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Electroweak chiral Lagrangian from one-doublet and topcolor-assisted technicolor models
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Based on previous studies deriving the chiral Lagrangian for pseudoscalar mesons from the first
principle of QCD, we derive an electroweak chiral Lagrangian and build up a formulation for computing
its coefficients from a one-doublet technicolor model and a schematic topcolor-assisted technicolor
model. We find that coefficients of the electroweak chiral Lagrangian for the topcolor-assisted technicolor
model are divided into three parts: direct TC2 interaction part, TC1 and TC2 induced effective Z’ particle
contribution part, and ordinary quarks contribution part. The first two parts are computed in this paper. We
show that the direct TC2 interaction part is the same as that in the one-doublet technicolor model, while
effective Z' contributions are at least proportional to the p? order parameter 3, in the electroweak chiral
Lagrangian. Typical features of the topcolor-assisted technicolor model are that it only allows positive T
and U parameters, the T parameter varies in the range 0 ~ 1/(25a), and the upper bound of T parameter
will decrease as long as Z' mass become large. The S parameter can be either positive or negative
depending on whether the Z’ mass is large or small. The Z’ mass is bounded above and the upper bound
depends on the value of the T' parameter. We obtain the values for all coefficients of the electroweak chiral

Lagrangian up to the order of p*.
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L. INTRODUCTION

The electroweak symmetry breaking mechanism
(EWSBM) remains an intriguing puzzle for particle phys-
ics, although the standard model (SM) provides us with a
version through introducing a Higgs doublet into the theory
which suffers from triviality and unnaturalness problems.
Beyond the SM, numerous new physics models are in-
vented which exhibit many alternative EWSBMs. With
the present situation that the Higgs particle is still not
found in experiment, all new physics models at low energy
region should be described by a theory which not only must
match all present experiment data, but also have no Higgs.
This theory is the well-known electroweak chiral
Lagrangian (EWCL) [1-3] which offers the most general
and economic description of electroweak interaction at a
low energy region. With EWCL, new physics models at
low energies can be parametrized by a set of coefficients. It
universally describes all possible electroweak interactions
among existing particles and offers a model independent
platform for us to investigate various EWSBMs. Starting
from this platform, further phenomenological research
focuses on finding effective physical processes to fix the
certain coefficients of EWCL [4-6], and theoretical stud-
ies concentrate on consistency of EWCL itself such as
gauge invariance [7] and computing the values of the
coefficients for SM with heavy Higgs [8]. We have not
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found systematic theoretical computations of the EWCL
coefficients for various new physics models in the litera-
ture. The possible reasons are that for weakly coupled
models, since one can perform perturbative computations,
people prefer to directly discuss physics from the model,
rather than make the extra effort to compute EWCL co-
efficients. While for strongly coupled models, nonpertur-
bative difficulties for a long time prevented people from
performing dynamical computations, only for some impor-
tant coefficients such as S parameter, a special nonpertur-
bative technique may be applied to perform calculations
[9]. Or for special QCD-like technicolor models, in terms
of their similarities with QCD, one can estimate coeffi-
cients of EWCL in terms of their QCD partners, which
were fixed by experimental data. The estimation of EWCL
coefficients for various models is of special importance in
the sense that at present we already have some quantitative
constraints on them, such as those for the S, T, U parame-
ters and more generally for anomalous triple and quartic
couplings [10]; along with the experimental progress, more
constraints will be obtained. Once we know the values of
the coefficients for detailed models, these constraints can
directly be used to judge the correctness of the model. It is
the purpose of this paper to develop a formulation to
systematically compute coefficients of EWCL for strongly
coupled new physics models. For simplicity, in this work
we only discuss the bosonic part of EWCL and leave the
matter part for future investigations. The basis of our
formulation is the knowledge and experiences we obtained
previously from the works of deriving the chiral
Lagrangian for pseudoscalar mesons from QCD first prin-
ciples [11] and calculating corresponding coefficients

IMailing address: Department of Physics, Tsinghua [12-14], which set up confidence and reliability of the
University, Beijing 100084, China present work. In fact, the formal derivation from a general
1550-7998/2008 /77(5)/055003(30) 055003-1 © 2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevD.77.055003

ZHANG, JIANG, LANG, AND WANG

underlying technicolor model to EWCL was already pre-
sented in Ref. [15] in which, in addition to deriving EWCL,
coefficients of EWCL are formally expressed in terms of
Green’s functions in the underlying technicolor model.
Once we know how to compute these Green’s functions,
we can obtain the corresponding EWCL coefficients. The
pity is that the computation is nonperturbative, and there-
fore not easy to achieve. The aim of this paper is to solve
this nonperturbative dynamical computation problems.
As the first step of dynamical computation, we espe-
cially care about the reliability of the formulation we will
develop. We take the one-doublet technicolor model [16—
19] as the prototype to build up our formulation. Although
this model, as the earliest and simplest dynamical electro-
weak symmetry breaking model, was already denied by
experiment in the sense that it results in too large a value
for the S parameter, due to the following reasons we still
start our investigations from it. First, it is similar as QCD in
dynamics, which enable us to generalize techniques devel-
oped in dealing with the QCD chiral Lagrangian to this
model easily—we call this generalized formulation the
dynamical computation prescription. Second, due to its
similarity with conventional QCD, the coefficients of its
EWCL can be estimated by just scaling-up corresponding
coefficients in QCD chiral Lagrangian for pseudoscalar
mesons [20]. We call this formulation the Gasser-
Leutwyler’s prescription which naively is only applicable
for those QCD-like models. So for QCD-like models, we
have two prescriptions which enable us to compare them
with each other to check the correctness and set reliability
of our formulation. Beyond the traditional one-doublet
technicolor model, we choose the topcolor-assisted techni-
color model as the first real practice model to perform our
computations. The reason we use it is that this model is not
QCD-like and does not seriously contradict with experi-
mental data as in the case of one-doublet technicolor
model. The dynamics of this model responsible for elec-
troweak symmetry breaking is similar to that in the one-
doublet technicolor model. To our knowledge that various
electroweak observables computed in the literature for this
model all involve fermions of the theory, since we have
dropped out fermion contributions and only focus on the
pure bosonic part of the theory, this work has no intersec-
tion with those existing calculations in the literature. We
will find for the pure bosonic part of EWCL that the
coefficients for the topcolor-assisted technicolor model
can be divided into three parts: the direct TC2 interaction
part, the TC1 and TC2 induced effective Z’ particle con-
tribution part, and the ordinary quarks contribution part.
The first two parts are computed in this paper and we show
that direct TC2 interaction part is the same as that in the
one-doublet technicolor model, while TC1 and TC2 in-
duced effective Z' particle contributions is at least propor-
tional to p? order parameter 3, in EWCL. Typical features
of the topcolor-assisted technicolor model are that it only
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allows positive T and U parameters and the T parameter
varies in the range 0 ~ 1/(25«), the upper bound of T
parameter will decrease as long as the Z' mass become
large. The S parameter can be either positive or negative
depending on whether the Z’' mass is large or small. The Z’
mass is bounded above and the upper bound depends on the
value of the T parameter. We obtain the values for all the
coefficients of the electroweak chiral Lagrangian up to the
order of p*.

This paper is organized as follows. Section Il is the basis
of the work in which we discuss the one-doublet techni-
color model. We first review the Gasser-Leutwyler’s pre-
scription, then build up our dynamical computation
prescription. We show how to consistently set in the dy-
namical computation equation (the Schwinger-Dyson
equation) into our formulation. We make comparison be-
tween two prescriptions to check validity of the results
from our dynamical computation prescription. Section III
is the main part of this work in which we apply our
formulation developed in the one-doublet technicolor
model to the topcolor-assisted technicolor model. We per-
form dynamical calculations on technicolor interactions
and then integrate out colorons and Z’ to compute EWCL
coefficients. Since this is the first time to systematically
perform dynamical computations on the strongly coupled
models, we emphasize the technical side more than physics
analysis and display the computation procedure in a little
bit more detail. Section IV is the conclusion. In the appen-
dix, we list some requisite formulas.

I1. DERIVATION OF EWCL FROM THE ONE-
DOUBLET TECHNICOLOR MODEL

Consider the one-doublet technicolor (TC) model pro-
posed by Weinberg and Susskind independently [16—19].
The techniquarks are assigned to (SU(N)tc, SUB)c,
SUQ2)., U(l)y) as ¢y~ (N, 1,2,0), Ug=(1/2+
73/2)¢1R -~ (N: 1’ l’ 1/2)9 DR = (1/2 - 7-3/2)¢R ~ (N, 1;
1, —1/2). With these assignments, the techniquarks have
electric charges defined by Q = T; + Y, of +1/2 for U
and —1/2 for D. It can be shown below, by dynamical
analysis through the Schwinger-Dyson equation, that the
SU(N)tc interaction induces the techniquark condensate
(gpy # 0, which will trigger the electroweak symmetry
breaking SU(2); X U(1)y — U(1)gy. Neglecting ordinary
fermions and gluons, we focus on the action of the techni-
quark, technicolor-gauge-boson, and electroweak-gauge-
boson sector, i.e. the electroweak symmetry breaking sec-
tor (SBS) of this model,

J— lW{l W(l,,LLV — %BMVB/.LV

1
Sus = [ =Lz =,

4 H
- T4
+ Y(id — grct* G — gZEWaPL

3
— a5 BPY | 1)
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where grc, g2, and g; (Gy;, W, and B,,) are the coupling
constants (gauge fields) of SU(N)c, SU2)., and U(1)y
with technicolor index a (=1,2,..., N? — 1) and weak
index a ( = 1, 2, 3) respectively; and Fﬁy, /w’ and B
are the corresponding field strength tensors; ¢ (a =
1,2,..., N> — 1) are the generators for the fundamental
representation of SU(N)pc, while 79 (a = 1, 2, 3) are Pauli
matrices; and the left and right chirality projection opera-
tors P = (1 ¥ vys)/2.

To derive low energy effective EWCL from the one-
doublet TC model, we need to integrate out the techni-
gluons and techniquarks above the electroweak scale
which can be formulated as

f DG D DipeiSsoslGi Wi B ]

- f Dpu(U)eiSanll Wik, @)

where U(x) is a dimensionless unitary unimodular matrix
field in EWCL, and Du(U) denotes the corresponding
functional integration measure.

As mentioned in the previous section, there are two
different approaches: one is the Gasser-Leutwyler’s pre-
scription, the other is the dynamical computation prescrip-
tion. The second approach we developed in this paper is
relatively easily generalized to more complicated theories.
We will compare the results obtained in both approaches.
|
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A. The Gasser-Leutwyler’s prescription

As we will see, it is easy to relate QCD-like models to
chiral Lagrangian using the Gasser-Leutwyler’s prescrip-
tion. To begin with, we substitute (1) into the left-hand side
of Eq. (2). The resulting path integral with technicolor
interaction is analogous to QCD, then we can use the
technique developed by Gasser and Leutwyler relating it
with the path integral of chiral Lagrangian for Goldstone
bosons induced from SBS [20],

fﬁDGO‘waDwexp{ ]d“ [

+ (i — gret*@* — gz;WaPL — & ?BPRW/:”’
X {[I)z/_/l)z//exp{ifd“xt/_/[iﬂ - gZ%aW“PL

e ZanJul|”

in which the denominator of the left-hand side of the above
equation is introduced to ensure the technicolor-induced
chiral effective action Stc-induced offl Us W, B]is normalized
as zero when we switch off technicolor interactions by
setting gpc = 0. Stc-induced effl Us W, B] can be written as

ZF;';VFQ 2

= ]D/,L([j)eism—mduced eff[[/,W,B]’

3)

1D 2
Stc-induced et U, W, B] = f d*x [( 4) al(VAOT)(V,0)] + LiP[e(VH OV, O)P + LIPulV, 0TV, U]u{ VAUV U]

+ LIPuf (VHOTV,0)*] = iLi® o FR VOV Ut + FL VUV U]
3 M

+ LI ulOYFR, OF+] + HIP ul FR  FRuY + F’LWFL*“’]} + 0(p%), (4)

where the coefficients FJ°, LIP, LIP, LD LID HIP arise
from SU(N)rc dynamics at the scale of 250 GeV, and

v,0=0,0-ir,U+iUl,
v, 0t = -0V, 0)0",
Fﬁy =ila, —ir,d,—ir,] )
FL,=ilo, —il, 0, —il,]
Fu = _gljBM
T
l/’« = —ngWM.

Note that conventional U field in Eq. (4) given in the
second paper of [20] is a 3 X 3 unitary matrix. However,

[

for the SU(2); X SU(2)r EWCL we considered in this
paper, U is a 2 X 2 unitary matrix, and thus the LIP term
and the LIP term in the present situation are hnearly
related,

LéD [ (V& Ut VM U)?] = LéD tr{[ﬁ1L (VAO)OT (V- 0)]2}
_ %{uuﬁ (VA0 T (VA D)2
©)

Comparing the covariant derivative for U given in (5) and
covariant derivative given in Ref. [2], we find We must
recogmze Ut = U V., Ut = DU, Ff,=-g1% B,uw
and F —85 W“ Substltutmg them back into
Eq. (4) we obtain
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D)2 LlD
Src-niusea el U, W, B] = f d4x[ Eo 0 i, xm + (4P + 75, X0 + LI, X )P
lD LID
2 ——g 1B, (P XHX") — iLP (W, X+ X") + T g1B,, tr(TPWHY)
1D B B
+ —21 giB ., B* + H}Dtr(WWW“”)} (7)

where

x,=Uto,U) W, =UgW,U, (8)

w 3%

We have reformulated the EWCL in terms of X, and e
instead of V, and T in Ref. [2], the corresponding relations
are given in Appendix A. Comparing (7) with the standard
EWCL given in Ref. [2], we find

2= (FPy, B =0, a; = Lip,
LlD
SRR SR
LID
as = LIP + ; a; =0 (i=67...,14).

