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Resonant and nonresonant effects in photon-technipion production at lepton colliders
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Lepton collider experiments can search for light technipions in final states made striking by the presence of
an energetic photon:e1e2→gPT . To date, searches have focused on either production through anomalous
coupling of the technipions to electroweak gauge bosons or on production through a technivector meson
(rT ,vT) resonance. This paper creates a combined framework in which both contributions are included. This
will allow stronger and more accurate limits on technipion production to be set using existing data from CERN
LEP or future data from a higher-energy linear collider. We provide explicit formulas and sample calculations
~analytic andPYTHIA! in the framework of the technicolor straw man model, a model that includes light
technihadrons.
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I. INTRODUCTION

Modern technicolor@1# models require a walking gaug
coupling@2,3# to avoid large flavor-changing neutral curren
and extra top quark dynamics such as top-color interact
@4# to generate the large top quark mass. To incorporate th
innovations, a large number of technifermion doublets,ND ,
must typically be present in the model to perform such c
cial tasks as flattening the beta function and breaking
top-color interactions to ordinary color@5–8#. This large
number of doublets also suppresses the technihadron
scale, resulting in a small technipion decay constant

FT'
246 GeV

AND

, ~1!

and very light technipions@5#. For example, ifND510, FT
'80 GeV. With such a low mass scale, the question of c
lider phenomenology becomes of immediate interest, si
the lowest-lying technimeson states could be produced
rectly at current or near future experiments@9,10#.

This study discusses the production of light technime
states at lepton colliders. We focus on providing a comp
phenomenological description of both resonant and n
resonant technimeson production. The framework crea
here should enable the CERNe1e2 collider LEP experi-
ments to obtain more comprehensive limits on light tech
hadrons from their final analyses than have been extra
thus far with the more limited methods available previou
@10,11#. We perform several sample calculations for collide
with As of up to a few hundred GeV, consistent with o
interest in the LEP data. However, our methods are also
plicable to future linear colliders@21# at higher energies.
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We use the technicolor straw man model~TCSM! @12,13#
as a benchmark for assessing the experimental visibility
technipion production. The TCSM assumes that tech
isospin is a good symmetry, and that, in analogy with QC
the lightest technimesons are constructed solely from
lightest technifermion weak doublet (TU ,TD), which trans-
form as SU(3)C singlets and SU(NTC) fundamentals. The
members of the doublet are assigned electric chargesQU and
QD , respectively. This flavor and gauge structure gives r
to the same type of spectrum as two-flavor QCD: namely,
isotriplet and isosinglet of pseudoscalar, pseudo-Goldst
modes, thepT

0,6 andpT8
0, and an isotriplet and isosinglet o

vector modes, therT
0,6 and vT

0. The electric charge assign
ments of the mesons require thatQU2QD51. Since we as-
sume that techni-isospin symmetry is a good symmetry,
technipions should be nearly degenerate in mass, as sh
the technivector modes. When both thepT andpT8 are pos-
sible final states for a given process, we will refer to bo
collectively by the notationPT .

