain relations may exist among the par
eters inN that weaken the resonant behavior. For examp
the numerator vanishes forr 5j8/jtanu3 or r 5
2j8/jcotu3. We generally expect that technirhos are ligh
than the coloron, so only the latter solution is relevant. T

e
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relation is difficult to satisfy unlessW is small. As an ex-
ample, forW50, r 5(1/0.4)2, and tanu350.295, we have
N50. Similar remarks hold in the case of the flavo
universal coloron, where the simplified propagator has
form

Dqt5
1

s
1

cot2u3

s2MV8

2
1

1

DetD 0
21 F s~s2MV8

2 !j2

12s2jj8cotu31
s3j82cot2u3

s2MV8

2 G . ~66!

In particular, the same condition,r 52j8/jcotu3, makes the
numerator factor corresponding toN vanish.

While this one-technirho example illustrates the propa
tor structure, the full TC2 model’s additionalrT8’s and their
mixing can lead to substantially more complicated spectra
addition, ther22 can have significantgpT

08 andgpT8 decay
rates that decrease the cross section on resonance. The r
ant phenomenology can be quite rich. Here, we focus
several benchmark models that demonstrate some intere
features. For further background, we note that CDF pla
limits on the additional cross section fromnarrow reso-
nances (G/M,0.1) in theMb̄b @20# andM t̄ t @42# distribu-
tions. For invariant masses less than about 550 GeV,Mb̄b is
more sensitive, whileM t̄ t is more sensitive above. Neithe
of these run I limits excludes a single, isolated technirho
either theb̄b or t̄ t channels. It is not a trivial matter to appl
these limits to the cases when several technirhos have c
parable mass or when the coloron is relevant.

A. Benchmark I: Standard TC2—M t̄t with various M rT8

This benchmark studies effects from standard TC2 on
invariant mass distribution oft̄ t pairs produced at the Teva
tron in run I (As51.8 TeV and *Ldt5100 pb21). The
curves were generated usingPYTHIA, but only at the parton
level, and with no efficiency or resolution effects. Th
masses of ther22, r11 andV8 were fixed in the ratio 2:3:5
with the r12 and r21 degenerate in mass at the average
M r11

andM r22
.14 We set the massMpT8

5300 GeV. Initially,

we choose tanu350.3 andW51/A2; all other parameters
are given by their default values in Table III. For normaliz
tion, the standard model distribution is shown as the fil
histogram in Fig. 1. AsM r22

~and hence all other masse
from the fixed ratio! is increased from 0.4 TeV~solid line,
upper panel! to 0.5 TeV~dashes! to 0.6 TeV~dash-dot!, nar-
row peaks occur with roughly the same relative enhancem
over the standard model distribution: the value ofN5
23.33 is the same atAs5M r22

in each case. The absolu
size of the peaks decreases with increased mass becau
the decreased partonic luminosity. We also studied the

14This pattern of technirho masses is assumed throughout the
of this analysis, and is motivated by a valence technifermion
proximation.
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pendence of these results onW and tanu3 for a fixed value of
r2250.5 TeV ~lower panel!. First tanu3 is increased~solid!
with all other parameters at the baseline value, secondW is
decreased~dashes! with all other parameters at the baselin
value, and third both tanu3 andW are varied simultaneously
~dash–dot! with all other parameters fixed. In these last thr
cases, the value ofN at As5M r22

varies from 24.55 to

20.80 to23.16, which is reflected in the relative height
the peaks. The latter should be compared to the base
value ofN523.33. Note that none of the individual reso
nances is excludable with run I data; a full shape analy
may be sensitive to the first set of parameters~upper panel,
solid line!. A promising model-line for study by the exper
ments is to varyM r22

with the mass ratio fixed and for spe

cific values ofW and tanu3. It would also be interesting to
vary the parameterM88 , which induces hard mixing betwee
the rT8’s in Eq. ~47!. As apparent from the plots, the tech
nirho pole masses are shifted from the value of the in
mass parameter because of the off-diagonal terms there

One can also consider theb̄b final state to complemen
the t̄ t distributions. While there are several sources ofb̄b
production, the largest effect is expected to occur in the
rect production mechanism. This can be isolated by requir
two, high-pT , b-tagged jets that are balanced azimutha
(Df;p). While such a search would give sensitivity torT8

states below thet̄ t threshold, it would not greatly improve
the search for higher mass states.