Note that in (7), the terms with coefficient H{® do not
affect the resulting a; coefficients. Unlike the original case
of QCD, H|P now is a finite constant The dlvergences are
from the term Trlog(iff — g, S WP, — g1 % Z BPy) in (3)
which will only contribute tr(W,,W*”) and B,B* terms
with divergent coefficients due to gauge invariance. These
divergent coefficients in combination with H!P will cause
wave function renormalization corrections for Wi, and B,
fields which further lead to redefinitions of Wj and B,
fields and their gauge couplings g, and g;. This renormal-
ization procedure will have no effect on our EWCL, since
all electroweak gauge fields appearing in EWCL are as
form of g, W}, and g, B, which are renormalization invari-
ant quantities. Because of this consideration, in the rest of
this paper, we just left the wave function corrections to
electroweak gauge fields Wi, and B, in the theory and skip
the corresponding renormalization procedure.

B. The dynamical computation prescription

Now we develop a dynamical computation program.
This program will be applied to a more complicated model
in the next section.

J

[

We first review the derivation process given in Ref. [15]
and start with introducing a local 2 X 2 operator O(x) as
O(x) = tr; [1f (x)ifg(x)] with tr;. is the trace with respect
to Lorentz and technicolor indices. The transformation of
O(x) under SU(2); X U(1)y is O(x) — VL(x)O(x)V,Jg(x).
Then we decompose O(x) as O(x) = f}t (x)o(x)&R(x) with
the o(x) represented by a Hermitian matrix that describes
the modular degree of freedom; while &;(x) and &x(x)
represented by unitary matrices describe the phase degree
of freedom of SU(2); and U(1)y, respectively. Their trans-
formation under SUQ2), X U(1), are o(x)—
h(@)o(Wht(x), € () = hXEX)VI(x), and &(x) —
h(x)ér(x)V}i(x) where h(x) = ¢)7/2 belongs to an in-
duced hidden local U(1) symmetry group. Now we define a
new field U(x) as U(x) = f{(x)(f g(x), which is the non-
linear realization of the Goldstone boson fields in EWCL.
Subtracting out the o(x) field, we find that the present
decomposition results in a constraint §L(x)0(x)§;£(x) —
& R(x)OT(x)fz (x) = 0, the functional expression of it is

f Du(U) FLO16(£,08} — £,0T€}) = const,  (10)

where Du(U) is an effective invariant integration mea-
sure; F[O] only depends on O, and it compensates the
integration to make it a constant. It is easy to show that
F[O0] is invariant under SU(2); X U(1), transformations.
Substituting Eq. (10) into the left-hand side of Eq. (2), we
have

| DG DIDY expiSsuslGs. Wi By .0
- j Duu(U) expliSea U, W, B, ), (11)

where

1 -
SalU. Wi 8,1 = [[ats( =g we, wer — 2,500 ) — ilog [ DG DIDUFIO10E, 08} — £40 )
1
< expli [ = E s+ 0 = grer Gt — DW= 0 T B | (12

To match the correct normahzatron we introduce in the argument of the logarlthm function the normalization factor
[ DiDpe i [ xid—g WP g SEPY expTrlog(id — g2 T WP, — g1 % T BPg) and then take a special SU(2), X

U(1)y rotation, as V, (x) = &;(x) and Vi(x) =

&r(x), on both numerator and denominator of the normalization factor
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1 ) ) T4 7'3
SeilU, W, B,] = ]d4 ( e ey — ZBWB“”> _ lmog<z,z o ngp,e)

- ilog{ f DG Dy, Dip F10,15(0; — 0Y)

. 1 -
X exp{z fd“x[— ZF;';,,F“’/“’ + lﬂg(lif — grct“¢® — &

3

IT_B§PR)¢§:|}

(g
EWgPL_g 3

X { ] D Dy, exp[i f i~ 8 S WePL ~ ?Bﬁ@%}}l}, (13)

where rotated fields are denoted as follows

¢§ = PLfL(x)¢L(X) + PRfR(x)lﬁR(x),

0¢(x) = £, ()0 EL (),
o DW= §L<x)[g2 Wi — ia, Jef ) (1
7'3 ’T
015 B = 640 815 B, — 19, [eho).

In (13), the possible anomalies caused by this special chiral
rotation are canceled between the numerator and the de-
nominator. Thus Eq. (13) can be written as

Seir[U, WS, B,,] =f ( iWﬁyW“’“’ —%BM,,BI“’>
+ SanomlU, Wi, B, ]
+ SoormlU, Wi, B, 1 (15a)
where

SoomlU, W, B, ] = —ilog f DG Dy Dy FO,]
X 8(0 — O})
X exp{ ]d4 [—ZFﬁVF““”
- T4
+ (i — grct*G* — gz?WEPL

-~ §B§PR)¢§}}. (15b)

|

¢ SromlU Wi Byl — fDLngDl/fff[Of]ts(Of -
[d4x1 4 lg'TC)

where effective sources Jg (%) are identified as J g L) =

{
and

. . 74
iSunomlU, Wi, B, ] = Trlog(zﬂ — gz;W”Pb

7.3
— g —BP
81 ZE R)
—Trlog(a & T Wep,

’T3
— g EﬁgPR), (15¢)

It is worthwhile to mention that the transformations of
the rotated fields under SU(2), X U(1)y are ¢¢(x) —
h(x)e(x), Oglx) — h(x)Of(x)hT(x) where h(x) defined
previously describes a hidden local U(1) symmetry. Thus,
the chiral symmetry SU(2); X U(1)y covariance of the
unrotated fields has been transferred totally to the hidden
symmetry U(1) covariance of the rotated fields. We can
further find the combination of electroweak gauge fields
82 %Wa ()C) 81 ngf,u(x)_’h(-x)[gZ 2 Wg’u(x)
815 B #(x)]h*(x) transforms covanantly, while an alter-
natlve combination g2 - )+ g5 2 "B £ p(X) = h(x) X
(e T ) Wi, () + g% Bf (icsl 218 wJhT(x) transforms as
the “gauge field” of the hldden local U (1) symmetry.
With the technique used in Ref. [11], technigluon fields
in Eq. (15b) can be formally integrated out with the help of
a full n-point Green’s function of the G%-field G\,
thus Eq. (15b) after integration becomes

Og)exp[ifd“x‘//gf(lﬂ gz WgPL 81 BgPR>¢//§
Gl )T ) S (5 | (16)

Pe(X) 1y g (x).

1. Schwinger-Dyson equation for techniquark propagator

To show that the technicolor interaction indeed induces the condensate (i) # 0 which triggers the electroweak
symmetry breaking, we investigate the behavior of the techniquark propagator S7°(x, x') = (¢ (x)t,bg (x)) in the follow-

ing. Neglecting the factor F[0.]6(0; —

Og) in Eq. (16), the total functional derivative of the integrand with respect to
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&g(x) is zero, (here and henceforth the suffixes o and p are short notations for Lorentz spinor, techniflavor, and technicolor

indices) i.e.,

- 6 - _ . /. a 3
0= f@wfl)ngm exp[fd‘*x(lpgl + Ipg) + lfd4x¢p§<zi{ — g2%W§PL — gl%EgPR>¢§

lch)
4 4 aj...a,
]d Y G,Ll_,,,u”(xl,...,

I (). T (xn)} (17)

where I(x) and 1 (x) are the external sources for, respectively, &f(x) and ¢(x). It leads to

,Ttl
—Wg(x)PL — &

0= <<1(,(x) 4 i[iﬂx .

lch)

where we have defined the notation {(- -

*)); in this section by

7.3
EﬁgmpRngx)

)y ) T, (1) . (18)

. (xn)>>1,

a 3
(0w, = [ Dij D O) exp[ [ st + 1)+ i [ bt~ 025 WEPL 017 BePa i

lch)

fd4x1 4

Gal (;’f](xl,..., )JMI (Xl)

(19)

. (xn>}

Taking the functional derivative of Eq. (18) with respect to /,(y), and subsequently setting / = I = 0, we obtain

I. T4
0=25,,8(x—y)+ [a — o WP, — g,

jd‘*xz d*x lng))' Gl (x, xg, .

where we have defined vacuum expectation value (VEV)

(=) by (O(x) = (O /Il j=1=o- If we neglect
higher-point Green’s functions, and further taking the fol-
lowing factorization approximation,

WEOWLRPL P2 (52)) = GLOWEDNIL (6P ()

— O
X)),
we obtain
0= 5,00 =) + 1] i~ 2 WP

’T3 -
- 7@@)&} WEOFE)

~ B [ By GEI (1, xp) (1% 1) (192 H2) 5

X (PR (o) (),

where we  have used the  property that
(Pe(x)12y#2 i (xy)) = 0, which comes from the
Lorentz and gauge invariance of a vacuum. We denote
the technifermion propagator S7°(x, x') = <¢g(x)zﬁ§ (),
multiplying the inverse of the technifermion propagator in
both sides of Eq. (21), it then becomes the Schwinger-

21

73 T 1.P
335<x)PRL<¢§<x>¢g<y>>

PO YR (T (1) T (x), (20)

{
Dyson equation (SDE) for the techniquark propagator,

0= Sl(xy)+l[lﬁ T WP, — g,

X 8(x—y)

7.3
T H0P:
op
= 81cG i (6 M y*1S(x, y)ro2yk2], .

(22)
By defining techniquark self-energy i2 as
Sob0s9) + 1] it~ 23

iS5 ) = S WP,

S(x —y),

op

7.3
— g 71&@)&} (23)

the SDE (22) can be written as

i35, (%, y) = ghcGulia (x, y[*1 y*18(x, y)1*2y#2],,
(24)

Moreover, from the fact that the technigluon propagator is
diagonal in the adjomt representation space of the techni-
color group, i.e., G,w(x y) = 8“'3G ,(x, y), and the tech-
niquark propagator is diagonal m the techniquark
representation space of the technicolor group, and also
(t*t*),, = C,(N)8,;, for the fundamental representation
of SU(N), Eq. (24) is diagonal in technicolor indices a, b
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and the diagonal part satisfies

ZE Jg’(x y) CZ(N)g’ZI‘CG,u,]/.Lz(xr )’)[YMIS(X; )’)7’%]145,

(25)

where {i, j}, and {n, {} are, respectively, techniflavor and
Lorentz spinor indices; and the Casimir operator C,(N) =
(N? = 1)/(2N).
Bg, = Wg P 0 Case: The gap equation
The technigluon propagator in Landau gauge is
xy) = 89 [ &b eTPG,,(p) with Gy,(p) =
m(é’w PMPV/PZ) And the
self-energy and propagator are, respectively,

techniquark

S (x, y) = d'p —ip=y) i (= p2)
ng Y 2 )4e 0\ TP
7 (26)
Speen) = [ e IS p),

with S7.(p) = i[1/(p — (~p*)]J,. Substituting the
above results into the SDE (25), we have

i oo _ [ d'q ~C (Ve
2P = Qm)* (p—@)?[1 + H(—T(Cp - )]
_(p=q9up—q),
8 [g’” (=g }
i ij

from which we can see that the solution of the techniquark
self-energy must be diagonal in techniflavor space, since
the integration kernel is independent of techniflavor indi-
ces, i.e., E’,;{(—pz) = 83, (= p?). With the assumption
that the techniquark self-energy is proportional to the unit
matrix in Lorentz spinor space, we obtain the following
two equations

_ d*q arc[—(p— 9?1 32(=¢%
2P = 3C2(N)/ (r—a9* ¢F—32*(—q¢»
.+ arc[—(p—q)]
0= [t
(p=9).lp—9q),
8 [g’” (p—q)? }/M
X U (28)

7= )"

in which we have labeled the integration Kkernel
with the running coupling constant aqc(—p?) =
g+c(—p?)/(4m) = gic/(@dm[1 + II(—p?)]). The second
equation of (28) is automatically satisfied when we take
the approximation, arc[(pr — qp)*] = arc(pp)0(py —
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q%) + arc(q2)0(q% — p%). The first equation of (28) can
be written in Euclidean space as

o — 2
3(pp) = 3C2(N)[d 4 T?]E(Epi quig) ]

3qt)
q% + 2*(q3)’
(29)

If there is a nonzero solution for above equation, we will
obtain a nonzero techniquark condensate <¢§l/f§> with k
and j techniflavor indices,

(EPL) = —tr [SH(x, 0]

d*pp  2(p2)

= —4NSI ,
@m)* pg + 22(p)

(30)

where tr;, is the trace with respect to Lorentz, technicolor
indices. In obtaining the above result, we have used the
property that techniquark self-energy is diagonal in techni-
flavor space. Thus, nonzero techniquark self-energy can
give a nontrivial diagonal condensate (i) # 0, which
spontaneously breaks SU(2); X U(1)y to U(1)ep.