Calculation of matrix elements involving the technihadr
bound states at energies below the technicolor scale,LTC, in
the full non-Abelian technicolor model requires use of lo
energy phenomenological models. In the recent past, two
ferent types of descriptions have been widely used
fermion-antifermion annihilation to a technipion plus ele
troweak gauge boson. In these the initial-state fermio
couple with standard weak couplings to the appropriate e
troweak gauge bosons in thes channel. The descriptions dif
fer in how they handle the weak gauge boson transition
the final state, and can be divided into the following:~1! the
anomaly-mediated approach: the gauge boson couples to
PT in the final state through a technifermion (fT) triangle
anomaly@14,15# @Fig. 1~a!#, and ~2! the technivector (VT)
dominated approach: the gauge boson undergoes a ki
mixing ~that is, a term proportional tos in the inverse propa-
gator matrix! into a rT or vT , which then decays directly
into the PT in the final state@6,12,13# @Fig. 1~b!#. Both
schemes have direct analogues in standard model QCD
culations. Our goal is to synthesize these approaches w
the TCSM to eliminate the shortcomings of each.
©2002 The American Physical Society01-1
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FIG. 1. ~a! The anomaly-mediated productio
mechanism of agPT final state. ~b! The
VT-dominated production mechanism to lowe
order ina.
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In Sec. II we review the details of both the anoma
mediated andVT-dominated approaches to the TCSM a
indicate the limitations of their individual descriptions
technimeson production at lepton colliders. Our calculatio
focus on the processe1e2→gPT because kinematic an
phase space considerations should give it a larger cross
tion than processes involving final-state weak bosons. In S
II C we discuss how to combine the strengths of both
proaches within the TCSM framework. In Sec. III we com
pare analytic cross section predictions fore1e2→gPT in all
three approaches. In Sec. III B we discuss the predictions
the mass recoiling against the photon in the processe1e2

→gPT within the combined framework as implemented
PYTHIA.

II. PHENOMENOLOGICAL APPROACHES

A. Anomaly mediation

In the anomaly-mediated schemes, we assume that
lowest-lying observable states, thepT and pT8 , are pseudo
Nambu-Goldstone modes of the SU(NTC) technicolor theory,
in direct analogy to the QCD pion. The coupling of thesePT
Goldstone modes to a pair,G1 andG2 , of electroweak gauge
bosons is given by@2,16#
01500
s

ec-
c.
-

or

he

M„G1~q!→G2~p1!PT~p2!…

5NTCVG1G2PT

g1g2

8p2FT
«mnlrem~q!en* ~p1!qlp1r

~2!

whereNTC is the number of technicolors, thegi are the cou-
plings of the gauge groups,q and p1 are the momenta and
the e i the polarizations of the gauge bosons@22#. The tri-
angle anomaly factor,VG1G2PT

, is given by@2,16#

VG1G2PT
5Tr@Ta~$T1 ,T2%L1$T1 ,T2%R!#. ~3!

HereTi is the generator associated with the gauge bosonGi ,
and Ta is the generator of the axial current associated w
the technipion

j 5
ma5c̄gmg5Tac; ~4!

in this convention, the generators are normalized such
Tr (TaTb)51/2dab.

Using these expressions, we can calculate the cross
tion for e1e2→gPT in an anomaly-mediated framework
obtaining@15#
s~e1e2→gPT!5
aem

3 /NTC
2

192p2FT
2 ~s2MPT

2 !3/2FUS VggPT
~s!2

2zeLVgZ0PT

sin 2uW
DZ0Z0~s! D U2

1US VggPT
Dgg~s!2

2zeRVgZ0PT

sin 2uW
DZ0Z0~s! D U2G , ~5!
the

ted
rge

gths
es,
m-
an
his
eson
where Dgg(s)215s, DZ0Z0(s)215s2MZ0
2

1 iGZ0MZ0, and
zel5Tel

3 1sin2 uW for chiralitiesl5L,R. For the TCSM, the

anomaly factors involving thepT and pT8 are given by
@11,12#

VggpT
52~QU1QD!cx ,

~6!
VgZ0pT

5
~QU1QD!~124 sin2 uW!cx

sin 2uW
,

Vggp
T8
52~QU

2 1QD
2 !cx8 ,

~7!
VgZ0p

T8
5

~124 sin2 uW~QU
2 1QD

2 !!cx8
sin 2uW

.

A more detailed discussion of this and other processes in
anomaly framework can be found in@11,15,17#. Using this
framework, limits on various TC models have been extrac
from published LEP data on final states with photons, la
missing energy, jet pairs, orbb̄ pairs in @11#. Production of
technipions in the anomaly framework at futuree1e2 col-
liders has been discussed in@18#.

