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We study the possible production, at future e
�

e � colliders, of new vector resonances associ-
ated with new strong physics that could be responsible for electroweak symmetry breaking.
We concentrate on the processes e

�
e �	� t


 �
and e

�
e ������ 
�� t 
 � .

PACS: 12.60.Fr, 12.15.Ji

1 Introduction

The mechanism of electroweak symmetry breaking (ESB), responsible for the masses of gauge
bosons, and perhaps fermions, is still unknown. ESB gives rise to the massless Goldstone bosons
which, through the Higgs mechanism, become longitudinal components of originally massless
W
�

and Z bosons. One possible explanation of the ESB mechanism could be strongly interacting
new physics. In models of strong ESB (SESB) new composite resonances are expected to appear
to unitarize the WW � WW scattering amplitudes that violate a tree-level S-matrix unitarity
in the absence of the Standard Model (SM) Higgs boson. In this paper we follow the BESS
(Breaking Electroweak Symmetry Strongly) model approach [1] and assume the existence of a
vector isovector resonance � . We study the W � W ��� t �� scattering as a subprocess of e � e � ���� ���� t �� and the direct production of the vector resonance in e � e � � t �� . The main appeal of
studying these processes lies in the possibility to test the role of the top quark in ESB [2–4].

2 The � -resonance model

In the original version of the BESS model [1] it is assumed that all fermion generations of the
same chirality couple to the vector resonance with the same strength. This leads to stringent
limits on the � -to-fermion couplings from the existing measurements of the SM parameters. In
our modification [5] of the BESS model we break this universality and assume that only the
top quarks and the left-handed bottom quark b � couple directly and possibly strongly to the
� -resonance. However, the symmetries of the model require b � to couple to � with the same
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strength ��� as the left-handed top quark t � and, as a consequence, ��� is constrained to relatively
small values as follows from the low energy measurements of the Zb � vertex [5]. On the other
hand �"! field can be chosen not to interact directly with � at all which protects the right-handed
� -to-t # coupling �%$ from the Zb � constraint. Our model is based on the non-linear sigma model.
The fermion part of the model Lagrangian [5] describes the interaction of the � -resonance vector
field &�(' with the third generation of quarks )+* (t,b)

,.-/ * � � �)�021436587 ':9 ; '=< 58>(? ?%&� ' &@=A 5B>C?ED�F4G '�H 1�)�0 (1)
A � $ �) !JI 1�587 ' 9 ; '=< 58> ? ? &� ' &@=A 58> ? D�F4G '�H 1 3 I ) !K<ML �)�0ON 3QP ) ! ASROT U�T V
<XWY� �)�0Y5B7 ' L 143QZ ' 1 V )�0 A W:$ �) !�I 587 ' L 1�Z ' 143 V I ) !S[

where > ? ? [ ���"\ $ [6W �"\ $ are free parameters, P =diag L^]`_a[a]`b V and I * diag(1,0). The Goldstone
bosons triplet &c enters

, -/ through 1d*fe�g(h L 5 c2i�@�i D�j V , N�*f1�1 and Z ' *k1 3 L^lm' N V 1 3 D4n T The
relevant parts of the effective chiral Lagrangian can be cast into a very simple form

, *M58>4o P / D�j L c � ; ' c � < c � ; ' c � V ��p' A >rqJ��a7 ' �a�rp' A >4st��u7 ' 72v%�a�rp' [ (2)

where >�oM* P / D L n�j4> ? ? V [ >rq�*w> ? ? � $ D LyxYL{z A � $ VuV.A}| LuL >~D�> ? ? V $ V are coupling constants of
�C��0��K0 and �r� �� interactions. Partial wave unitarity limits for P / *k���4� GeV 5 are >4o�� z T ���
and >rqk� z T � . There are six new parameters – > ? ? , � � , � $ , W2� , W:$ and the � mass, P / . We do
not have any experimental constraints on P / — the theoretical expectation is around 1–3 TeV.
We do have, however, constraints on > ? ? , � � , � $ and W2� , W:$ . These are due to the corrections that
> ? ? , � � , � $ , W2� , W:$ induce in the SM couplings of the Z and W to fermions at low energies ( � 90
GeV). The constraints are > ? ?.�� z � , � � ��<�W2� �O���� T � z , and < � T �4������ $�<�W:$ ���� T � x . Below we
assume � � * W2� *f� . Our results are almost independent of WY$ , leaving P / [ > ? ? and � $ as free
parameters.

3 Signal and background analysis

3.1 Process e � e � � ��� ���� t ��
In our calculations of the cross-sections we used two programs – CompHEP and Pythia. As an
example we give the total cross-section for the signal process with parameters P / *k���4� GeV,� / * z n T � GeV, � $ =0.08, > ? ? =20, calculated with no cuts: for three different energies of collision,� � *�� T � [�z T � [�z T � TeV, we get � (e � e � � ��� ���� t �� )=0.66, 1.16, 3.33 fb, respectively.

