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tbW vertex in the littlest Higgs model with T parity
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A study of the effective tbW vertex is done in the littlest Higgs model with T parity that includes the
one-loop induced weak dipole coefficient f,g. The top’s width and the W-boson helicity in the t — bW ™
decay as well as the 7-channel and the s-channel modes of single top quark production at the LHC are then
obtained for the tbW coupling. Our calculation is done in the Feynman-’t Hooft gauge, and we provide
details of the analysis, like exact formulas (to all orders of the expansion variable v/f) of masses and
mixing angles of all of the particles involved. Also, a complete and exact diagonalization (and
normalization) of the scalar sector of the model is made.
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L. INTRODUCTION

The top quark plays a major role in the research program
of the LHC. The top is the only quark that decays weakly
before hadronization; therefore, we have an opportunity to
study bare quark properties like spin, mass, and couplings
[1,2]. Recent measurements of the single top quark pro-
duction as well as the W helicity in the t — bW™ decay
have been made by the DO and CDF groups at the Tevatron,
and these have (for the first time) set direct constraints on
the effective tbW vertex [3]. On the other hand, the high
production of top quarks at the LHC will make it possible
to probe directly this vertex down to a few percent devia-
tion level for the left-handed coefficient f|; and to set
limits of order 1072 for f,; and of order 10~! for the
right-handed fz and f;; [4]. From the theoretical stand-
point, observables that depend directly on the thW cou-
pling like single top production, the top’s width, and the W
helicity in the top’s decay have been studied in models
beyond the standard model (SM) like the minimal super-
symmetric standard model [5] and the topcolor-assisted
technicolor (TC2) model [6].

In the SM the Higgs boson receives large quadratic
divergent corrections from the heavy gauge bosons and
from this fermion. Models beyond the SM are studied that
alleviate this problem; two important examples are super-
symmetry and technicolor (and TC2) [7]. Another possible
solution is provided by the recently proposed little Higgs
models [8,9] (for a review, see Ref. [10]). In these models
the quadratic divergent Higgs mass corrections get can-
celed at the one-loop level via the contribution from certain
(very heavy) partners of the gauge bosons and the top
quark (i.e. the Wj; boson, the Zy boson, and the T quark).
One explicit model has become well known, and it is called
the “littlest Higgs model” (LH) [9]. The LH model is
based on a nonlinear sigma model of an SU(5)/SO(5)
global symmetry breaking. It consists of two SU(2) X
U(1) gauge symmetries that break down to the SM gauge
symmetry at a certain scale f. The phenomenology of the
model deals with heavy partners of the SM gauge bosons,
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like Wj;, Zy, and a heavy photon Ay, as well as a heavy
partner of the top quark 7" [11]. These heavy partners mix
with the lighter SM gauge bosons, and this gives rise to
tree-level contributions to precision electroweak observ-
ables. Therefore, strong constraints have greatly limited
the parameter range of the model (for instance: f =
4 TeV) [12]. A way out of this obstacle is given by im-
plementing a new symmetry called 7 parity, where
T-parity even and T-parity odd particles do not mix [13].
There is one model that is often studied in the literature; it
is based on the previous LH model and is known as the
littlest Higgs model with T parity (LHT) [14]. Electroweak
precision constraints for the LHT model allow the scale f
to be as low as ~500 GeV [15]. This model has therefore
received more attention recently, with many phenomeno-
logical studies on production and decays of the new heavy
particles [16] as well as theoretical studies such as T-parity
violation [17], top quark induced vacuum alignment [18],
and two vacuum expectation value (VEV) scales f in LH
models [19].

In this paper we study the tbW vertex in the context of
the LHT. We will often refer to and will use the notation of
Ref. [20]. A detailed explanation of the model can be found
in Refs. [20,21]. In this work we focus on the interactions
that are relevant to the study of the effective tbW vertex.