B. Benchmark II: Flavor-universal TC2—M t̄t

with various M rT8

This benchmark studies the impact of flavor-univer
TC2. The parameter choices are identical to the case
benchmark I for standard TC2, except that the masses o
r22, r11 and V8 fixed in the ratio 2:3:15, because of th
coloron’s stronger coupling in these models. The results
displayed in Fig. 2. TheM t̄ t distribution is distorted both by
the presence of narrowrT8’s and the destructive interferenc
between the gluon and coloron—even though the flav
universal coloron has a mass of 3–4.5 TeV. As in the fi
benchmark, none of the individual technirho resonances
be excluded with run I data. The caseM r22

50.4 TeV corre-

sponds to theMV8
tanu350.84 TeV limit set from the DO”

dijet data by Bertram and Simmons@33# without including
the rT8’s.

C. Benchmark III: Standard TC2—M t̄t with various M V8

This benchmark demonstrates the variation with the c
oron mass in standard TC2. The technirhos are fixed at
mass values of M r22

50.35 TeV, M r11
50.55 TeV, and

M r12,21
50.45 TeV. This is specifically chosen so that ther22

is below the t̄ t threshold; the resultant peak inMb̄b ~not
shown here! is consistent with the run I limits discussed ea
lier @20#. The results are shown in Fig. 3. For these choic
of parameters, narrow resonances appear nearM r11

and

M r21
. The appearance of two significant peaks for a low

est
-
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value of tanu350.2 ~upper panel, dash-dot! may be exclud-
able by a multiresonance analysis, but is presently allow
by the run I data. A promising model-line for this benchma
is to vary the technirho mixing throughW and tanu3 with all
other masses fixed. For extreme values of the coloron m
this will become similar to benchmarks V and VI describ
later.

D. Benchmark IV: Flavor-universal TC2—M t̄t

with various M V8

The parameter choices here are similar to that of ben
mark III for standard TC2, except that the colorons a
heavier. The results are shown in Fig. 4. As in benchmark
there are narrow resonances, but destructive rather than
structive gluon-coloron interference. The standard model
variant mass distribution is greatly distorted, except for
case of a heavierr11 ~lower panel, dash-dot!. The coloron
massMV8

53 TeV in this case is consistent with the lim

obtained by Bertram and Simmons.

E. Benchmark V: Universal TC2 jets with large M V8

Our last two benchmarks illustrate the effect of flavo
universal TC2 on light-parton dijet mass distributions. F
the first, the coloron is taken heavy, and we focus on
lighter technirho resonances. This corresponds to the C
search in run I for a single~pre-TC2! color octet technirho
@19#. Dijets in this study were required to haveucosuu,2/3
and uhu,2.5 for the cms scattering angle and rapidity. T
search excluded arT8 resonance in the mass range of 2
2480 GeV. The standard model prediction is shown in Fig
by the solid histogram. The first two curves are for technir
masses of M r22,11

5300, 400 GeV ~solid! and M r22,11

5350, 450 GeV~dashes!. As before,M r12,21
is taken as the

average of these. Significant features appear in the inva
mass distribution, but shifted from the inputM r i j

because of

mixing effects in the 636 propagator matrix. The 300 Ge
r22 sits on too much background to be visible, i.e., in th
model it could not be excluded by the CDF search in run
The last four curves treat the case of only one light techni
and, as expected, they exhibit resonant structure quite
the input mass. A promising model-line is to start with nea
equal values forM r22

and M r11
, and slowly increaseM r11

until the single technirho limit is reached. Also, the sensit
ity to mass splitting and the mixing parameterM88 should be
considered.