Bg, #0 and W¢ #0 Case: the Lowest-order
Approximation

In the following we consider the effects of the nonzero
electroweak gauge fields B, and W u The SDE (25) in

terms of 2 (x, y) is explicitly

E(x’ Y) = CZ(N)g%CGMV(x’ y),y,u,

74 7.3 -1
X [iﬂx - gz;W?(x)PL - gl?Ef(x)PR - 2}
X (x, )77, €2y

where techniflavor and Lorentz spinor indices of the tech-
niquark self-energy are implicitly contained. In this case,
the self-energy can no longer be written as the function on
the derivatives with respect to spacetime, i.e., 2(x, y) #
2(93)8(x — y).

Suppose the function 2 (— p?) is a solution of the SDE in
the case By, = Wg, = 0, that is, it satisfies the equation

4
S(—p?) = C(N)gke ] (;’Tq)z;cm)w
X 1 v
d+7F-3q+p""

(32)

where in the right-hand side of the equality the legality of
the integration variable translation comes from the loga-
rithmical divergence of the fermion self-energy. Replacing
the variable p by p + A in Eq. (32) and subsequently
integrating over p with the weight ¢ "?*~Y)  we obtain,
as long as A is commutative with 9, and Dirac matrices,
Eq. (32) implies
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3[(0, — iA?18(x — y) = G, (x, y)y*

Even if A is noncommutative with 9, and Dirac matrices,
the above equation holds as the lowest-order approxima-
tion, for the commutator [#, A] includes extra derivative
and therefore belongs to higher order of momentum ex-
pansion than A itself. Now if we take A to be
—gz%“WgPL - g ngPR, ignoring the property that it
is noncommutative with 9, and Dirac matrices, Eq. (33) is
just the SDE (31) i? the case nyﬂf 0 and wg, #0.
Thus, 3[(9}, +ig, TWE Py +ig) 5 B, Pr)*18(x — y),
which is the hidden-symmetry U(1) covariant, can be
regarded as the lowest-order solution of Eq. (31). To fur-
ther simplify the calculations and keep the hidden-
symmetry covariance of the self-energy in the meantime,
we can reduce the covariant derivative inside the self-
energy V, =9, + igz%"Wg’MP,_ +igy %SBE’MPR to the
Sform of minimal coupling by dropping out its axial vector
part,

n!

Z fd4x1 ...d4xanz‘,jZ’j,(xl,...,xn).lg;l(xl)...Jg;"(xn) ~ fd4xd4x’1/_/g(x)ﬂap(x, x’)t/fg(x’),
n=2

PHYSICAL REVIEW D 77, 055003 (2008)

C>(N)gic

i, + K~ S[—(io, + AY?]7

vS(x — y). (33)

[

- i T¢ 7
V=it e GVt s T B0 G

in yvhich, as we mentioned before, [ng—z“ Wi #(x) +
815 B, (x)]/2 transforms as a gauge field under hidden
U(1) symmetry transformations. Thus, if the function
3(92)6(x — ) is the self-energy solution of the SDE in
the case Bg , = W¢ = 0, we can replace its argument 9,
by the minimal-coupling covariant derivative V,, i.e.,
3(V2)8(x — ), as an approximate solution of the SDE in
the case B¢, # 0 and Wg , # 0.

2. Effective action

The exponential terms on the right-hand side of Eq. (16)
can be written explicitly as

(35)

where we have taken the approximation of replacing the summation over 2n-fermion interactions with parts of them by

their vacuum expectation values, that is,

My x) = S T ),

_l' n
1) 00) = [ty S G )

where the factor n comes from n different choices of unaveraged 1/_154,05, and the lowest term of which is

Comparing Eq. (38) with Eq. (24), we have

(36)
n=2
XA yH ) g 7! (D))t 2 yH2 e (xy) . .. &g(xn-l)t“"*'7“"*'lﬂg(xn—l)lﬁ‘g"(x’)(t“" Y4 pop? (37
2 (x, x) = —g3c Gt (x, X[t y#1 S(x, y)1e2 y#2] .. (38)
500 x) = 3,5 x) = 3,,(V2)8(x — y). (39)

By neglecting the factor F[O¢]16(0; — 0;) in Eq. (16), we have

4 “ - : - /. T4
et 501 = [ D Do s [t~ WL

a 3 _
~ Det[iﬁ - gZ%W‘éPL - gl%BgPR - E(VQ)}

3

S BeP e+ [ diad T e 2 |

(40)

where in the second equality we have taken a further approximation of keeping only the lowest order, i.e. H((,zz, (x, X'), of

I1,,(x, x'). With these three approximations, we have

. . 4 73 -
Snorm[Ur Wi, Bp,] = —ZTI‘IOg[lJ - g27WgrPL — 81 3$§PR - 2(v2)}

(41)
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As done in [12], we can parametrize the normal part of
the effective action as follows

SoomlU, We, B, 1 = —iTrlogliff + ¢ + dys — 2(V?)]

- [ d'xtr,[(FIPYa® — KIP(d, a")?

- XiPd,a, — d,a,)* + KiP(a?)?

+ XiP(a,a,)* — KBV, Ve

+iXiPa,a, V¥ ]+ O(p®), (42
where the fields v#, a, are identified with v, = =-1Ix
(82 +815 2 Bgﬂ) and  a, =3(5% 7 W§M -
g1 . Bgu and d =d,a, —ilv,a,l V,, =id,

v, 9, = iv,] KID coefficients with superscrlpt 1D to
denote the present one-doublet model are functions of

techniquark self-energy (p?) and detailed expressions
|

PHYSICAL REVIEW D 77, 055003 (2008)

are already written down in (36) of Ref. [12] with the
replacement of N, — N.

For the anomaly part, compare (15c¢) and (41), we find its
U field dependent part can be produced from the normal
part by vanishing techniquark self-energy 2, i.e.

iSunoml U, W4, B,] = Tr log(iﬂ — o WP,

)
— P
81 23 R)

- iSnorm[U’ qu B,U,:HE:O (43)

Notice that the U field independent part of the pure gauge
field part is irrelevant to EWCL. Combines with (42), the
above relation implies

. ‘ r 3
iSanom[ U, Wi, B ] = Trlog(n;f - gz;W“PL — 81 ?BPR>

+i ] dxtr [~ KPP (g qry? — JAPEO (G a, — dya,)? + KEPEO (g2)2

+ :K:‘l‘.D,(anom)(a#ay)z .
with
x 1D, (anom) __
i

HDaomyyur

_:K}D|2:0

. 11D, (anom)
iK,

a,a,V*’] + O(p"), (44)

i=122341314 (45)

where we have used the result that F{P|s—_, = 0. Combine the normal and the anomaly part contribution together, with the

help of (15), we finally find

1 : T¢ 3
Seff[U, W’Z, BIL] = _Z [d4X(WlZVWa'MV + BI_“/B'U'V) + Trlog(tﬂ - gZTWaPL - glEBPR>

+ ifd4xtrf[(F6D)2a2
4 :]CzllD,E:#O(a'uay)2 _
with .’K;D'E#O be 3, dependent part of K;

ID,X#0 ID _
KX = x|

_ K%D’E#)(dﬂa”)z

K}?,E#OVMVVMV + Z'KL‘D,E?ﬁOaMaV‘/MV] + @(pG);

KiPls—o

ID,3+0 ID,3#0
- X, z (d,a, —d,a,)* + XK (a?)?

(40)

i=127341314 (47)

After some algebra, the terms in Eq. (46) can be reexpressed in terms of X, and w wv Which are just standard EWCL given

in Ref. [2] with coefficients

KID,E¢0 _ KlD,E#O KID 3#0 KID,E?EO
f= (F(IJD)z’ Bi1 =0, a; =—2 5 L , ay; = a3z = 1 + 11‘6 ,
48
K}‘D,E#IO + 23(%]332#:0 _ K{E,E#O K;D,E?’:O _ KAI‘.D,E?&O _ 4\7{‘%1’327&0 + 23(124¢0 ( )
ay = , as = 3 )
16 32

With formulas of XK; coefficients depending on techni-
quark self-energy 3(p?) given in Ref. [12], we can
substitute the solution of SD Eq. (29) for X(p?) into
them and then obtain numerical results for those
nonzero «; coefficients. In Table I, we list down the

{
numerical calculation results for different kinds of
dynamics.

To obtain the above numerical result, we have solved
the Schwinger-Dyson equation (29) with the following
running coupling which was used as model A in Ref. [12]

055003-9



ZHANG, JIANG, LANG, AND WANG

TABLE I. The obtained nonzero values of the O(p*) coeffi-
cients a;, a, = a3, ay, as for the one-doublet technicolor
model with the conventional strong interaction QCD theory
values given in Ref. [12] for model A and experimental values
for comparison. Arc is in TeV and Agcp = 484 MeV. They are
determined by f = 250 GeV and f, = 93 MeV, respectively.
The coefficients are in units of 1073. QCD values are taken by
using relation (9).

N Arc a a = a3 @y as
3 1.34 —6.90 —2.43 2.02 —2.69
4 1.15 —9.26 —3.28 2.87 —3.69
5 1.03 —11.6 —4.11 3.60 —4.62
6 0.94 —-13.9 —4.93 4.32 —5.54
QCD Theor —7.06 —2.54 2.20 —2.81
QCD Expt —-6.0*x0.7 —-27*x04 1707 —-13=*15
7 2T — InZ- = —2;
IN-2N,) AZ ’
12m{7-42+1n-2 1}
2y — ’ _
arc(p?) = (UTH\’/)TC 2= 1
1 12
— (HN_ZN[) 0.5 = lnAZ ,
\2

“1C

in which the fermion number is taken to be Ny = 2 corre-
sponding to the present one-doublet techniquark. Although
there is a dimensional parameter Arc appearing in
arc(p?), except dimensional coefficient FiP, all dimen-
sionless result coefficients «;, i = 1, 2, 3, 4, 5 are inde-
pendent of this parameter. This can be seen as follows. If
we scale up Arc as AAqc, apc(p) defined above satisfies
arc(pH)ire = arc(A72p?)|a,. which, by (29), results in
a scaling-up techniquark self-energy 2(p2)|AATC =
AZ(A72p?)| A, since an alternative expression of (29) is

2.2\ dQE arc[A2(pe — q£)*]
A7 pE) 3C2(N)f (1715_5115)2

AZ(A242)
g% + A222(A72¢%)

(50)

Further from (36) of Ref. [12], we find coefficients K?io,
i=1,2,3,4,13, 14 are invariant and F|, is changed to AF)
under exchanging 2 (p?) — AZ(A~2p?) if we take cutoff in
the formulas A — oo. Because of this invariance for
,’K?qﬁo, i=1,2,3,4, 13, 14, from (48), we can see then
a;,i=1,2,3,4,5 are independent of Arc and F)P scales
the same as Apc. It is this scale dependence for F;, which
makes ordinary QCD contribution small to electroweak
symmetry breaking and leads the necessity for new strong
interactions at a higher energy scale. The scale relations
above are the result of present rough approximations; they
will simplify our future computations very much in the
next section.

PHYSICAL REVIEW D 77, 055003 (2008)

From Table I, we see that within the errors of our
approximation, the numerical results exhibit the scaling-
up behavior among different N.

C. Comparison and discussion on two prescriptions

Compare results from Gasser-Leutwyler’s prescription
and dynamical computation prescription, (9) and (48), we
find results are the same as long as we identify

1D, 2 #0 1D,X+#0
X, + K3

HiD — —
4
1D,3#0 1D, 2#0
R
2
1D,3#0 1D,2+0
LID — X 3 _ ‘7(14
? 2 8
. KID 240 4 2j<lD 3#0 IK{E’E#O (51
2 16
LlD LID
2
B KéD,E#O _ KAI‘D,E#:O 4:]<"ID 3 #0 + 2:]<"ID 3#0

32

which is just the result (25) obtained in Ref. [12]. This
shows that the two prescriptions are equivalent in results.
The merit of Gasser-Leutwyler’s prescription is its sim-
plicity and the ability to express resulting coefficients of
EWCL in terms of those in Gasser-Leutwyler chiral
Lagrangian for pseudoscalar mesons in ordinary strong
interaction, but we can only apply this prescription to so-
called QCD-like theories for which the technicolor inter-
action must be vectorlike. On the other hand, the dynami-
cal computation prescription, much more complex but
touches the dynamics details, does not limit us in the
type of detailed interactions. This has a very strong poten-
tial to be applied to more complicated theories, such as
chiral-like technicolor models. Since we involve detailed
dynamical computation in this prescription, not like
Gasser-Leutwyler’s prescription where the coefficients
are expressed in terms of strong interaction experiment
fixed values, we can give detailed theoretical computation
results for all coefficients and it further allows us to test
possible effects on the coefficients from variations of the
dynamics.

The first property qualitatively drew out from (15¢) and
(41) for their trace operation is that all coefficients are
proportional to N. This is the well-known scaling-up result
for the one-doublet technicolor model, i.e., present coef-
ficients can be obtained by (9) but identify the L; with the
corresponding Gasser-Leutwyler chiral Lagrangian for
pseudoscalar mesons by a scaling-up factor N/N, with
N, = 3 as the number of color for ordinary strong inter-
actions. In fact, it was this direct correspondence that lead
to the death of the one-doublet technicolor model, since
negative experiment value for L]P results in large positive
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S = —16wa; = —167L}) parameter which contradicts
with present electroweak precision measurement data.