The anomaly-mediated description has the dual stren
of conceptual clarity and relative ease of calculation. It do
however, have a flaw which would not be present in a co
plete technicolor model and which prevents it from being
appropriate description in all kinematic regimes. Since t
scheme does not take into account the heavier technim
bound states of the technifermions~the states equivalent to
1-2
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RESONANT AND NONRESONANT EFFECTS IN PHOTON- . . . PHYSICAL REVIEW D 66, 015001 ~2002!
the QCDr andv, among others!, it can only provide a valid
description of technicolor physics in kinematic regions w
below the propagator poles of the lightest technivector m
son @12#.

B. Technivector meson dominance in the TCSM

To describe the kinematic regime near the technivec
poles, an alternative phenomenological approach is nee
typically this takes the form of theVT-dominance scheme
introduced above. For the TCSM, a framework has been
veloped by Lane@12,13#. Conceptually, the collider experi
ments generate electroweak gauge bosons via the direct
plings of standard model particles to the electroweak ga
fields. The electroweak gauge bosons then convert into t
nivector mesons through mixing terms in the vector pro
gator matrix~for illustration, we display the inverse of th
neutral propagator matrix here!

D0
21~s!5S s 0 s fgrT

s fgvT

0 s2MZ0
2 s fZ0rT

s fZ0vT

s fgrT
s fZ0rT

s2MrT

2
0

s fgvT
s fZ0vT 0 s2MvT

2

D ,

~8!

where the masses,MV
25MV

22 iAsGV , include s-dependent
width effects. The mixing factors aref grT

5j, f gvT
5j(QU

1QD), f Z0rT
5j cot 2uW, and f Z0vT

52j(QU1QD)tanuW

wherej25aem/arT
@12,13#. These vector technimesons d

cay into the lighter spinless technimesons, electrow
bosons, and fermion-antifermion pairs.

The TCSM was developed to describe technihadron p
duction at high-energy hadron colliders for which the conv
luted parton distributions sweep over therT /vT resonance
poles. In its original form, it did not properly include contr
butions that are far below the poles@12#. However, at an
e1e2 collider such as LEP~or a future linear collider!, the
machine’s operating energyAs may be well away from the
resonance. For those cases, it is necessary to include
resonance contributions. At the very least, this may all
more stringent limits on technihadron masses and coupl
to be derived from searches ine1e2 colliders.

The coupling of the initial state electrons to the gau
boson is unchanged from the standard model. The coupl
of the technivectors,rT andvT , to the final state technipion
and photon are given by the TCSM matrix element@12#

M„VT~q!→g~p1!PT~p2!…

5
eVVTgPT

MV
«mnlrem~q!en* ~p1!qlp1r

1
eAVTgPT

MA
„e~q!•e* ~p1!q•p1

2e~q!•p1e* ~p1!•q…, ~9!
01500
l
-

r
d;

e-

ou-
e
h-
-

k

-
-

ff-

gs

e
gs

where the first~second! term is the vector~axial! contribu-
tion, andMV andMA are dynamical mass parameters of t
same order that set the strengths of these terms~for simplic-
ity we set them equal below!. The relevant axial couplings
(AVTgPT

) are zero; the relevant vector (VVTgPT
) couplings

are @12#

VrTgpT
52~QU1QD!cx , VrTgp

T8
5cx8 , ~10!

VvTgPT
5cx , VvTgp

T8
52~QU1QD!cx8 . ~11!

A list of analogous couplings for other gauge bosons andVT
in the TCSM is given in@12#.

The cross section fore1e2→gPT is given by@12#

s~e1e2→gPT!5
paem

2

108MV
2

~s2MPT

2 !4

s2

3@ uGeL
VgPTu21uGeR

VgPTu2

1uGeL
AgPTu21uGeR

AgPTu2#. ~12!

