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The study of strong symmetry breaking at an e+e− linear collider with
√
s = 0.5−1.5 TeV is reviewed.

It is shown that processes such as e+e− → νν̄W+W−, e+e− → νν̄tt̄, and e+e− → W+W− can be
used to measure chiral Lagrangian and strong resonance parameters. The linear collider results are
compared with those expected from the LHC.

1. Introduction

Until a Higgs boson with large couplings to gauge boson pairs is discovered, the possibility of
strong electroweak symmetry breaking must be entertained. Without such a particle the scatter-
ing of gauge bosons will become strong at a scale of order 1 TeV. The most commonly studied
class of theories which deals with this scenario is technicolor [1]. A generic prediction of techni-
color theories is that there is a vector resonance with mass below about 2 TeV which unitarizes
the WW scattering cross section. Scalar and tensor resonances are also possible, along with
light pseudo-Goldstone bosons which can can be produced in pairs or in association with other
particles [2].

Independent of the model, the strong interactions of gauge bosons below the threshold for
resonance production can be described by an effective chiral Lagrangian in analogy with ππ
scattering below the ρ resonance [3] :

LSB = L(2) +L(4) + · · ·
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Here Wµν and Bµν are related to the SU(2) × U(1) gauge fields as in [3] , Dµ is the covariant
derivative, g and g′ are the SU(2)×U(1) coupling constants, and Σ is composed of the Goldstone
boson fields wk:

Σ = exp
(iwkτk

v

)
,

where the τk are Pauli matrices and v = 246 GeV is the Standard Model Higgs vacuum expectation
value parameter. The chiral Lagrangian parametersa1 and b1 are tightly constrainted by precision
electroweak data [5]. The terms with coefficients α4 and α5 induce anomalous quartic gauge
boson couplings which can be measured by observing gauge boson scattering in processes such
as e+e− → νν̄W+W− and νν̄ZZ . The terms with coefficients L9L and L9R induce anomalous
triple gauge couplings (TGC’s) which can be measured in the reaction e+e− → W+W−.
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error ×10−4

√
s = 500 GeV

√
s = 1000 GeV

TGC Re Im Re Im

gγ1 15.5 18.9 12.8 12.5

κγ 3.5 9.8 1.2 4.9

λγ 5.4 4.1 2.0 1.4

gZ1 14.1 15.6 11.0 10.7

κZ 3.8 8.1 1.4 4.2

λZ 4.5 3.5 1.7 1.2

Table I Expected errors for the real and imagninary parts of CP-conserving TGCs assuming
√
s = 500 GeV,

L = 500 fb−1 and
√
s = 1000 GeV, L = 1000 fb−1. The results are for one-parameter fits in which all other

TGCs are kept fixed at their SM values.

In this paper we summarize strong symmetry breaking signals and the measurement of chiral
Lagrangian and strong resonance parameters at an e+e− linear collider (LC) with a center of mass
system (CMS) energy in the range of 0.5 to 1.5 TeV. Many of the results are taken from the strong
symmetry breaking sections of Ref. [4], which the reader is invited to consult for further details.

2. e+e− → νν̄W+W−, νν̄ZZ, νν̄tt̄

The first step in studying strong WW scattering is to separate the scattering of a pair of longi-
tudially polarized W ’s, denoted by WLWL, from transversely polarized W ’s and background such
as e+e− → e+e−W+W− and e−ν̄W+Z . Studies have shown that simple cuts can be used to achieve
this separation in e+e− → νν̄W+W−, νν̄ZZ at

√
s = 1000 GeV, and that the signals are comparable

to those obtained at the LHC [6, 7]. Furthermore, by analyzing the gauge boson production and
decay angles it is possible to use these reactions to measure the chiral Lagrangian parameters α4

and α5 with an accuracy greater than that which can be achieved at the LHC [8].
The reaction e+e− → νν̄tt̄ provides unique access to W+W− → tt̄ since this process is over-

whelmed by the background gg → tt̄ at the LHC. Techniques similar to those employed to
isolate WLWL → W+W−, ZZ can be used to measure the enhancement in WLWL → tt̄ produc-
tion [9, 10, 11, 12]. Even in the absence of a resonance it will be possible to establish a clear
signal. The ratio S/

√
B is expected to be 12 for a linear collider with

√
s = 1 TeV, 1000 fb−1 and

80%/0% electron/positron beam polarization, increasing to 22 for the same luminosity and beam
polarization at

√
s = 1.5 TeV.

3. e+e− → W+W−

Strong gauge boson interactions induce anomalous TGC’s at tree-level:

κγ = 1+ e2

32π2s2
w

(
L9L + L9R

)

κZ = 1+ e2

32π2s2
w

(
L9L − s

2
w

c2
w
L9R

)

gZ1 = 1+ e2

32π2s2
w

L9L

c2
w
.

where κγ , κZ , and gZ1 are TGC’s [13], s2
w = sin2 θw , and c2

w = cos2 θw . Assuming QCD values for
the chiral Lagrangian parameters L9L and L9R, κγ is shifted by ∆κγ ∼ −3× 10−3.