The second property quantitatively drawn out from (15c)
and (41) is that except for the overall N factor in front of all
coefficients, the remaining part of the coefficients depends
on dynamics, so exactly speaking, they are not precisely
equivalent to their strong interaction partners. For the one-
doublet technicolor model, when N # N, not only will we
have an overall scaling-up factor N/N,, but we will also
have different techniquark self-energy X due to the differ-
ence in the running coupling constant (49) appeared in
SDE (29). Ny = 2 also causes some differences for tech-
niquark self-energy 2 due to a different choice of flavor
number in running coupling constant (49). But, since the
estimations over the values in the original strong interac-
tion already suffers large errors either in experiment or
theories, this difference caused by dynamics hides in the
existing uncertainties.

III. DERIVATION OF EWCL FROM A
TOPCOLOR-ASSISTED TECHNICOLOR MODEL

There are several options in topcolor-assisted techni-
color model building: (1) TC breaks both the EW inter-
actions and the TopC interactions; (2) TC breaks EW, and
something else breaks TopC; (3) TC breaks only TopC and
something else drives EWSB (e.g., a fourth generation
condensate driven by TopC). For definiteness, we will
focus on a skeletal model in category (1) in the following.

Consider a schematic TC2 model proposed by C. T. Hill
[21]. The technicolor group is chosen to be Gpc =
SUB)tc1 X SUB)tcy. The gauge charge assignments of
techniquarks in  Gpc X SU(3); X SU3), X SU(2), X
U(1)y, X U(1)y, are shown in Table II.

The action of the symmetry breaking sector then is

SSBS = ]d4x(£gauge + -Etechniquark): (52)

with different parts of the Lagrangian given by

TABLE II. Gauge charge assignments of techniquarks for a
schematic topcolor-assisted technicolor model. Ordinary quarks
and additional fields (such as leptons) required for anomaly
cancellation are not shown. The techniquark condensate (QQ)
breaks SU(3); X SU3), X U(1)y, X U(1)y, = SU(3) X U(1)y,
while (TT) breaks SU(2); X U(1)y — U(1)gy.

field SU(3)TC] SU(3)TC2 SU(3)| SU

—~

3), SU@2), Uy, Uy,

0, 3 1 3 1 1 ! 0
Ox 3 1 1 3 1 0 :
T, 1 3 1 1 2 0 L
Ty 1 3 1 1 1 0 G-
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— _lpa apy _ 1pa apuy _ 14A Apv
-Egauge - ZFIILLVFI ZFZMVFZ ZAIMVAI
_14A Apv _ 1ywa apv _ 1 mv
4A2MVA2 4W,uVW 4Bl,lel
1 mv
= 3B2u,By ", (53)

_/. A
Ltechniquark = Q<lﬂ - g31r?¢l]x - hl TA?PL
Mo 1 1
- hzjé(sz - Q1§B1PL - Q2§E2PR>Q

. T4
+ T[lﬂ — gnrs s — 827WPL

1 1 7
gk afgt S RP T 69
where g31, g32, Ny, Mo, &, q1, and ¢, are the coupling
constants of, respectively, SUB)rci, SUQB)rc, SUB);,
SU(3),, SU(2);, U(1)y,, and U(1)y,; and the correspond-
ing gauge fields (field strength tensors) are denoted by
G~ , G, A4 . A5 Wi, By, and By, (F7,,, FS

;Ms 124”" l,lL’ 2:”“’ l,MV’ 2/“”/’
Afys A5y Wiy, Biy,, and By,,) with the superscripts

a and A running from 1 to 8 and a from 1 to 3; r{ and r§
(¢=1,...,8) are the generators of, respectively,
SUQB)rc; and SU3)rcy, while A4 (A=1,...,8) and 7¢
(a =1, 2, 3) are, respectively, Gell-Mann and Pauli ma-
trices. We do not consider the ordinary quarks in this work
for the following considerations, as we mentioned in the
Introduction that this paper will only involve the discussion
for the bosonic part of EWCL and the matter part of EWCL
will be discussed in the future. The matter part of EWCL
mainly deals with effective interactions among ordinary
fermions which certainly include ordinary quarks. Ignoring
discussion of these effective interactions, only concentrat-
ing on their contribution to bosonic part EWCL coeffi-
cients is not self-consistent and efficient. Furthermore, one
special feature of the topcolor-assisted technicolor model
is its arrangements on the interactions among ordinary
quarks, especially for top and bottom quark mass splitting.
The top pions resulted from top quark condensation
through topcolor interactions; therefore, dealing with
quark interactions is a separate important issue which
needs special care. Previous formal derivations from
underlying gauge theory to the low energy chiral
Lagrangian for QCD and electroweak theory, do not in-
clude the matter part of the chiral Lagrangian. Further
initial computation shows that we need some special tech-
niques to handle top-bottom splitting which are beyond
those techniques developed in this paper. To simplify the
computations and reduce the lengthy formulas, we will not
discuss ordinary quarks in this paper and would rather
focus our attention on this issue in future works.

The strategy to derive the EWCL from the schematic
topcolor-assisted technicolor model can be formulated as
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exp(iSew[We, B, ]) = f DODODIDIDGE, DGS, DB, DZ,

X exp[lSSBS[GIM, 2,Uv’ A?,u’ Aéﬂ, WZ; B]/u BZ/,L’ Qy Q, T’ T]]Aﬁ=0
— NWY, B,] / D (V) expliSuri[U, W2, B, ], (55)

where Aﬁ (x) is the ordinary gluon field, U(x) is a dimensionless unitary unimodular matrix field in the electroweak chiral
Lagrangian, and D u(U) denotes a normalized functional integration measure on U. The normalization factor N[W¢, B, |
is determined through the requirement that when the gauge coupling g3, is switched off S.i[U, W{, B, ] vanishes, this
leads to the electroweak gauge fields Wy, B,, dependent part of N[W§, B, ] is

0 0 AL, A Wi, By, By, 0,0, T, Tllas— (56)

NWe, B,]= f DODQDTDTDGE, DB DZ,, expliSsus[G

[
Since there are different interactions in the present model, ~ SU(3), X U(1)y, X U(1)y,]/[SU(3), X U(1)y]. The gluon
in the following several subsections we discuss them and Aﬁ and coloron Bﬁ (the SM U(1)y field B,, and the U(1)’

their contributions to EWCL separately. field Z},) are defined by orthogonal rotations with mixing
angle 6 (6'):
A. Topcolor symmetry breaking: The contribution of
SUB)rc1 i
L cosf —sinf
It can be shown below, by analysis with the help of SDE, <A§‘M A3, ) = (B4 A%)| . ,  (57a)
that the SU(3)rc; interaction induces the techniquark con- sind  cos6
densate (QQ) # 0, which will trigger the topcolor symme- cosf — sin®’
try breaking SUQ); X SU3), X U(1)y, X U(1)y, — (Bip Bau)=(Zu By )( sind'  cosd! ) (57b)
SU(3), X U(1)y at the scale A =1 TeV. This typically
leaves a degenerate, massive color octet of “colorons,”
B4, and a singlet heavy Z/, in the coset space [SU(3), ><J which leads to
A e
—h TA?PL — hy TAE‘PR (58a)
Mo Mo 1 1 1 , 1,
=8 74( — g3(cotoP — tanaPR)7¢ , _QIEBIPL - QZEBZPR = _8153 — gi(cotd'P;, — tanf PR)EZ,
(58b)
with
g3 = hy sinf = h, cosf g1 = g, sinf’ = g, cos@’. (59)

As a first step, we formally integrate out the SU(3)c; technigluons G . in Eq. (55) by introducing full n-point Green’s
function of the G, -field Gp\",

exp(iSpw W2, B, ]) = exp[ f dx ( e WMH [ DFDIDGS, DB DZ,,

. 1 @ apy 1 Apv 1 Apv 1 v 1 v
X exp[l fd4 ( 4F2,uVF my — ZAI?/"VA my — ZAIZA/J,VA Y — ZBI,LLVB{L - ZBZ#VB? )
+ iSTCl[A’;\L, B’;, B, leu]
. . ¢ 1 1 7
+ lfd‘*xT[lﬂ — gy Gy — ngW“PL —q gﬁsz - 612<6 + 7>BZPR}Ti|AAO, (60)

where
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. ~ . _ /. A A 1 1
exp(iStci[A%, B4, B, By, ]) = /DQDQCXP[Z jd4xQ<lﬁ —h TA?PL = hy TAQPR - 41§$1PL —q §E2PR>Q

+ Zfd“xl .d*x,
=

Ji (x) = Q(x)r¢y*Q(x) is the effective source.

(—igs)"

G (e, oy 2 (1) mpﬂ. (61)

Since the total functional derivative of the integrand in Eq. (61) with respect to Q°(x) is zero, (here and henceforth the
suffixes o and p are short notations for Lorentz spinor, techniflavor, and technicolor indices) i.e.,

B _ _ /\A /\A

fd“ d*x 15'31) Gl (xy, ., x )J

1 1
- QIEBIPL - 42532PR>Q

S (xn)} (62)

where 1 (x) and I(x) are the external sources for, respectively, O(x) and Q(x), then we continue the similar procedure from
(18) to (21). By neglecting higher-point Green’s functions and taking factorization approximation, we obtain

I, M
0= 85,805 =) + i) i~ by 5 M (WP~

)tA
hy TAQ(X)PR —q

FBWPL— 25 0P| (©70070)

-85 fd“XzGﬁ‘,ﬁi(x, )y y#) o (12 7#2),5(0° (1) Q% (x2) X Q7 (x,) 07 (1)), (63)

where (O(x)) = ((O(x)));/{{1));];=i=o and we have defined the notation (- -

-)); in this section by

(O, = f DGDOOM) exp[ ] (01 + TQ)

- A

+ Z fd4x1 ...d4x,, 4(_@‘31)
= n!

)lA
- h2 TAQPR

1 1
—q EBIPL - C]2532PR>Q

Gy (o L () (x, )} (64)

Denote the technifermion propagator S77(x, x') = (Q(x)Q”(x')), Eq. (63) can be written as SDE for the techniquark

propagator,

I, M
0= Sbw ) + il i~y 3 AP,

aja;

- g%lG#IMZ('x’ y)[r?l ')”u' S('x’ )’)’”?z'yﬂz]ap-
By defining techniquark self-energy 3, as

)\A
izu’p(x’ y) = S;;(X, Y) + l|:lﬁx - hl TA‘?(X)PL

the SDE (65) can be written as

izo’p(x: )’) = g3l M],Mz(x y)[rl YM'S(X y)rl yﬂz]ap
(67)

Moreover, from the fact that the technigluon propagator is
d1agona1 in the adjoint representation space of SU(3)tc;,
ie., G,w(x y) = 6“fG,,(x,y), and techniquark propaga-
tor (QQ) is diagonal 1n the fundamental representation
space of SUQB)rc;, and also (7)., = C2(3)84.
Eq. (67) is diagonal in indices a, b and the diagonal part
becomes

)lA
h; TAQ(X)PR —q

)lA
hy TAQ(X)PR —qi

%BI(X)PL - %%Bz(X)PR} 8(x —y)

ap

(65)

8(x —y), (66)

ap

%BI(X)PL - QZ%BZ(X)PR}

i (x, ) = C(3)g3, Gy, (5, Yy S(x, y)y*213

(68)

where {i, j} and {n, {} are, respectively, techniflavor and
Lorentz spinor indices, and the Casimir operator C,(3) =
(32 -1)/(2 X 3)=4/3.

1. The gap equation
We first consider the case of A}, = A5, = By, =
B,, =0. The SUQ3)rc; technigluon propagator in

Landau gauge is
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d'p  8*Bie~irty) (g B P,J%)

Qm)t =p[1 + I(=p)]\"*"  p* )
(69)

Inthe case of A}, = A% = By, = B,, = 0,the SU(3) 1
techniquark self-energy and propagator are, respectively,

Gib(x, y) =

p . _y ..
ey "R

d*p
Qm)*
with Si]jg(p) =i{1/(p — E(—pz)]};’? Substituting the
above equations into the SDE (68), we have

d4q —C2(3)g§1
Cm* (p — @)1 + TH(=(p — ¢)*)]

« [ o (p —(Z),i(z)z— q)y}

(70)

Si;,ig(x, y) = e~ iPx=y) Si;,jg( p),

Einjg(_pz) =

i ij
[ v s | )
[ 4 - 2(—q% n{
As discussions of the dynamical computation prescription
for the one-doublet technicolor model, the above equation
will lead EZ{(—pz) = 88,:31c(p}) and in Euclidean
space Xrc(p2) satisfies

o 2
Srci(pp) = 3C2(3)fd qe a31[(pg — q£)’]

(pe — QE)z
ETC1(QE)
qr + 23ci(g)

(72)

The corresponding techniquark condensate (Q*Q7) with k
and j techniflavor indices,

d*pg ETC(P%)

Q@m)* pg + 23c(pp)’
Nonzero techniquark self-energy can give a nontrivial
diagonal condensate (QQ) # 0, which spontaneously
breaks SU(3); X SU(3), X U(l)y, X U(l)y, — SU(3), X

U(l)y.
In the following we consider the effects of the nonzero
electroweak gauge fields A} s Aj B, u»and B,,,. The SDE

2u°
(68) is explicitly

(OF(x) 0/ (x)) = —128%F

(73)

AP,

A
3(05) = Co9 Gy 9y (i — 11 5

Mo 1
- h27é‘2(x)PR — 4 §E1(X)PL
~ 3 B0 ot~ )~ S|y 04

where the techniflavor and Lorentz spinor indices of the
techniquark self-energy are implicitly contained.
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Suppose the function ¢ (—p?) is a solution of the
SDE in the case A}, = A%, = By, = B,, =0, that s, it
satisfies the equation