The Gel
XgPT are given by

Gel
XgPT5 (

VT5rT ,vT

XVTgPT
Fel

VT~s!, ~13!

where theXVTgPT
are the vector and axial couplings of th

vector technimesons to the technipion and photon, and

Fel
VT~s!5eDgVT

~s!1
2zel

sin 2uW
DZ0VT

~s! ~14!

includes the coupling of the initial state electrons to t
gauge bosons and the propagator elements that mix the
tor bosons with the technivector mesons. A more deta
discussion of this and other processes in theVT-dominance
approach to the TCSM can be found in@12,13#. The DELPHI
and OPAL experiments at LEP@10# usedVT-dominance to
obtain limits one1e2→rT , vT→gPT and related processe
in the TCSM.

C. Combining both schemes

The center of mass energies of LEP and proposed fu
linear colliders are comparable to the expected masses o
lightest technihadrons in low-scale technicolor: a few hu
dred GeV. Hadron collider experiments are sensitive only
resonant technivector contributions, and therefore need c
sider only contributions from the poles. In contrast, lept
collider experiments have a broader sensitivity and may w
be operating off the poles—especially when their location
unknown. For ane1e2 collider operating slightly below the
poles, it is especially important to understand how the re
nant and non-resonant contributions are combined.

Schematically, we would like to define a matrix eleme
that interpolates between the anomaly-mediated matrix
ment at thePT production threshold and theVT-dominated
matrix element in the region of the technivector poles, tha
1-3
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FIG. 2. These plots displaye1e2→gPT cross sections for twopT masses~50 GeV on the left, and 110 GeV on the right! for fixed rT

andvT masses~200 GeV and 220 GeV, respectively!, as a function of the collider center of mass energy,As. Displayed are the total cros
sections for the anomaly scheme~the dashed curves!, the VT-dominance scheme~the dash-dotted curves!, and a scheme including bot
contributions~the solid curve!. In ~a! we can see that the anomaly scheme provides the dominant contribution at energies well be
resonances, while theVT’s dominate in the region of the poles. The transition region is quite narrow. In~b! the cross section probes only th
region near the resonances. For comparison purposes we also show the unitarity limits for a process with a vector intermediary~top solid
curve! and the tree-level standard modele1e2→W1W2 cross section~central solid curve!.
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Mcombined5Manomaly@ f ~s!#n1MVT
@12 f ~s!#n,

where the interpolating functionf (s) has the limits f (s
→0)→1 and f (s→M rT,vT

)→0. Numerically, we find that

either the anomaly-mediated or theVT-mediated matrix ele-
ment completely dominates the cross section, except
relatively narrow region approximately midway betwe
threshold and the first technivector pole, where they are
approximately equal magnitude~see Fig. 2!. Because of this
behavior, we gain little by implementing such a complicat
scheme rather than simply takingn→0 in the above interpo-
lation, that is, simply adding the relevant matrix eleme
everywhere. This gives us the correct limits, up to nume
cally irrelevant errors.

Adding the matrix elements has several virtues: it rep
duces the correct cross section both well below and in
region of the technivector meson resonances, and it is sim
to implement. In addition, as will be shown shortly, the co
bined cross sections still respect unitarity bounds in the
ergy range of experimental interest. At much higher energ
our description will break down because additional re
nances and continuum technifermion production w
emerge, but that is not relevant to our purposes.
a
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s
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-
l

Since the matrix element in Eq.~2! for the anomaly-
mediated coupling and the vectorial component in Eq.~9! of
the matrix element in theVT-dominated scheme have th
same Lorentz structure, we add them. From the combi
matrix elements, we obtain the cross section fore1e2

→GPT , whereG is a photon or a transversely polarizedZ0:

s~e1e2→GPT!5
paem

2

12s
l~s,MG

2 ,MPT

2 !3/2

3@ uGeL
VGPT~s!u21uGeR

VGPT~s!u2

1uGeL
AGPT~s!u21uGeR

AGPT~s!u2#

1
paem

2 MG
2

2
l~s,MG

2 ,MPT

2 !1/2

3@ uGeL
AGPT~s!u21uGeR

AGPT~s!u2#. ~15!