F. Benchmark VI: Universal TC2 jets with moderate M V8

The last benchmark studies the effect of a coloron fr
flavor-universal TC2 on the dijet invariant mass distrib
tions. In run I, CDF@19# and DO” @45# excluded a flavor-
universal coloron with masses less than 7592980 GeV, de-
pending on tanu3. We have chosenM r11,22

5450, 550 GeV,
but they have little effect on the distribution. The main p
rameters are the coloron mass and coupling. The stan
model distribution is shown in Fig. 6 by the solid histogra
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after applying the cuts noted in the caption. ForMV8

51.5 TeV and tanu350.3 ~upper panel, solid!, there is a
significant enhancement over the standard model distr
tion. However, forMV8

52 TeV ~dashes! and 2.5 TeV~dash-
dot!, there is little distortion. Note that, for ordinary dije
production, the effect of a flavor universal coloron belo
resonance is to increase the cross section~see also@44#!. This
is because of the dominance oft̂ channel coloron exchang
in the QCD subprocesses, which cannot interfere dest
tively.

We have presented numerical results for Tevatron run
indicate, crudely, the range of TC2 parameters allowed
the data. Much more systematic studies need to be car
out for the parameter ranges allowed by existing data and
reach anticipated for future data. These studies should
clude detector effects, efficiencies, etc. The expected
provement from Tevatron run II will be statistical, resultin
from the increased beam luminosity and partonic luminos
at largerx. Since the standard modelt̄ t cross section in-
creases similarly, the relative importance of colorons or te
nirhos is basically unchanged. To make one more con
with run I studies, we show in Fig. 7 the expected contrib
tion of a single, narrow technirho to thet̄ t distribution
~simulated by making the other technihadrons and colo
very heavy!. This case is unrepresentative of any TC2 mod

Finally, in our examples, we focused on TC2 effects
standard model final states. The decaysrT8→gpT

08 and
gpT8 were included when calculating therT8 width, but the
direct production ofrT8 followed by the subsequent deca
pT was not. A direct search forrT8→gpT

08→gb̄b would be
challenging. The default decay ofpT8, motivated by certain
TC2 models, is to two gluons. This is probably impossible

TABLE III. Default values for parameters in the technicolo
straw man model. As in Refs.@1,16#, the technipion decay constan
is FT5Fpsinx with a default value of 82 GeV, and therT

→pTpT coupling isarT
52.91(3/NTC). The default model is stan

dard TC2 @14#. We have setWR
U,D51 and used Eq.~5! for the

matrix elementsWLi j
U,D .

Parameter Default Value Parameter Default Valu

NTC 4 arT
(NTC/3) 2.91

sinx 1
3 sinx8 1/A6

QU
4
3 QD5QU21 1

3

C1t,c,b 1 C1t mb /mt

C1g
2 4

3 uervu 0.05

FT5Fpsinx 82 GeV MV,A 200 GeV
M r

T
6 ,vT ,r

T
0 210 GeV Mp

T
6 ,p

T
0 ,p

T
08 110 GeV

sinx9 1/A2 tanu3 A0.08
C8s,c,b,t 0 C8g

2 5
3

MpT8
250 GeV MV8
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isolate above backgrounds. Nevertheless, a search forpT8

→b̄b ~or even t̄ t) would be worthwhile.

VIII. DISCUSSION AND CONCLUSIONS

In this paper, we improved and extended the technico
straw man model for testing low-scale technicolor, i.e.,
notion that dynamical electroweak symmetry breaking
quires a large number of electroweak doublets of techni
mion and, therefore, that the technicolor energy scale ma
only a few hundred GeV. The improvements were made

FIG. 1. Invariant mass distributions of top quark pairsM t̄ t com-
pared to the standard model distribution for several choices of
rameters in standard TC2.