,u=

4
2TC1(_I?2) = C2(3)g§1 f(;qu)“GM(qz)'y”
X ! 7,
4+ p— 2rcil—(g + p)]
Replacing the variable p by p + A in Eq. (75) and sub-
sequently integrating over p with the weight e ~?*™Y), we

obtain, as long as A is commutative with d, and Dirac
matrices,

PRVHICH

(75)

—iAY]6(x — y)
C2(3)831 )
ot K~ Seal (o, AP I
(76)

=G (x, )y

Now if we take A to be —/ & AP, — hy 5 A3 Py
q1%B1P — g2 By Py, ignoring the property that it is non-
commutative with 9, and Dirac matrices, Eq. (76) is just
the SDE (74) in the case A{, # 0, A3, # 0, B, # 0, and
o # 0. Thus, Sqci[(0% +ih S AL Py +ihy A AS, Prt
iq13B1,PL +iqy%B,, P)*18(x —y), which is SU(3); X
SU(3), X U(1)y, X U(1)y, covariant, can be regarded as
the lowest-order solution of Eq. (74). From Egs. (58a) and
(58b), we can write the covariant derivative of SU(3); X

SU(3)2 X U(I)Y X U(I)Yz as
o 1
VM—G +ll’l1 A PL+lh27A2MPR+lql§Bl/LPL
1
+ lquBZ#PR
oM 1
=0, tig; 2AA +zg12 “
+ igs(cotdP; — tanOPR)TBfL
1
+ ig,(cotd'P; — tanH’)EZ’ , (77)

where Aﬁ and B, are gauge fields of the unbroken sym-
metry group SU(3), X U(1)y. To further simplify the cal-
culations, we can only keep SU(3),. X U(1)y covariance of
the self-energy, that is, we replace V, by the covariant
derivative of SU(3), X U(1)y,

_ M

Vﬂ=aﬂ+lg37AM+1g1§Bﬂ (78)
inside the techniquark self-energy. Thus, if the function
3(02)8(x — y) is the self-energy solution of the SDE in the
case A}, = Ay, =By, = By, =0, we can replace its
argument 9, by the SU(3),. X U (1)y covariant derivative
V., ie., E(VZ)S(x —y), as an approximate solution for

055003-14



ELECTROWEAK CHIRAL LAGRANGIAN FROM ONE- ... PHYSICAL REVIEW D 77, 055003 (2008)

SDE in the case A}, # 0, A9, # 0, By, # 0, and B,,, # 0.
Now we are ready to 1ntegrate out the techniquarks Q and Q. The exponential terms on the right-hand side of Eq. (61)
can be written explicitly as

fd“xl d*x lg'31) G\, (s e X)), () o T (x,) = /d4xd4x’Q"(x)HUp(x x)OP(x'), (79)
n=2

where in the last equality we have taken the approximation of replacing the summation over 2n-fermion interactions with
parts of them by their vacuum expectation values, that is,

o0

I, (x ') Z I3 (x, x') (80)

_i n
Hg,",))(x, XY=nxX [d‘lxz...d“xn,, %GZ‘,'][,O,‘L’;(X, Xp ooy Xpo1, X)

XA Y ) g, Q71 (D) Q)7 Y2 Q(x2) ... Q- )1y O, =) QP () (" y#r) ) (81)

where the factor n comes from n different choices of unaveraged QQ, and the lowest term of which is

N2k, ) = 2- T8 Gaves (gm0 (007 ()2 ym2), )

21
— 83 Gt (o, Xy 1S (x, y)ri2y#2],,. (82)
Comparing Eq. (82) with Eq. (67), we have
TG00 x) = 3,15 x) = 3,,(V2)8(x — y). (83)
Substituting Eq. (79) into Eq. (61), we obtain
; A pA . Mo A 1
eXp(lSTCl[A y Bl‘" Bl,u’ Bzﬂ]) = Det[lﬁ — 83 74‘ - g3(COt9PL - tan@PR)TE — &1 EE
1 _
- gl(cotH’PL - tanH'PR)EZ’ - ETCI(VZ):|, (84)

where we have taken further approximation of keeping only the lowest-order, i.e. Hg), (x, x'), of I1,,(x, x'). With all these
approximations, we have
1

A )lA
iSTCl[AA, BA B Z/ ] = Trlog[tﬂ 83—~ AA - gg(COtQPL - tanHPR)TBA — &1 EE

1 i}
— gi(cotd’'P;, — tane,PR)EZI - ETCl(vz):|, (85)

We know the QCD-induced condensate is too weak to give sufficiently large masses of W and Z bosons, and thus it is
negligible when we consider the main cause responsible for the electroweak symmetry breaking, which implies that
ordinary QCD gluon fields have very little effect on our technicolor and electroweak interactions. Therefore for simplicity,
we ignore them by just vanishing gluon field AA =0. In the next two subsubsections, we perform low energy expansion
and explicitly expand above action up to the order of p*.

2. Low energy expansion for iStc[0, B4, B, Z),]
We have

iStc1[0, B4, B Z, ] = Trloglid + ¥, + diys — 2Tc1(v2):| = ifd4x(FgC1)2 tr[a%(x)] + S?‘c)l[O, B4, B Z, ] + 0(P6)
(86)

F©! depends on the techniquark self-energy rc;. The fields v, and a, from (85) and (86) are

where the parameter
identified with
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/\A
vy, = %(cotﬂ - tanﬁ)TBﬁ - %B# - %(cotﬁ’ — tan¢’)Z!,
87
8 M 8 &7
ay, = - ?(cotﬂ + tanH)TBﬁ - I(cotﬁ’ + tanf')Z),.
Substituting the above equations into Eq. (86), we obtain, at the order of pz,
FTC1y2
S(TZ%I[O, BA B, Z,]= % [a’“x[Zg%(cotH + tang)>B4 BA# + 3g3(cotd’ + tand’)>Z"]. (88)
Now we come to consider the p* order effective action. It can be divided into two parts
SY.[0, BA, B,,, 71,1 = SY4[0, B4, B,,, 71,1 + SY&[0, B4, B, Z,,] (89)
with
iSTA10, B4, B, 7,1 = Trloglif + #, + dys]
iSY[0, By, By, Z,] = Trioglid + #1 + drys = Src1(V?)] = Trioglif + #1 + dyvs]
S?Cd; [0, B, B, Z},] is the divergent part of the action, which can be calculated by the following standard formula
1
iTrloglig + IP; + fPg] = —Ede“xtr[r“”rW +1#1,,] (90)
. : 1 K2
Fup = 0,1, — 0,1, — i(r,r, —r,r,) Ly =0,1,— 0,1, —ill,l, —1,1,) X = Ty <logp + y) 91)

with XK a divergent constant dependent on the ratio between ultraviolet cutoff A and infrared cutoff « of the theory. We
identify

A 1

A 81
rlu =v1”u+a1”u = _g3COt9—2 BfL_gIEB,u,_?COtQIZ;L
/\A 1 81
l:Uv = Ul,,u - aLM = &3 tanHTB’; - glEB'“ + ? tanH’Z;L

With these preparations,

3¢

> B,,B""

1 2
sS40, B4, B, 7L, ] = — ;K f d4x[%(cot203;§wB;"”” + tan®0B}, B)""") +

+3g%( 26’ + tan?6")Z, Z’W+3g%( t¢' — tand')B,,, Z"*"
T (¢{0) an wy 7 CcO an uy

with

B}, = 0,B) —9,BA — g3cotf*B°BEBS B}, =a,Bi—0,B) + g;tangf B BE BS
B,,=9,B,—8,B, Zh,=0d,7,— 9,7, (92)

S?C”} [0, B4, B,, Z},] is the convergent part of the action, which can be calculated by the following standard formula
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SSal0. B4, B, 2] = f d*x - K[>, al)?

TC1,2#0

- ‘7<2 (d,ual,v - dl/al,,u)2
TC1,X#0

+ KICLE#0(g2)2
TC1,X#0

+ K3 ay ay,)

_ TC1,2#0 nv
K13 Vl,,U«VVI

. 4-TCL, 3 #0
+ K, Vi uvalatl, (93)
with VI,MV = G#UL,, - ayvl,# - i(vLle,V - ‘ULV'ULM)
aI(14q) dp,al,v = a,u.al,v - l(vl,,u.al,u - al,vvl,,u,)'
Stei Lo, BA B w Z;L] can be further divided into four parts

S0 B B Zu) = 16" (8] + 8¢ [B]
+ Sici 2]
+ S9eP B, 2]
+ 852, 2] (94)

The detail form of S?%;?)[BA], seBB], sLesz1],
SUBZ A 7/] and SUSEA)[B, 7' is given in (A5)—(A7)
respectively. Since TC1 interaction is SU(3) gauge inter-
action which is same as QCD interaction and the quark
number N are all equal to three,! as we discussed before,
due to scale invariance we have .’K,.TCI’E#), i=2,3,4,13,
14 are equal to those of QCD values within our approx-
imations

KTCLEF0 = g¢>#0 [ =234,13,14  (95)
Using the relation given in Ref. [12],

H, = (K + 5G0

L= Q(Kzzqﬁo - 5(123#))

Ly = §(4:Klz3¢o _ :KIEZ&O) (96)
L= 3%(:]@#0 + 2-7<123¢0 a ~7<124¢0)

Ly = L(IG?0 = 2K570 — 650 + 3K570)

PHYSICAL REVIEW D 77, 055003 (2008)

TABLE III. The obtained nonzero values of the O(p*) coef-
ficients Hy, Ly, Ly, Ly, Ly, L5 for the topcolor-assisted techni-
color model. The FI¢! and Aqc; are in units of TeV and
coefficients are in units of 1073,

FiCY Agey H Ly Ly L, L, L;
1 5.21 430 -—-7.04 506 219 1.10 -—7.81

In Table III, we list down original QCD calculation results
given in Ref. [12], the value for H in the original paper is a
divergent constant therefore we have not given its value.
Now the divergent part is already extracted out by
S?g{ [0,B4, B w Z;L], H, here is a convergent quantity
which can be obtained in the original formula for H, by
subtracting out its divergent part caused by terms with 3, =
0

We finally obtain

K;CI,E?&O — LlO — 2H1

KICVE#0 = 641, + 16L5 + 8Ly + 2Ly + 4H, (97)
KICLE#0 = 301, — 8Ly — 2L, — 4H,

K}‘fl,E#O = —4L,, — 8Ly — 8H,.

B. Electroweak symmetry breaking: The contribution
of SU (S)TCZ

Likewise, it is easy to check that the SU(3)yc, interac-
tion does induce the techniquark condensate (TT) # 0,
which triggers the electroweak symmetry breaking
SUQ2), X U(1)y — U(1)gy. Integrating out the SU(3) ¢
technigluons G5, and the techniquarks 7" and T, Eq. (60)
can be written as

4 4

1 1 1
exp(iSew[W4, B,]) = exp[i ] d“x(—ZW;VWWﬂ f DB, DZ, exp[i f d4x(— SALL AT — AL AR

1

4 4

w

1 . .
— "By, B — —Bz,wBs”) + iSyei[AS, BA, B, 7,1+ iSyeal WY, BZ,J} (98)

where St [A4, Bfu B, Z, 1 has been given in Eq. (85) for its general form and expanded up to the order of p?in (88) and

i
p* in (89), and Stco[W4, By, ] is given by

_ 1 apy | s
exp(iStcal Wi, By, ) = fDTDTDGg# exp[i[d“x(—ZFngz“ + Tlid — g3,r5@S + LP, + /ZPR]TH (99)

"This is in fact an approximation in which we have ignored possible effects on the running of the TC1 gauge coupling constant from

ordinary color gauge fields and coloron fields.

055003-17



ZHANG, JIANG, LANG, AND WANG

with le = g2 3 Wa q2%BZ,u and l"z”u = _QQ(%

PHYSICAL REVIEW D 77, 055003 (2008)

3
+ 5By,

By means of the Gasser—Leutwyler’s prescription presented in Sec. II, the functional integration (99) is related to the

QCD-type chiral Lagrangian by

f DI DT DG exp[ f dx [

_Fo

% {f DTDTeifd4xT[iﬂ+lzPL+/2PR]T}_l _

with the SU(3)rc,-induced chiral effective action

1 Qv (=
FF5 S+ T — g5 + P+ fiPoT |

fDM(U)eiSTcz—inauccd cff[g)lz.;url,u]’ (100)

FIC2)
Stca-induced eflUs Do, 72,u] = fd4 [( 1 ) ul (VEON)(V,0)] + LT[w(VFOTV, 0)P

+ LI u[V, 0TV, 01ul VAUV U] + LI o (VAOTV ,0)?]
—iL§C ul FR v+ OV Ut + FL VrOTV O + LTS u[UTFR O FL#7]

+ HTC PR FRer + F,LWFW]}

where

erILU + lUlzw

—iry,, 9, — iry,],

(101)

102
LV = l[aM - l.lz‘y]. ( )

—ily,, 9,

The coefficients F§©2, LT, L1, LT, LTS2, HT? arise from SU(3)1c, dynamics. These coefficients relate to the JKT¢
coefficients as those that appeared in the one-doublet technicolor model as

TC2,2#0 TC2,2#0 TC2,%#0 __ TC2,2#0 TC2,2#0 TC2,3#0
HTC2 —_ _ KZ + K13 LTC2 — ‘7( KIS LTC2 — ‘7< _ ‘7(14
1 4 10 2 9 2 8
TC2,3#0 TC2,3#0 __ TC2,2#0 TC2 TC2,3#0 __ TC2,2#0 __ TC2,2#0 TC2,2#0
LTCZ — ‘7<4 + 2‘7<13 ‘7<14 LTC2 + L — K3 K4 4",]<13 + 2‘,K14
2 16 ! 2 32

KT€2 coefficients with superscript TC2 denote the present
TC2 interaction. They are functions of technifermion T
self-energy ¢, (p?) and detailed expressions are already
written down in (36) of Ref. [12] with the replacement of
N, — 3 and subtracting out their 21, (p?) = 0 parts. TC2
interactions among techiquark doublet 7 is SU(3), which is
the same as the one-doublet technicolor model discussed
before. The only difference is that the Ac in the original
one-doublet technicolor model must be replaced with Atc,
now. But as we discussed before, K%, i =1, 2,3, 4,13,
14 are independent of Arc,, therefore our K12, i = 1, 2,
3, 4, 13, 14 are the same as those obtained in the one-
doublet technicolor model. This result presents LT, i =
1,2,3,9, 10 and HT®? coefficients as the same as those in
the one-doublet technicolor model. In Table IV we list
down the numerical calculation results in which the
method is already mentioned in a previous section and,
except for the result for H]“?, all others are already used in
Table 1.