Here l(a,b,c)5a21b21c222ab22ac22bc and MG is
the mass of the final state gauge boson. The vectorial c
plings for a given fermion helicityl, including bothVT and
anomaly terms, is given by
Gel
VGPT~s!5 (

VT5rT,vT

VVTGPT

MV
S QeDgVT

~s!1
2zel

sin 2uW
DZ0VT

~s! D
1

eNTC

8p2FT
(

G85g,Z0
VG8GPTS QeDgG8~s!1

2zel

sin 2uw
DZ0G8~s! D , ~16!

015001-4
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where in contrast to Eq.~5!, the anomaly contribution now
includes off-diagonal mixing terms in the propagat
DZ0g(s) andDgZ0(s), that are induced by the presence of t
rT and vT in the vector spectrum. The axial couplings a
given by

Gel
AGPT~s!5 (

VT5rT ,vT

AVTGPT

MV

3S QeDgVT
~s!1

2zel

sin 2uW
DZ0VT

~s! D . ~17!

Once again, theZ0e1e2 coupling iszel5Tel

3 2Qe sin2 uW.

This method of combining the anomaly andVT contribu-
tions applies more generally to fermion-antifermion anni
lation into the technipion plus the transverse weak ga
boson at lepton and hadron colliders. The set of all s
differential cross sections, including anomaly andVT terms
and a tabulation of the various anomaly factors in the TCS
will appear in an updated version of@12#.

III. e¿eÀ\gPT

As an example of our results, we study in this section
processe1e2→gPT , both analytically and by means o
PYTHIA simulations. We remind the reader thatPT refers to
both thepT and pT8 . They cannot be distinguished expe
mentally unless thepT and pT8 have significantly different
masses and/or decay modes. Note, however, that interfer
between production ofpT andpT8 decaying to the same fina
state will not generally be significant because thePT states
are extremely narrow@12,13#. Only for uMpT

2Mp
T8
u

<GpT
,Gp

T8
would this be a concern. To represent the gene

expectations in the TCSM, we takeMpT
5Mp

T8
throughout

this section and inPYTHIA, but do not include interferenc
between thePT .

A. Analytical results

As noted before, in the region of the technivector pol
the VT mesons dominate other contributions, while well b
low the poles, the anomaly dominates. In between, there
transition region where the contributions should be of
same order, and neither can be considered in isolation.
cause~for our choice of technihadron masses! this is the
region in which LEP experiments were done, the combin
amplitudes may result in better limits on low-scale tech
color. In Fig. 2, we plot the cross sections for the proc
e1e2→gPT for two pT masses@50 GeV in Fig. 2~a! and
110 GeV in Fig. 2~b!#, with a rT mass of 200 GeV and avT
mass@23# of 220 GeV. From these plots, the low ener
anomaly dominance and pole regionVT dominance are clear
The vT resonance is stronger than therT because thevT is
narrower. We also see that the transition region is relativ
narrow. For comparison with typical weak scale process
we also plot the tree level standard model prediction
e1e2→W1W2 @19#.
01500
,

-
e
h

,

e

ce

al

,
-
a

e
e-

d
-
s

ly
s,
r

Finally, we must ensure that the cross sections calcula
above do not violate unitarity in any kinematic region
interest. For a vector-mediated interaction, bothl 50 and l
51 partial waves contribute to the cross section, and
upper bound on the cross section from partial wave unita
is given bys,64p/s; this unitarity limit is also plotted in
Fig. 2. The total cross section is well within the unitari
limit in all currently accessible kinematic regions. Unitari
will be lost at inaccessibly high energies, but well before th
point the model becomes invalid since it does not inclu
higher mass technihadrons or continuum technifermion p
duction.