FIG. 2. Invariant mass distributions of top quark pairsM t̄ t com-
pared to the standard model distribution for several param
choices in flavor-universal TC2.
11501
r
e
-
r-
be
o

the color-singlet sector of the TCSM, and are largely app
cable toe1e2 colliders operating below the narrowrT and
vT resonances expected at several hundred GeV. The pr
pal signals here arepT production—either in associatio
with a g, W6, or Z0, or in pairs—or a narrow,1,2 reso-
nance.

We extended the TCSM by including a color-nonsing
sector. This is based on models of top-color-assisted tec
color in which top-color is broken by technifermion conde
sates. This approach, summarized in Sec. I, is still the o
fully described dynamical scheme for generating the
quark’s mass. It, too, requires low-scale technicolor. A
though the naturalness of TC2—the requirement that t

a-

er

FIG. 3. Similar to Fig. 1, but showing the variation with coloro
mass.

FIG. 4. Similar to Fig. 2, but showing the variation with coloro
mass.
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color gauge boson masses,MV8
and MZ8 , not be much

larger than 1 TeV—is challenged byB-meson mixing mea-
surements, there is enough room to evade those constr
that other, independent tests of TC2 are needed. Hadron
lider experiments are particularly incisive. There, product
of ordinary jet andt̄ t and b̄b pairs may reveal color octe
rT8 and V8 resonances, the latter for subprocess ener
well below MV8

. We considered both variants of TC2, th
standard version proposed by Hill in which the color
couples strongly only to top and bottom quarks, and
flavor-universal TC2 advanced by Simmons and her colla
rators. For a large and probable range of TCSM param
space, the effects of these two variants ont̄ t production are

FIG. 5. Dijet invariant mass distributions compared to the st
dard model distribution for flavor universal TC2 with a heavy c
oron, but light technirhos.

FIG. 6. Similar to Fig. 5, except considering light colorons.
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striking, and strikingly different.
All of the color-singlet and nonsinglet processes discus

in this paper are now included in the event generatorPYTHIA.
This should provide many happy hours of detailed studies
experimental collaborations at the Tevatron and the LHC
well as refined reanalysis of data from LEP and opportuni
for those yearning for studies of nonsupersymmetric phys
in the TeV region of a lineare1e2 collider. An application to
LEP physics was presented in Ref.@3#. To illuminate our
discussion for hadron colliders, we considered several ben
mark parameter sets and studied their effect on observa
for Tevatron run I conditions. Our parton-level studies w
PYTHIA are qualitative. A quantitative discussion of jet
heavy quark observables requires detailed simulations,
cluding features of real detectors and running conditions.
are encouraged that, where a comparison is possible,
numerical results are in reasonably good agreement w
published run I limits on colorons and technirhos.

Top quark pair production at the Tevatron is an ide
probe for top-color, TC2 and other new dynamics associa
with producingmt , since the final state is distinctive and it
produced through strong interactions dominated by vale
quark annihilation. There is great sensitivity to the color
even far below resonance. Furthermore, signals for the te
nirhos, which are expected to be lighter than the coloron,
sensitive to the coloron mass through mixing effects. F
standard TC2, the coloron interferes constructively with
gluon in s-channel processes, and enhances the produc
cross section, fairly independently of theSU(3) mixing pa-
rameter, tanu3. Without including relatively lightrT8, the
run I lower bound on the standard TC2 coloron mass
MV8

.1 –2 TeV. On the other hand, there is a significa
reduction of the cross section for flavor-universal TC2. T
effect is further enhanced by the direct appearance of tau3
in the effective couplings between light and heavy quar
The run I coloron bound isMV8

.3 –4 TeV, depending on

-
FIG. 7. The additional cross section~in pb! from a narrow tech-

nirho resonance in a 50 GeV bin of thet̄ t distribution for the
Tevatron run II.
1-17
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tanu3. SincerT8 are expected to be lighter than the coloro
their appearance as narrow peaks in heavy or light quark
production places more stringent bounds on the coloron m
in either model.
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APPENDIX: DEFAULT VALUES FOR PARAMETERS

The suggested default values of the parameters use
this paper are listed in Table III.
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