(103)

Similar to the one-doublet case for U is a 2 X 2 unitary
matrix, and thus the LT term and the LI term are
linearly related,

LTC2 - o~ ~
=5 lOH VO 01 (V0012

(104)

LI u[(V+UTV,0)] =

Comparing Egs. (102) with the standard covariant deriva-
tive given in Ref. [2], we need to recognize

TABLE IV. The obtained nonzero values of the O(p*) coef-
ficients HTC2 HlD L'II'OCZ L{g LTC2 LlD LTCZ LéD
LT = LlD LI = LIP for the topcolor ass1sted technicolor
model. The Fy 12 and A, are in units of TeV and coefficients
are in units of 1073,

TC2 TC2 TC2 T2 7TC2  JTC2 TC2
Fy Arcy  Hj Li; Ly L, Ly L;

1.34

0.25 430 —-690 487 202 101 —740
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-~ ot _ A T .
Ut =u, VMUT=DMUEaﬂU+1g27WﬁU—U1q27
And FR, = =, + D)B,,,, FL, = —g, 5 W, — ¢, 1By, with B,,, = ,B,, — 9,B,, is the U(1)y, gauge field
strength tensor.
Substituting the above equations back into Eq. (101), we obtain

B, (105)

( Tc2y2 LI o
Ste2-inducea err[U, W, Ba] = f d'x [ (%, X#) + <L1D + >[tr(X Xe)P + LPP[(X, X,)P
LlD B o Llo i
- quZBZ,u,V tr(T3XMXV) - lL tr(W#,,X'“X”) + qulethr(T::)W/“})
- E(L% + 11H{)¢3B5,,B5" + H{P u(W, W’”)} (106)

where X u 18 defined by
X,=U'D,U). (107)

With (107) and from Eqgs. (105), (57b), and (59), we obtain

3
X, =X, +ig @n0'Z), . (108)

Substituting Eq. (108) into Eq. (106), we obtain, at the order of p?,

TC2)2
S deed eiiLUs WO, Bcosf! — Z' sinf'] = (OT) fd4x|:—tr(XMX“) ig) tan0'Z), (> XH) + = 5 tanQO’Z’Z}

(109)

Similarly detailed algebra gives

iS 0 glU, WY Bcosh! — Z'sind']
LD LiP
=i [ d4x[ (L{D + %)[tr(XMX“)]z + LiP[tr(X, X,)* — iL{P (W, X#X") — zTgl (P XHXY)

LID — 1 _ _ LID
+ % g1B,, (P WHY) + E(L}OD + 11H{?)¢?B,,, B** + HP (W, Wr") — <L}D + %) gitan?0'Z"*(trX?)
LIP\F1 1
+ (L{D + LD + T)[Z gitan*0'Z" — igtan’0'Z" 27"+ (X, 7'3):| - —L;DgﬁtanQE?’[Z’2 tr(X, 73) tr(X”73)
LID
+ 727" (X, ) (X, )] — (L%D + %)g%tanzﬁ’Z”“Z”” tr(X, 7)(X,7°) — LiPgttan?0'Z"* Z"" (X, X,)
% 171 3 2 7 1D 171 3 T 2 171 3 v
+ 21<L1 + T>g1 tang’'Z), tr(X*7°)(trX*) + 2iL;° g, tanf'Z;, tr(X,7°) tr(X* X") + =8 tang’Z), , tr(m° X+ X”)

1 _ _ LlD _
+ EglLéD tan®'[tr(W+ X, 7)Z), + e(WH'7°X,)Z),] — %gl tan6'Z),, (> W)
1
+ E(L{ + 11HP)[gitan*0'Z},, Z"*" — 2g% tan0’Z;“,B’”]} (110)
Thus, from Egs. (99)—(107) we obtain

. 1 7
iStca Wi, By, ] = Trln[ i — gz W”PL —q27 BzPL <6 + _>BZPR:|

+ logf D,LL(U) exp(lSTCZ induced eff[U W, BZ] +iS C2 induced eff[U w, BZ]) (111)

We still have left to compute Trin[iff — g2 5 WP, — g2 2 BoPr — q2 (% + 7)321)1?], which is at least of the order of p*.
We can write it as

055003-19



ZHANG, JIANG, LANG, AND WANG PHYSICAL REVIEW D 77, 055003 (2008)

74 1 1
Tr lﬂ[iﬂ - gZ?WaPL - 612632PL - ‘Zz(g + 7)321012} = Trlog[id + LLP; + /2Pg]

1
Wk = g

6

u 1 7 “ 1,7 171
r, = _‘]2(€+7>BQ - _<6+?>(81B’L — g1 tang'Z"*)

@ 1
1= —g BY = —g, - Wor — (g, B — g, tang'Z'*) (112)

2

Then with the help of (90), computation gives

. . T a 1 1 T3
lTrln|:z;Z - gz—W Pp — 6]2832PL - 6]2<6 + 7)32PR}

1
= — —K/d“ [18g1 ,B*Y + tan’0'Z),,Z"*" — 2tan6'Z),, B*") + = g2W“ we ’“’} (113)

Substituting Eq. (111) into Eq. (98) and then comparing it with the last line of Eq. (55), we have

1
NIWS, B, TexpliSealU, We, B,]) = exp[i f d%(—zwgywwﬂ f DBADZ,

1 1

1 1
><exp|:i/d4 ( —AL AT — —As AR — By, B -2

4 Tuy 4 2uv Z BZ,UJ/BgV>

1
+ Trln[zif gz W“PL — g2z BZPL <6 + 2)321’4

+ iStcilA%, B4, By, Z), ] + iStca—induced et U, W, Bz]} , (114)

u

where we have put the SU(3), gluon fields Aﬁ = 0 on the right-hand side, for the QCD effects are small here. The
normalization factor from its definition (56) can be calculated similarly to a previous procedure. The only difference is that
we switch off the TC2 interaction by taking g3, = 0, This will result in Stcs-induced efflU> W, B»] vanishing, which then
leads to ignoring the term iStco-induced eflUs W, B> ] in the above expression, and we get the expression for NTWy, B, |.

C. Integrating out of colorons

Now, as shown in Egs. (114), the next work is to integrate out the SU(3), octet of colorons, Bﬁ. From Egs. (57a) and
(59), it is straightforward to get

A{‘W = A%, sing + B/l*/w cosé, (115a)
Ag‘w = A%, cosf — B2,;w sind, (115b)
where
BY ., =,B% — 3,B4 + g3 f*5C(cotdBE BS + BEAS + A BS)
ng} = ('JMB‘;} — (9,,Bﬁ — g3fABC(tan6’BﬁBg + BﬁAS + AﬁBS)

then Eqgs. (114) become
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NIWe, B, Jexp(iSe[U, W4, B, ]) = exp[i f d4x<—lW“ W‘”‘”ﬂ f DB4DZ,

1 1

4 4

— - B,,,B — —BZMVB§”>

1 1
X exp|:iSTC1[O, B4, B,.Z,]+ ifd“x(— ZB?MVB?MVCOS29 - ZB*Z‘WB';”VsinZQ
. T 1 1
+ Trln[zﬂ - 823W P - Q26B2PL - 612<6 + 2>E2PRi|
(116)

+ iS1c2 - induced effLU, W, Bz]}

'Ignoring term iSTcz—induceq «itfLU, W, B, ] in the above expression, we get an expression for N[W¢, B, ]. In the above result,
if we denote the coloron involved part as [ fDBfLe’Smlomﬂ[B 2] then

A A 7l 1
Scooron[ BY, Z'1 = St [B*] + Sty “[B4, 2] + f d“x(— 7B!

N (FgCl)Z

— 0
- Scoloron

with SO [BA, Z'] linear and quadratic in coloron fields

and S [BA, Z'] cubic and quartic in coloron fields. The
detailed form of them is given in (A8) and (A9). Now
coloron fields are not correctly normalized, since the co-
efficient in front of the kinetic term is not standard —1/4.

We now introduce normalized fields B u as

1

B4 = EB;‘}’# (119)

1
=1+ g%[i K20 (coth + tanh)>

1
+ E.’Kﬂcmio(cotﬁ — tand)? + K(cot?6 + tanzﬁ)}

(120)

With them, S°

coloron
fields become

[BA, Z'] in terms of normalized coloron

1 L
Sonl B 21 = [ x5 B 0D #2084, )
(121)
with
D" (Z)) = D™ + Ar¥(Z!
s “(Z) = Dy, () (122)

_L v
Dy " = g (9? + M2

coloron

)= (1+ Ag)a#a”

[BA, Z/] + Sint

1
1 1, B cos?0 — ZBQ‘WB’;”VsinZO

2
g3(cotd + tand)> By B4+ — %K(cotzeB;{WBﬁ"”” + tan2aB;fWBf'“”)> (117)

(B4, Z'] (118)

coloron

1 TC1,X#0 TC1,2#0 !
ARY(Z!) = |:g"“’<§ KICLE#0 4 (T )z;,zw

" <2K§c1,2¢0 " ASTKICLE#o)Z/,MZ/,V}

v g1gi(cotd + tan6)*(cotd’ + tand’)?

322
(123)
1 cotd + tanf FICl
Mcoloron = _834F(F£C1 = &40 (124)
2 c 2c¢ sinf cosf
Ay — _ 1, (cotd + tang) K140 (125)

453 c?
Here we recover the estimation for coloron mass M ocon ~
g3\ /(sinf cosf) given in Ref. [19] if we identify A =
F{€1/(2¢). We now denote the resulting action after inte-
gration over colorons as

[DBﬁeiScolcron[Bszl] = eigcﬂloron[zl] (126)

Seoloron Z'] are all vacuum diagrams with propagator
D5”(Z') and vertices determined by S™ [BA Z']. The
loop expansion result is
igcoloron[z/] = _%Tr IOgDEI(Z/)
+ two and more loop contributions
127)

The first term in the right-hand side of the above equa-
tion is a one-loop result. If we further perform low energy
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expansion for it and drop out total derivative terms, we find the contributions from the one-loop term is quartically
divergent up to the order of p*, which will vanish if we take dimensional regularization. Then up to the order of 1-loop
precision, colorons make no contributions.

D. Integrating out of Z'

Equations. (57b) and (59) imply
By, = B,,sind’ + (9,2, — 3,Z,) cosd’,
B, cost — (9,2, — d,Z),)sinb’".

(128a)

BZ/.LV = (128b)

Substituting B, = B, sind’ + Z cosf', B,, = B, cos®’ — Z), sinf’ and Eq. (128) into the right-hand side of

Eq. (116), combined with (126), we get

N[Wa ’ B;L]exp(iseff[U’ qu B,u,])

1 1
=exp[i[d“x(—ZWﬁ,,W““”ﬂ[DZLexp[i[d“x(—ZBwB v
3

2(FICI)2
( ) (cotd’ + tan@’)?Z* —

16 2

- ! d a 1
Sl 21 IS5 TBY iS5 T2+ iSHEP 1B, 2+ Trin) i — 52 T WOPL — ax gBaPL

+ iS1C2-induced et LU, W, 32]}

Ignoring term iStco-induced efflU> W, By] in the above ex-
pression, we get an expression for N[W¢, B,]. In the
above result, if we denote the Z’ involved part as
[ DZ},e'5212:UW"B] then we will find that Z' field in
Sx[Z', U, W% B] is not correctly normalized since the
coefficient in front of kinetic term is not standard —1/4.
We now introduce normalized fields Zj, , as

zZ! —IZ’
M_? R u

(130)

3¢}

2=1+ KT(COtzﬁl + tan%6’)
387 pTCLs 20 / "2
+ T[KZ =7(cotd + tand’)

+ .’K,Tf]’zqko(cotﬁ’ — tand’)?]