B. PYTHIA simulations

We now discuss ourPYTHIA studies of the processe1e2

→gPT at the LEP collider. The kinematics of the proce
dictate that the photon is hard and more central than wo
be expected in background processes. We define the sign
be a significant peak in the ‘‘recoil mass’’ recoiling again

the photonM5As22AsEg for Eg.10 GeV andu cosugu
,0.7. To reduce backgrounds, the photon must pass an
lation requirement: there must be no more than 5 GeV
excess energy within an opening angle of 30° centered on
photon. Since the technipion is expected to decay visi
and predominantly tob quarks, we will impose ab-tag to
eliminate the potentially large backgrounds frome1e2

→gnn̄. We comment later on how to generalize this sear
We simulated the signal at the particle level usingPYTHIA

6.202 @20#, with updates to the technicolor simulation a
specified in this paper. The proposed signature is a peak
cess in the recoil mass distribution and a looseb-tag in the
rest of the event. We are not sure how stringent ab-tag needs
to be imposed and have not included any efficiency fact
for the signal or fake rates from other quarks. We do n
impose any kinematic cuts or a jet-reconstruction algorit
on the particles recoiling from the photon, but require only
displaced vertex.

The only background included is frome1e2→gbb̄. To
account for the final-state radiation of photons off t
b-partons, the full 2-to-3 parton-level process is calculated
the matrix element level. The parton level calculation is th
interfaced toPYTHIA, producing particle-level results that in
clude the effects of parton showering and hadronization.
ter the isolation cut on the photon, the results are in go
agreement with the standardPYTHIA simulation of e1e2

→g1g* /Z* . The implied suppression of radiation off th
b-quark arises from several effects:~1! the small charge of
the b, ~2! the largeb quark mass, which regulates colline
emission, and~3! the kinematic constraints favoring a sma
invariant mass of the (bg) or (b̄g) systems, which is re-
moved by the isolation cut. Finally, we require that at le
one of theb-partons~after parton showering! has apT of at
least 5 GeV. Assuming that displaced vertices are dete
with unit probability, this eliminates backgrounds from lig
quarks.

The results are shown in Fig. 3~a!, assuming a collider
energy of 200 GeV and 450 pb21 of integrated luminosity. To
1-5
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FIG. 3. The recoil mass spectrum ine1e2→gPT at As5200 GeV as simulated at the particle level in the TCSM using modification
PYTHIA v6.202 as described in Sec. III B. In~a! we display the background process, along with five different TCSM parameter sets:~1! the
baseline set withMV5MA5200 GeV, QU1QD55/3, MPT

5110 GeV, andM rT
5210 GeV; ~2! where MV5MA5300 GeV; ~3! where

QU1QD50; ~4! whereM rT
5250 GeV andMPT

5130 GeV; and~5! whereMPT
5100 GeV. ~b! differs from ~a! in the exclusion of the

anomaly coupling from the calculations. The legends display the signal to background significance ratios for each parameter set
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demonstrate the variation with TCSM parameters, we h
chosen five parameter sets starting with the baseline~1!:
MV5MA5200 GeV, QU1QD55/3, MPT

5110 GeV, and

M rT
5210 GeV. ThepT andpT8 and, separately, therT and

vT are assumed to be degenerate in mass. The other pa
eter sets are variations on this baseline, with all parame
as in ~1!, except for ~2! MV5MA5300 GeV; for ~3! QU
1QD50; for ~4! M rT

5250 GeV andMPT
5130 GeV; and

for ~5! MPT
5100 GeV. The general TCSM conditionQU

2QD51 holds for all parameter sets. Figure 3~a! shows also
the significance defined asS/AS1B for each of the param
eter sets.