We calculated the cross-sections of two major background processes: e � e � � t ��a7 and
e � e � � e � e � t �� (Pythia). The irreducible background is represented by the “No resonance”
model (CompHEP). At the energy

� � *�� T � TeV we imposed the following set of cuts

������� ]d���� �����4� �¡e�¢ [ �{£%¤r¥C¦ � \ � � �(�+� T � [2§:¨�L �a�� Vª© z �«�¡e�¢ [ P�¬ �¬ © ��� �¡e�¢ [ (3)
§ ¨ L � V [^§ ¨ L �� V�© n�� �¡e�¢ [®�¯ª°�±{± ©³² � �¡e�¢ [ �{£�¤�¥C¦�´ ¯ª°E±{± �(�+� T ² F T

The total background was reduced from 301.6 fb to 0.13 fb and the signal decreased from 0.66 fb
down to 0.2 fb. For the collision energy

� � * z TeV we set the same cuts as (3) except

�����µ� ] �¶� ��� ² ���«�¡e�¢ [·z ��� �¡e�¢k� P ¬ �¬ [·z ���¡�¡e�¢k� �¯ª°E±{± T (4)

5Throughout the paper masses are given in GeV/c ¸ or TeV/c ¸ and momenta in GeV/c, where we put c=1.
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Fig. 1. Sensitivity contours (see Eq. (5)) in the ¹4º º - » ¸ parametric space at the energy of 0.8 and 1 TeV and
the integrated luminosity of 200 fb �:¼ . The mass of the ½ -resonance is 0.7 TeV. The cuts (3) and (4) were
used, respectively, except that the first cut in both cases was changed to ¾�¿�À¡ÁKÂÄÃEÅÃtÁ�¿�Æ�À GeV. The values
of Ç are shown on the contours. The dashed lines are low-energy limits. The allowed regions are in the
lower right corner.

The total background was reduced from 207.3 fb to 0.035 fb while the signal dropped from
1.16 fb down to 0.16 fb. Note that the variable ¦ ´ ¯�°�±{± in (3) and (4) stands for the missing
momentum angle.

The statistical sensitivity of the process to distinguish between the model with the vector
resonance and “no-resonance” model (backgrounds included) is given by the following relation

È * � É L � V < É L no-resonanceV �Ê É L �u��67 A e � e � �u�� V�A É L no-resonance V [ (5)

where É denotes the number of events. In Fig. 1 we show
È

contours in the > ? ? - � $ paramet-
ric space at the energy of 0.8 TeV and 1 TeV. The calculation does not include reconstruction
efficiences and detector effects.

3.2 Process e � e � � t ��
This process shows surprisingly good sensitivity to the presence of the � -resonance. While we
expect � to couple strongly to the top quark and not to the electron, it turns out that the latter
coupling (induced through � mixing with photon and Z-boson) is large enough to generate clear
peak rising above continuum background. In Fig 2 we show the total cross-sections in the region
around the peaks of the vector resonances with a) P / *}����� GeV and b) P / * z ���4� GeV. The
calculation was performed without cuts. Note the

È *�� line.
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Fig. 2. The total cross-section as a function of CMS energy for a) Ë`ÌKÍÎ¿�À�À GeV, b) ËÏÌ�ÍÑÐ%Ò�À�À
GeV. The solid curves represent the calculation without/with initial state radiation (ISR) and beamstrahlung
(BS) corrections for a resonance with » ¸ ÍkÀ4Ó À�Ô�Õu¹�º º.Í×Ö�À . The dotted line (narrow peak) corresponds
to a resonance with » ¸ Í�À�Ó À�À�Æ�Õa¹�º ºtÍ�Ö�À (ISR & BS included). The dash-dotted straight line represents
irreducible (continuum) background with ISR & BS. The dashed line shows the boundary at which the
statistical significance Ç equals 5 assuming the scanning luminosity ØtÙ8Ú8Û"Ü¡Í+Ð fb �Y¼ .

4 Conclusions

We have studied a new vector resonance from SESB in e � e � � ��� ���� t �� and e � e � � t �� at future
e � e � colliders operating at 1 TeV energy scale. The first process contains W � W � �Ý��� t ��
scattering as its subprocess and is potentially sensitive to the � -t �� coupling > q . The size of this
coupling could hint on the mechanism of the top mass generation. We found (working at the level
of undecayed top quarks) that statistical significance

È
is as large as 8 for P / * 700 GeV for

certain regions of the parameter space allowed by the low energy constraints at 1 TeV collider.
While this process is generally sensitive to vector resonances which couple to the top quark and
W boson, the second process, e � e � � t �� is sensitive only if the vector resonance coupling to the
electron is not negligible. Our results show that it should be possible to discover � resonances
with � $ *Þ� T � � if the scanning luminosity is 1 fb � � .
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