The TGCs can be measured by analyzing theW+W− production and decay angles in the process
e+e− → W+W−. Table I contains the estimates of the TGC precision that can be obtained at√
s = 500 and 1000 GeV for the CP-conserving couplings gV1 , κV , and λV . These estimates are
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derived from one-parameter fits in which all other TGC parameters are kept fixed at their tree-
level SM values. For comparison the LHC with L = 300 fb−1 is expected to measure κγ and κZ
with an accuracy of 0.006 and 0.01, respectively. The 4× 10−4 precision for the TGCs κγ and κZ
at
√
s = 500 GeV can be interpreted as a precision of 0.26 for the chiral Lagrangian parameters

L9L and L9R. Assuming naive dimensional analysis [14] such a measurement would provide a 8σ
(5σ ) signal for L9L and L9R if the strong symmetry breaking energy scale were 3 TeV (4 TeV).

WhenWW scattering becomes strong the amplitude for e+e− → WLWL develops a complex form
factor FT in analogy with the pion form factor in e+e− → π+π− [15, 16]. To evaluate the size of
this effect the following expression for FT can be used:

FT = exp
[ 1
π

∫∞
0
ds′δ(s′,Mρ, Γρ){ 1

s′ − s − iε −
1
s′
}]

where

δ(s,Mρ, Γρ) = 1
96π

s
v2

+ 3π
8

[
tanh(

s −M2
ρ

MρΓρ
)+ 1

]
.

Here Mρ, Γρ are the mass and width respectively of a vector resonance in WLWL scattering. The
term

δ(s) = 1
96π

s
v2

is the Low Energy Theorem (LET) amplitude forWLWL scattering at energies below a resonance. Be-
low the resonance, the real part of FT is proportional to L9L+L9R and can therefore be interpreted
as a TGC. The imaginary part, however, is a distinct new effect.

The real and imaginary parts of the form factor FT are measured in e+e− → W+W− in the
same manner as the TGCs. The expected 95% confidence level limits for FT for

√
s = 500 GeV

and a luminosity of 500 fb−1 are shown in Figure 1, along with the predicted values of FT for
various masses Mρ of a vector resonance in WLWL scattering. The signal significances obtained
by combining the results for e+e− → νν̄W+W−, νν̄ZZ [6, 7] with the FT analysis of e+e− →
W+W− [17] are displayed in Fig. 2 along with the results expected from the LHC [18]. At all values
of the center-of-mass energy a linear collider provides a larger direct strong symmetry breaking
signal than the LHC for vector resonance masses of 1200, 1600 and 2500 GeV. Only when the
vector resonance disappears altogether (the LET case in the lower right-hand plot in Fig. 2 ) does
the direct strong symmetry breaking signal from the

√
s = 500 GeV linear collider drop below

the LHC signal. At higher e+e− center-of-mass energies the linear collider signal exceeds the LHC
signal.

4. Strong WW Scattering Benchmark Processes

The Snowmass 2001 working group on experimental approaches at linear colliders used a series
of benchmarks to help evaluate the physics program of a future e+e− linear collider [19]. Strong
WW scattering in the presence of scalar and vector resonances was simulated using the model
of Han et al. [20], with resonance masses of 1.0 and 1.5 TeV. The scalar resonance in this model
was basically the SM Higgs. The widths of the vector resonances were 0.055 and 0.077 TeV for
resonance masses of 1.0 and 1.5 TeV, respectively. For non-resonant strong WW scattering the
unitarized K-martrix LET model[21] was used.

When estimating the mass scale reach of the K-matrix LET model and the mass resolution of
the resonance model in the presence of a scalar (I=0) or tensor (I=2) resonance, we use the leading
order modifications to the LET cross sections [22] :

σ(M0) =
(

1+ 8
3
ŝ
M2

0

)
σLET

σ(M2) =
(

1+ 2
ŝ
M2

2

)
σLET ,
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Figure 1: 95% C.L. contour for FT for
√
s = 500 GeV and 500 fb−1. Values of FT for various masses Mρ of

a vector resonance in WLWL scattering are also shown. The FT point “LET” refers to the case where no
vector resonance exists at any mass in strong WLWL scattering.

M0 = 1 TeV M0 = 1.5 TeV M1 = 1 TeV M1 = 1.5 TeV

Collider Final
√
s L ∆M0 ∆M0 ∆M1 ∆Γ1 ∆M1 ∆Γ1

State TeV fb−1 GeV GeV GeV GeV GeV GeV

LC W+W− 0.5 500 – – 5.8 19.0 27.6 90

LC W+W− 1.0 1000 89 249 0.01 0.03 4.0 13.5

LC W+W− 1.5 1000 14 46 – – 0.04 0.15

Table II Expected error ∆M0 for the mass of a scalar resonance, and expected errors ∆M1 and ∆Γ1 for the
mass and width, respectively, of a vector resonance. Results are shown for vector resonances of mass 1.0
and 1.5 TeV.

whereM0 andM2 are the resonance masses in the I = 0,2 channels, respectively. (The tensor res-
onance formula is used to estimate LHC mass scale sensitivity.) For detecting vector resonances
we use the technipion form factor, which to leading order in s/M2

1 is given by

FT = M2
1 − iΓ1M1

M2
1 − s − iΓ1M1

,

where M1 and Γ1 are the vector resonance mass and width, respectively. In order to evaluate the
vector mass scale reach in the K-Matrix LET model we use the expression

Re(FT ) = 1+∆LET + s
M2

1

,

where ∆LET is the contribution to FT from strong WW scattering in the absence of a vector res-
onance. The dependence of ∆LET on the details of the unitarization scheme grows as

√
s grows;

the systematic uncertainty due to our lack of knowledge of these details is included in our calcu-
lations.