The baseline curve~1! includes a strong signal from th
VT poles just above the collider energy. Comparison with
~2! shows that the peak height scales asMV

22 as we would
expect from Eq.~12!. Comparison with set~4! confirms the
expected reduction of signal when theVT andPT masses are
scaled up to put the collider energy well below the poles.
~3! allows us to infer that, as in Fig. 2, most of theVT signal
comes specifically from thevT . Taking QU1QD50 de-
couples thevT from the gauge bosons and eliminates t
VggPT

coupling. The branching fraction forrT→gpT8 is also

small for these TCSM parameters, even though therT is
kinematically forbidden to decay to a pair ofPT ; the domi-
nant decay is to WLPT . Then the small signal in set~3!
reflects the size of contributions from theVgZ0PT

anomaly

and therT→gpT channel. The only possible source of th
much larger peak in set~1! is the restored contribution of th
vT . Finally, in set~5!, we deliberately open the~dominant
when present! decay channelrT→PTPT ; this would nor-
mally be closed because of large extended technicolor c
tributions to thePT masses@12,13#. Although this signifi-
01500
e

m-
rs

t

et

n-

cantly decreases therT→gPT branching ratio, a strong
signal ofvT→gPT still occurs becausevT decays to two or
three PT remain suppressed or forbidden. Once again,
dominant role of thevT in the signal is confirmed.

Figure 3~b! shows what the signals would look like if th
anomaly couplingsVggPT

andVgZ0PT
were eliminated. The

peak heights and significances are clearly reduced in
cases. For the parameter sets with the strongest sig
~1,2,5!, a comparison with Fig. 3~a! confirms that thevT

resonance is largely responsible for making thePT produc-
tion visible. This is what we would expect from the resu
we presented in Fig. 2, because the mass of the resonan
just slightly higher than theAs of the collider. Nonetheless
the anomaly couplings make a contribution that can be la
enough to impact the limits extracted from the data.

Several further comments are in order. First, the signa
discussed here is strongly dependent on thevT properties,
especially the couplingg→vT→gPT which is proportional
to QU1QD . In this respect, it is complementary to therT
→W6PT signatures@8#. On the other hand, the TCSM ma
be naive in its assumption of certain mass degeneracies,
thevT may be significantly lighter than therT , yielding the
first signature of technicolor. Second, the proposed signa
is not inclusive, but assumes thePT→bb̄ branching ratio is
large~the observation of some visible energy is necessar
remove theg1E” background!. This is reasonable, but th
solution to the flavor problem may bring surprises in thepT

decay rates. There may also be a substantial rate forpT8
→gg ~this rate is already 30% forpT8 with the default TCSM
choices as encoded inPYTHIA!, and there even may be ap
preciablepT-pT8 mixing. Therefore, while the first searc

should be tuned for thegbb̄ mode, we advocate a decay
1-6
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independent search without theb-tag. The background
should be 4–5 times bigger, reducingS/B ~which is a few-
to-one for thegbb̄ signature!. It will not reduce the signifi-
cance very much; we have defined it to include a system
error on the background. For example, naively scaling
background estimate by 5 would reduceS/AS1B to 6.6, 3.7,
0.4, 0.5, and 6.2 for parameter sets~1!–~5!, respectively. This
does not include the small increase in the signal rate from
decays of the technipions.

IV. CONCLUSIONS

In the context of the TCSM, we have shown that both
anomaly and kinetic mixing contributions should be includ
in analyses of technipion production at lepton colliders.
have provided analytic formulas combining these contri
tions and used them to display the predictions of the TC
for a range of technihadron masses and collider energies
have also performedPYTHIA simulations ofe1e2→gPT in-
cluding the modifications to the TCSM described in this p
per for five distinct sets of technihadron masses and tec
fermion charges. We find that resonant production
-

r

01500
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ll
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e
-

e

-
i-
f

technipions is necessary to ensure a visible signature at
II energies for typical TCSM parameters, but that includi
the nonresonant production will be important for setting a
curate limits. Finally, we note that measuring the recoil m
spectrum fore1e2→gPT production~which we found to
proceed mainly through thevT! provides a technicolor
search strategy that is complementary to therT→W6PT
channel.
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