2
& K@y = (LI + 11H{P)ghan’6’ (131
then

1
S,[Z', U, W4, B] = ] d4x[§

2 2
+ 20+ ZRZ, I,

Zpy ,()D; "M Z (%)

+g4zg1 Z"‘} (132)

1
- Z(ap,zlv - aVZ;.L)Z

3 3 392
.’K[ g' B, B*" + gl =L(cot?¢’ + tan’6")Z!,, Z"*¥ + %(cotﬂ’ - tanﬁ’)BM,,Z"“”D

%(é + ;)Esz}

(129)

{
with

Dy " = i (3% + MZ) — (1 + Ag)aka” + AL"(X)

(133)
3g1(F3<')? g1 (F3©)?
M%/ = T(COtH’ + tan@’)? + Ttanzﬁ’
(134)
A, = — KTCLE#0 3¢i (cotd’ + tand’)? (135)

8/2

tan 0’
o2

AZ"(X) = —gi {@L® + LiP)gr (trXx?)
+ (2LIP + LIP) tr(X#73) tr(X" 73)

+ 2LP tr(X# X7) + LiP[gh” tr(X, %) tr(X"' 73)

+ tr(X* ) (X7 73) ]} (136)
and
gy .
( TC2 2
Jhy = —ig, tand’ tr(73X*) (138)
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= —(BX+ X5" E?&0) (cotd — tang)

1
— (115 +2L[R + 22H]P) 5 tand! (139)
- 2i LiP
Iz, = C—f(L%D + %)gl tan6’ tr(X,, 7°)(trX?)
)y
+ = LIPg, tand tr(X”73)(rX , X,)
c
1 - _
+ FglLéD tan6’ [ (W, 7> — W, )X"]
+ FLIDgl tan6’ 9" [ (X, X, — X, X,)]
1 _
— —Li0g tand' 9" tr(r°W ,,) (140)
c
9z (:](TCI L 2#0 + :](:TCI E#:O) (cot0’ + tanﬁ')4
LIP\ |
+ (LD + LIP + 2 ) —tan*¢/ (141)
2 )4
LID
Jy,=— (LID + LiP + 5 )g%tan30’ tr(X*73).
(142)

We denote the resulting action after the integration over
Z' as

(143)

f DZ;L eiSZ/[Z’,U,W",B] — ei§Z/[U,W“,B]
|

N[Ws, B, lexp(iSe[U, Wi, B, 1)

_ 1
— exp[iSZ/[U, we, B] + iSUSPIB] + i [ d*x [ 4 Wi, Wk = B, B —

( TC2)2

+ - .’K(lgg1

1
2 :
LB + 2gzw;lwwa w)

1D LID
tI’(T3X"‘X”) + Tgl

_ L
_ 71D vy _ 79
iLg tr(WW,X“X) 1—2 gB

+ HIP tr(WMWW)H.
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We can use loop expansion to calculate the above integra-
tion
S ,[U, W B] = S,[Z., U, W¢ B] + loop terms (144)

where classical field Z.. satisfies

9zl )[SZ,[ZC, U, W¢ B] + loop terms] = 0. (145)

With (132), the solution is
ZH(x) =

—D4"J;,(x) + O(p?) + loop terms  (146)

then

Solv.we, B = [at - SI2uDE Iz
—Jiz, /L’(Dlz”lfz DY T, ,)?
+ 842 A (DWJZ ,,)4} + loop terms
(147)
where
D, Dy,

=D5"Dz,, = g (148)

It is not difficult to show that if we are accurate up to the
order of p*, then the order p solution for Z.. is enough. All
contributions from the order p* Z. at least belong to the

order of p°.
With these results, (129) becomes

3g% Y
.’KTBM,,B“

(X, X*#) + (L‘D + )[tr(X XB)P + LIP[r(X, X,)]

. 1
B, (TP WH) + 18(L{OD + 11H[P)g?B,,,B*"

(149)

Ignoring the term with coefficients F 0€2, LIP, and H{P in the above expression, we get an expression for N[W¢, B ,].

With it we finally obtain S [U, W, ]

Sere[U, W,

1D 1D

—2-g,B,, tr(P’X*X") + L—g,
2 wy 2

+ gD tr(WM,,W“”)} + ASelU, WS, B,]

- 1
B, tr(FPWH”) + m

B,]— ] d%[—L 352)2 (r(X , X¥) + <L1D " LlD)[tr(X XM)P + LIPr(X, X,)]2 — iLP (W, X#X7)

(L1D + llHllD)g%Bw,B’”

(150)
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i.e. our result EWCL is equal to the standard one-doublet
technicolor model result plus contributions from Z’. We
denote this Z’ contribution part AS.x[U, W(, B, ],

ASeff[Ur W(l’ B,u,] = SZ’[U, th’ B]
- SZ’[Uy we, B]ngCZ:O,L}D:H:D:().
(151)

Correspondingly, EWCL coefficients for the topcolor-

PHYSICAL REVIEW D 77, 055003 (2008)

the one-doublet technicolor model. Their values are given
in (9) and Table I. AB, and Aa; i =1,2,...,14 are
contributions from Z’ and ordinary quarks. Since we do
not consider ordinary quarks in this work, in the following
we calculate Z' contributions.

With the help of (133), (137), and (147),

1 v
AS.x[U, Wi, B, ] = [d4x[_§JZO,/LD§ Jz0,

1 - 2
assisted technicolor model can also be divided into two ——Jz M(J’Z‘ + QBVB’“’)
parts M3, ¢
1 ) g4Zng1 4
2= (FI?2 g, =AB, 152) - M—%hz,u]gofzo + M, Jzo}
a; = ailone doulet T Acx; i=12...,14 (153)
in which a;|gne gouret i = 1,2, ..., 14 are coefficients from  With the help of the following algebra relations,
|
d, u[PX*]=0
u[7(0,X, — 0,X,)] = —2tu(X,X,) + it(FPW,,) — ig|B,, (X, X,) r(’ X* X")
= [tr(X, X,)* — [r(X, X*) P — (X, X,) (7 X*) (73 X”) + (X, X*)[tr(7>X,) ] tr(TA)
X tr(TBC) + te(TB) tr(TCA) + tr(TC) tr(TAB) = 2 tr(ABC) (154)

where trA = trB = trC = 0 and 72 = 1. We can show that
(153) leads to the form of standard EWCL, further com-
bined with (133) and (138) and Table I, we can read out p>
coefficient

_ ey

21 0~ tan2g’
SCIZM%,

Bi

(FgCZ)Z
3(FIC)2(cot?d’ + 1)2 + 2(FpC?)?

(155)

which implies a positive and bounded above ;. With the
fact that f = FI® =250 GeV and original model re-
quirement FJ¢' =1 TeV, we find

1
24(cot?0’ + 1)* + 1°

2B, = (156)

Combine with a7 = 23, given in Ref. [2], we obtain the
result that the topcolor-assisted technicolor model pro-
duces a positive and bounded above T parameter. The
upper limit of B, is 1/50, which corresponds to the upper
limit of T parameter 1/(25a) ~ 5.1. Note this upper limit
does not mean parameter 7 can take this maximum value.
Instead we will see later that there exist some more strin-
gent upper bounds for 7 which depend on the Z’' mass.
From (155), we know the 3, coefficient is uniquely deter-
mined by parameter ¢’, therefore instead of using 6’ as the

{
input parameter of the theory, we can further use 8, or 7 =
23,/ « as the input parameter of the theory.

The p* order coefficients can be read out from derived
EWCL (150) and (153); we list down the results as follows:

TABLE V. The symmetry breaking sector of the electroweak
chiral Lagrangian.

Formulation I Formulation II

Lo 1 u(v,ve) — L F2r(X, X*)

Lo LB u(TV )P 1B lu(PX )P

5_11 %ngIB;uf tr(TWﬂV) %ng/_“, tr(TSW'U“V)

2 LigiB,, u(T[ve, V7)) ig1B,,, tr(r> X" X")

f—j igr (W, [V¥, V7)) 2ite(W,, X X")

= [tr(V, V,) [tr(X, X,)

= [tr(V, Vi) [tr(X,, X*) P

- w(V,V,)u(TVA) u(TV") (X, X,) tr(r3X*) (73 X”)
f—; w(V, V) u(Tv,) u(TvV’)  ulX,X*)w(rX,) u(r?X")
= 1 3lu(TW,,, )P (W) P

5—: L w(TW,, ) u(T[VE V7)) iu(FW,,) (P X#X")
Lo Hu(TV,) u(TV,) P (X)) (X, P
ﬁ_llll gt P u(TV, ) u(V,W,)) e u(rX,) u(X,W,,)
Lu g t(TV,,) te(V, WH) tr(73X,,) tr(X, Whv)

I L@ B, u(TW,,) €77 B,, tr(T°W ;)
Lo @Bervru(TW,, ) t(TW,,) 7 u(PW,,) u(r*W,,)
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a;=(1-28,)LP + (FOTCZ)Z,B — 2y, cotd'
1 1510 M2 1 YP1
Z’
1 (FTC2)2
a, = _5(1 —2B)LP + 2?‘/[%/ B — 2y B cotd’
1
as = _5(1 —2B))Ls°
(FTC2y2
a,=L® + 20?,31 +2pB,Lg°
Z/
LID (FgCZ)Z
as=L{P+2-— B —2BiLs°
2 M
(FTC2)2 LID
@ = — 2(1)‘/]%/ Bi +4BIL — 4:31<L5D + %)
(FTC2)2
ar =B, 2081~ BIQL® + L) + 281 Ls°
Z/
(IfTCZ)Z
ag = —f 23/[2 +4B,L1Y
Z/
(FTIC2)2
@y = _31723”2 +2B,(—Ls® + L
Z/
ay = 4B —8B})(2LIP +2LIP + LIP) + 32B81g4,cot*’

ap=ap=a3=a=0 (157)
Several features of this result are:

(1) Except for part of the one-doublet technicolor model
result, all corrections from the Z’ particle are at least
proportional to 8, which vanish if the mixing dis-
appears by 6’ = 0.

(2) Since L1Y <0, (157) then tells us ag is negative and
then U = — 167y is always positive in this model.

(3) Except for a, a,, and a;, all other coefficients are
determined by the one-doublet technicolor model
coefficients given in Table I'V and two other parame-
ter B; and F{? /M.

(4) ay further depends on parameter g,, which from
(141) further depends on KJC*#0 + g(JCI3#0
which is already given by (97) and Table IIL

(5) a; and a, depend on y which from (139) further
relies on an extra parameter . We can combine
(131) and (155) together to fix K,

TC2)2
Mtanzﬁ’ = iz + K(écotzﬂ’ + itan267’>
8B 1M, g3 2 18

3
+ Z[.’K;a’zio(cotﬁ’ + tanf’)?
+ KTEME#0(cots’ — tang’)?]
2
- §(L}(I)) + 11H{P)tan¢.

Once XK is fixed, with help of (91), we can deter-
mine the ratio of infrared cutoff x and ultraviolet

PHYSICAL REVIEW D 77, 055003 (2008)
1000 . .

800
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200+

-2001

—400

FIG. 1 (color online). The ratio of infrared cutoff and ultra-
violet cutoff x/A as a function of the T parameter and Z’ mass in
units of TeV.

cutoff A, in Fig. 1, we draw the x/A as function of T
and M, we find our calculations do produce very
large hierarchy and we further find that not all of the
T and M, region is available if we consider the
natural criteria A > k. This criteria leads to the
constraint that as long as the Z’' mass becomes large,
the allowed range for the 7 parameter becomes
smaller and smaller, approaching zero. For example,
T <037 for My =0.5TeV, T<0.0223 for
Mz =1TeV, T<0.004 for My =2 TeV and
T <0.002 for M, = 4 TeV. In Fig. 2, we draw
the Z' mass as function of the T parameter and
k/A. The line of k/A = 1 gives the upper bound
of the Z' mass. The upper bound of the Z' mass
depends on the value of the T parameter: the smaller

WA=

FIG. 2 (color online). Z’ mass in units of TeV as a function of
the T parameter and x/A.
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0.4 .
MZz'=0-
03——= Mz'=0.7 ]
=~ Mz'=0.6
> ~
0.2+ ~ g

> Mz'=0.5

Min(S)

FIG. 3 (color online). The dashed line is the minimal S pa-
rameter in the topcolor-assisted technicolor model for different
T. The solid lines are the isolines for different choices of the Z’
mass in units of TeV.

the T, the larger the upper bound of M.

(6) For fixed M, there exists a special ' value which
maximizes «;. The parameter S = —167a; is of
special importance in the search for new physics. In
Fig. 3, we draw a graph of minimal S parameter with
a different T parameter. We see that if the Z’ mass is
low enough, say M, < 0.441 TeV or T > 0.176, S
will become negative.

Since we already know FJ©* = 250 GeV, all EWCL co-
efficients then depend on two physical parameters 8 and

FIG. 4 (color online). The § parameter for the topcolor-
assisted technicolor model. F{®? = 250 GeV, the T parameter
and M, =1{0.5,1,2,4} TeV are as input parameters of the
model.
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0.01 T T
0 r .- - - — == -
-0.01
» 0021 o, Mz=0.5Tev
o
El o, Mz'=1TeV
-0.03
oc1,Mz’=2TeV
az,Mz’=0.5TeV
-0.04
- - = uZ,Mz’=1TeV
— — —o0,,Mz=2TeV
-0.05 2
‘‘‘‘‘ 053
-0.06 3 . > . ; o
10 10 10 10

FIG. 5 (color online). Coefficients @, a5, and az. FJ©* =
250 GeV, T, and M, TeV are as input parameters. Except a
horizontal dash-dot line represent @3 independent of M, other
curves are divided into three groups, each include a solid («;)
and a dash (a,) curve. The upper, middle, and nether group is for
the case of M, = 0.5, 1, 2 TeV, respectively.