The expected errors for the mass of the scalar resonances are shown in Table II, along with the
expected errors for the mass and width of the vector resonances. The measurement of the scalar
mass M0 is assumed to come solely from the measurement of the cross section σ , with σ(M0)
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Figure 2: Direct strong symmetry breaking signal significance in σ ’s for various masses Mρ of a vector
resonance in WLWL scattering. The numbers below the “LC” labels refer to the center-of-mass energy of
the linear collider in GeV. The luminosity of the LHC is assumed to be 300 fb−1, while the lumiosities of
the linear colliders are assumed to be 500, 1000, and 1000 fb−1 for

√
s=500, 1000, and 1500 GeV

respectively. The lower right hand plot “LET” refers to the case where no vector resonance exists at any
mass in strong WLWL scattering.

defined above. For the measurement of the scalar mass there is a clear advantage in going to
the higher CMS energy of 1.5 TeV. In contrast, the masses and widths of the vector resonances
are measured very well at all CMS energies. Even the most poorly measured vector resonance
parameter – the width of the 1.5 TeV resonance at

√
s = 0.5 TeV – is measured with an accuracy

of 6% . At
√
s = 1.0 and 1.5 TeV the vector mass and width resolutions are typical of an e+e−

collider sitting on top of the resonance.

Results for the K-matrix LET model are shown in Table III. The signal significance is displayed
along with the 95% C.L. mass scale limits in the I = 0,1 isospin channels. For comparison, results
are also shown for the LHC in the I = 2 channel [18]. The tensor mass scale lower limit from
the LHC is comparable to the scalar mass scale limits from the LC. Not suprisingly, the largest
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Collider Final
√
s L Signal M0 (TeV) M1 (TeV) M2 (TeV)

State TeV fb−1 signif. 95% C.L. 95% C.L. 95% C.L.

LC W+W− 0.5 500 3σ – 4.8 –

LC W+W− 1.0 1000 7σ – 6.4 –

LC W+W− 1.5 1000 8σ – 6.4 –

LC νν̄W+W−, ZZ 1.0 1000 7σ 1.7 – –

LC νν̄W+W−, ZZ 1.5 1000 20σ 4.3 – –

LHC qqW+W+ 14 300 9σ – – 3.0

Table III Signal significance and 95% C.L. mass scale lower limits for the LET model with the K-matrix
unitarization scheme. The mass scales M0,M1,M2 correspond to structure in WW scattering in the I=0,1,
and 2 isospin channels, respectively.

mass scale limits are the vector limits obtained in e+e− → W+W−. Note that the vector mass scale
lower limitM1 does not improve as the CMS energy is raised from 1.0 to 1.5 TeV: this is due to the
systematic uncertainity in the calculation of ∆LET, which becomes important near

√
s = 1.5 TeV.

The only way to reduce this particular systematic uncertainty is to actually do strong scattering
experiments at the LHC and at an e+e− LC.

5. Summary

Studies of strong electroweak symmetry breaking are enhanced by an e+e− linear collider with√
s = 0.5−1.5 TeV. An LC complements a hadron collider nicely in providing better measurements

of the chiral Lagragian parameters L9L and L9R which affect triple gauge boson vertices. Also,
the LC provides competitive measurements of the chiral Lagragian parmeters α4 and α5 which
affect quartic gauge boson vertices.

A non-resonant strong symmetry breaking signal will be slightly larger at a
√
s = 1.0 TeV LC

than at the LHC, and will be significantly larger if the e+e− CMS energy is raised to
√
s = 1.5 TeV.

Less energy is required for strong vector resonance detection. A
√
s = 0.5 TeV LC provides a

larger vector resonance signal than the LHC for masses up to at least 2.5 TeV. The mass and
width of a strong vector resonance can be measured at a LC with at least a few percent accuracy,
even when the resonance lies well above the e+e− CMS energy.

Another important aspect of strong symmetry breaking is the study of W+W− → tt̄. This
reaction can probably only be studied at a LC. Good strong symmetry breaking signals can be
obtained in this channel at a LC, and these results should prove valuable in understanding elec-
troweak symmetry breaking in the fermion sector.

Finally, we note that the systematic errors in signal and background calculations will be smaller
at a LC than at a hadron collider, since the production mechanisms and backgrounds are limited
to electroweak processes. However, we cannot at this time quantify this advantage since detailed
studies of theoretical systematic errors in strong WW scattering have not been performed for
either the LHC or the LC. This issue could be important given the size of some of the strong sym-
metry breaking signals and the paucity of sharp resonances in many strong symmetry breaking
scenarios.
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