M 7. Combined with a7 = 23, we can use the present
experimental result for the 7 parameter to fix 3. In Fig. 4,
we draw a graph for the S in terms of the 7' parameter. We
take three typical Z’' masses M, = 0.5, 1, 2 TeV for
references. We do not draw the corresponding U parameter
diagram because it typically is smaller than 1072, In
Figs. 5-8, we draw graphs for all p* order nonzero coef-
ficients in terms of the T parameter, where for a; and «a,

_4

x 10
6 T T
0, =0 l_o,M2Z'=0.5TeV ]
5t "
cc4—oc4|T:O,Mz =1TeV /
— ) !
oy oc4|T=0,Mz =2TeV )
4 - — —a,Mz=0.5TeV b
~ _ /
a_o - - = a7,Mz =1TeV /
I )
_: 3t oc7,Mz =2TeV , 4
g
av
2 |-
1 |-
0 3
107
FIG. 6 (color online). Coefficients ay — aylr—g =

—as + aslr—g and a;. In which a4|l;—¢o = 0.0020 and
aslr—o = —0.0027. Fgcz = 250 GeV. Curves are divided into
three groups, each include a solid (s — a4|r—¢) and a dash (a7)
curve. The upper, middle, and nether group is for the case of
My = 0.5, 1, 2 TeV, respectively.
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x107*

aG,Mz‘zo.STeV N
as,Mz‘=1TeV
o MZ'=2TeV “\
-er 0 Mz'=0.5TeV
- - - ocB,Mz’=1TeV

- - (xB,Mz’=2TeV

3} o M2'=0.5TeV J
e — ug,Mz’=1TeV
————— ug,Mz’=2TeV

U589

i . .
107° 107 107 10°

FIG. 7 (color online). Coefficients ag, ag, and ag. FJ* =
250 GeV. Curves are divided into three groups, each include a
solid (ag), a dash (ag), and a dash-dot (ag) curve. The upper,
middle, and nether group is for the case of M, = 2, 1, 0.5 TeV,
respectively.

%o
|
N
:

FIG. 8 (color online). Coefficients ay. FJ* = 250 GeV.

we only draw one line for each of them since they are
independent of the Z’ mass. For a4, we combine the result
ayly—o = 0.0020 and draw its translation a, — a4l;—
with a7 in the same diagram. For as, to save space, we
do not draw its diagram separately, since from (157), we
find the relation as— asly—g = —ay + a4ly—. Fur-
thermore, with the help of the result as|y—, = —0.0027,
we can obtain its graph from the diagram for oy — a4l7—.

IV. CONCLUSION

In this paper, we have set up a formulation to perform
dynamical computation of the bosonic part of EWCL for

PHYSICAL REVIEW D 77, 055003 (2008)

the one-doublet and topcolor-assisted technicolor models.
The one-doublet technicolor model as the earliest and
simplest dynamical symmetry breaking model is taken as
the trial model to test our formulation. We find our for-
mulation recovers standard scaling-up results. The
topcolor-assisted technicolor model is the main model we
handle in this paper. We have computed its TC1 dynamics
in detail and verify the dynamical symmetry breaking of
the theory. The TC1 interaction will induce effective inter-
actions among colorons and Z’, which are characterized by
a divergent constant J, a dimensional constant F, gc1’ and
a series of dimensionless QCD constants L, L3, Lg, L,
H;. For TC2 dynamics, it will induce effective interaction
for Z', electroweak gauge fields and their goldstone bosons.
Because of its similarity with QCD, we use Gasser-
Leutwyler prescription to describe its low energy effects
in terms of the low energy effective Lagrangian with a
divergent constant XK, dimensional constant F0TC2, and a
series of dimensionless constants L1P, LiP, LD 1IP 1ID
HIP which are the same as those in the one-doublet techni-
color model. Due to the similarity between TC2 dynamics
and QCD, TC2 interactions make a direct contribution to
EWCL coefficients, which is the same as that of the one-
doublet technicolor model. Further corrections are from
effective interactions among colorons, Z', and ordinary
quarks induced by TC1 and TC2 interactions. We have
shown that colorons make no contributions to EWCL co-
efficients within the approximations we have made in this
paper, while ordinary quarks are ignored in this paper for
future investigations. In fact, for some special EWCL
coefficients, such as § = =167, aT =284, and U =
—167ag parameters, general fermion contributions to
them are already calculated [22]. S, T, U, and triple-
gauge-vertices from a heavy nondegenerate fermion dou-
blet have been estimated in Refs. [9,23]. One can use these
general results to estimate possible contributions to some
of the EWCL coefficients. For the topcolor-assisted techni-
color model in this paper, the main work is to estimate the
effects of the Z' particle. Our computation shows that
contributions from the Z’ particle are at least proportional
to B, and then vanish if 3, is zero. One typical feature of
the model is the positivity and bounding above of
parameter which means the 7 parameter must vary in the
range 0 ~ 1/(25«) and the positive U parameter. If we
consider the natural criteria A > x which will further
constrain the allowed range for the T parameter approach-
ing zero as long as the Z' mass becomes large, for example,
T <0.37 for My =0.5TeV, T<0.0223 for M, =
1 TeV, and T < 0.004 for M, = 2 TeV. For the S pa-
rameter, it can be either positive and negative depending
on whether the Z’ mass is large or small. As long as M, <
0.441 TeV or T > 0.176, we may find negative S. There
exists an upper bound for the mass of Z’' which is depen-
dent on the value of the T parameter: the smaller the T, the
larger the upper bound of M. Except for U(1)y coupling
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g, and coefficients determined in the one-doublet techni-
color model and QCD, all EWCL coefficients rely on
experimental T parameter and coloron mass M,. We
have taken typical values of M, and a varied T parameter
to estimate all EWCL coefficients up to the order of p*.
Further works on the matter part of EWCL and computing
EWCL coefficients for other dynamical symmetry-
breaking new physics models are in progress and will be
reported elsewhere.
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APPENDIX: NECESSARY FORMULAS FOR EWCL

In this appendix, we list down the necessary formulas
needed in the text. First we describe two equivalent EWCL
formalisms used in the literature and our work. EWCL is
constructed using a dimensionless unitary unimodular 2 X
2 matrix field U(x). In Ref. [2], it has been constructed with
the building blocks, which are SU(2); covariant and U(1)y
|
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invariant, as

T=vusUt, v,=(D,UU",
. (A1)
ng/,LI/’ gZW/,LI/ = g27W,uV'

Alternatively, we reformulate EWCL equivalently with
SU(2), invariant and U(1)y covariant building blocks as

7, X, =U'D,U),

_ (A2)
ng W,um = UTgZW,uVU’

p

among which, 73 and g1B,, are both SU(2),, and U(1)y
invariant, while X,, and W, are bilinearly U(1)y cova-
riant. This second formulation is largely used throughout
this paper. In Table V, we list down the corresponding
relations of the two formalisms.
Next we list down the detailed results for convergent
)

part of p* order TC1 interaction Sy¢,[0, B4, B, Z), ] given

in (89). It is decomposed into five different parts in (94):
A ! .
SUe B gAY, sUeZ71], S4B B] are parts only dependent
on field B4, Z', and B, respectively. S(TL‘CC’IB Z/)[B, 7' are part
: 1 QUc,BAZNrpA 71 A
B coupled with Z'. S5 “’[B4, Z'] are part B* coupled
with Z'.

2 2
S?C"’IBA)[BA] = [d“x[—.’](fm’ﬁo%(cow + tang)*(a , B*#)* — K;Cl'ﬁo%(cote + tan6)?BA By

a,pv-a

4 4
+ .’K;Cl’z#)[ﬁ(cotﬁ + tang)* (B4 BA#)* + %(cotﬁ + tanG)“(dABCBﬁBC'”)Z}

192

4 4
+ K}Clvf’to{ﬁ (cotf + tan)* (B4 BA)? + %(cotﬂ + tan@)*[(i fA5C + dABC)BﬁBEP}

192

2
- .’K%CLE#O%(COW — tan6)?B4

v, Uy

3
Auv 4 Kffl'yo&(cot@ — tané)(cotf + tan@)zBﬁ’“VfABcBﬁBf}

32
(A3)

! 3 2 3 4
Stz = f d%[—ﬂ(fchz#o%(cotﬁ’ +ang")2(3, 24 + (IGO0 + K0 L (cotd! + tand)! (2,20

382 TC1,3#0 TC1,3+#0
- 1—61[5<2 =7 cotd’ + tand')? + K3 =7 (cotd’ — tanH’)z]Z;“,Z"“”}

: 3g?
Sslfch,lB)[B] — fd4x|:_j<T§:1,2#OﬁBﬂyBﬂvi|’

(A4)

2 (AS5)

with B ,, = 9,B% — 0,B% — % (cotd — tan) f48BE BS and
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2
SWeBZIp 7] = ] d‘*x[—acff"z*o%(cote’ — tan0’)BM,,Z"”"} (A6)

2.2
S?é’IBAZ)[BA, 7'l = fd“x[ﬂ(?jl’z;&o[gé? (cotd + tan6)*(cotd’ + tand')>B4B*+Z,, 7"

2.2
+ %(cotﬁ + tan@)*(cotd’ + tand')*(B4 Z"+)?

L 8183

5 (cotd + tan6)?(cotd’ + tanB’)dABCBﬁBC’“BfLZ’#}

2.2
+ K}CI’E;&O{—gzngg (cotd + tang)*(cotd’ + tand’)*(By Z")>

2.2
+ —géi3 (cotd + tan6)*(cotd’ + tand’)*[B4 B4+ Z,Z"" + (B4 Z"*)*]

3
+glg3

3 (cot@ + tand)3(cotd’ + tanﬁ’)a’ABcBﬁBfBA’/‘Z"”}}. (A7)

Finally, we list down the coloron interaction Scyjoron[B*, Z'] given by (117) for which in (118) we have decomposed it
into two parts. S°  [BA4, Z'] is the part linear and quadratic in coloron fields and S™  [BA4, Z'] is the part cubic and

coloron coloron
quartic in coloron fields.

(FIC1y2
Sgoloron[BA, Z/] = ]d“x[(g/“’{ng%(cotB + tanH)z
2,2
+ [Xga’z#ogé?(cotﬂ + tan@)?(cotd’ + tanh’)?
g2g2
+ K}Cl’zqﬁoﬁ(cotﬁ + tan6)*(cotd’ + tanﬁ’)ﬂZﬁlZ”)‘}
2,2
+ [K?l'gg&o%(cotﬁ + tanf)?(cotd’ + tanf’)?
TC1,3#0 58%8%
+ I, 56 (cotd + tanf)*(cotd’ + tand’)? }Z’*‘Z‘”)BﬁBA,,,

2 2
— KTCLE;&O%(COt@ + talnﬁ)z(aﬂBA'M)2 + [—Kga’z#o%(cote + tanf)?

2 1 2
- Ky 1‘2’&0%(00&) —tang)’ — 7 - %K(co@e + tanzﬁ)}(aﬂBﬂ — a,BA)(a#BAM — a”BA'“)}

(A8)
and
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Sint

coloron

(1]

(3]
(4]

(6]

8

+ g3(— cotd + tand)? fABCBE B fAB'C' pB.u pC'v]

192
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2
[BA, Z'] = fd“x[—f]@chz#o&(cot@ + tand)*[(0,, B4 — 9,B4)2g5(— cotd + tanf) fAEC BB+ BCY

4 4
+ Kgm’zio[ﬁ(cotﬁ + tang)* (B4, B*#)* + %(coté‘ + tan0)4(dABCBﬁBC’”)2}

4 4
+ KICLE#O{% (cotd + tan0)4(BﬁBﬁ)2 + %(cotﬁ + tan@)*[ (i fABC + dABC)BﬁBE]Z}

2
- ZKT?‘E#O%(COW — tanﬁ)z[(aﬂBﬁ — 9,B%)g3(— cotd + tang) fAEC BB+ BC¥

4

32

1 ' B o 3
+ —g3(— cotd + tang)* fABCBE BS fABC BB”‘BC"’:| + ,’](Tfl’zqeoﬁ(cotﬁ — tan#)(cotd + tand)?>

X [a#BAvV — 9VBAH + %(— cotf + tanH)fABCBBJ‘BC”’}fABCBﬁBS

3
+ iKgCI’E#) _g31§3 (cotd + tanf)*(cotd’ + tand')d*BBE B+ BAZ""

3
+ K}CLE#O _g;§3 (cotd + tanf)*(cotd’ + tand')d*BC BE BS BA+ 7"

1 Fall / !
— 100520[2g3(8MB,/§ — 0,B%) cotf fABCBBLBCY + g3cot? fABC BBk BCY fABC BB BCT]

1 . Falk ! !
— Zsmzﬁ[—2g3(aﬂBﬁ — 9,B%) tanf fABCBB#BCY + g2tan?g fABC BB 1 BCY fABC BB BT

2
- %KcotZG[—Z&(&#BQ — 9,B%) cotf fABCBERBCY + g2cot?0 fABCBE L BCY fAB'C BB BCT]

2
- %Ktan20[2g3(8MBﬁ — 9,B4) tanf fABCBELBCY + g2tan?6 fABCBB.1BCY fAB'C'Bﬁ'BS']} (A9)
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