In the literature an expansion in powers of € = v/f is
usually made for the masses and mixing angles derived
from the Lagrangian of the model. Here we have obtained
the exact (all powers in € = v/ f) formulas for masses and
mixings. Similar expressions have already appeared in
Ref. [22], and we have found agreement. Moreover, we
provide in detail the diagonalization procedure of the
scalar sector, including the Goldstone bosons that are eaten
by the gauge bosons and that participate in the one-loop
calculation as is done in the Feynman-’t Hooft gauge. We
provide Feynman rules that are not found in previous
studies of the model.

The next section has the brief presentation of the LHT
Lagrangians (kinetic and Yukawa) and the definition of
mass eigenstate fields in terms of the original interaction
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eigenstates. Then, in the following section, we will discuss
the effective tbW vertex obtained from tree- and one-loop-
level contributions. From this effective vertex we compute
some of the observables associated to the top quark, like
the top’s decay width, the W-boson helicity in the ¢ —
bW decay, and the single top production process in the
two most important modes: the 7 channel and the s channel.

II. THE LITTLEST HIGGS MODEL WITH T
PARITY

The LHT model is based on a nonlinear sigma model for

an SU(5)/S0O(5) symmetry breaking. The nonlinear 2, field
|
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is given as [15]

) 02><2 02><l 12><2
E = EZIH/fE(), with 20 = 01><2 1 01><2 R
12><2 02><1 02><2
(1)

where f~ O(1) TeV is the symmetry breaking scale
known as the “pion decay constant.” The “pion matrix”
contains a total of 14 pion fields [15]:

~0’/2-7/V20 —0'/V2 —imt V2 —ip*t —ip* /2
—w /V2 /2= 1/V20 (v +h+in°)/2 —ip™ /N2 (—ig? + ¢9)/2
IT = i /2 (v+ h—in)/2 J4/57m —imt /2 w+h+ixd®/2 | @
i$p " i~ /2 im /N2 —°/2 = n/~20 ~—w /N2
ip~ /2 (id® + dW/N2 (v +h—inY))2 —wt /2 /2 = 1/+20

Seven of these fields get eaten by the gauge bosons of the
model. The other seven become physical; in particular, the
h field becomes the (little) Higgs field whose mass is
protected from quadratic divergencies by the collective
symmetry breaking mechanism of the little Higgs model
[9]

An[SU(2) X U(1)]? subgroup of the global SU(5) sym-
metry is gauged. The gauged generators have the form

/2 0 0
o= 0 0 0}
0 00
Y, = diag(3,3, =2, —2, —2)/10,

3
0 0 0 )
o5=10 0 0 ,
0 0 —o%/2
Y, = diag(2, 2,2, —3, —3)/10.
The kinetic term for the 3, field can be written as
f2
Ly = T TtD, 3 (D*3)T, 4)
where
D% =0,% i) [g;Wi(Q43 + 30"
J

with j = 1,2. Here B; and W{ are the U(1); and SU(2);
gauge fields, respectively, and gﬁ and g; are the corre-
sponding coupling constants. The VEV 3, breaks the
extended gauge group [SU(2) X U(1)]> down to the diago-
nal subgroup, which is identified with the standard model
electroweak group SU(2); X U(1)y.

The field H has the appropriate quantum numbers to be
identified with the SM Higgs; after electroweak symmetry
breaking (EWSB), it can be decomposed as H =
(—im*, [(v + h + i7°) /2], where v =246 GeV is
the EWSB scale.

The Lagrangian in Eq. (4) is invariant under T parity
provided that g; = g,(= +/2g) and g/ = gb(= +/2¢'). The
T-parity gauge boson eigenstates (before EWSB) have the
simple form W. = (W, = W,)/v/2, B+ = (B, = B,)//2,
where W, and B, are the standard model gauge bosons
and are T-even, whereas W_ and B_ are the additional,
heavy, T-odd states. From now on we will denote W_ and
B_ as Wy and By, whereas W, and B, will be written
simply as W and B. After EWSB, the T-even neutral states
W? and B mix to produce the SM Z boson and the photon.
Since they do not mix with the heavy T-odd states, the
Weinberg angle is given by the usual SM relation tanf,, =
g'/g, and no corrections to precision electroweak observ-
ables occur at tree level. The mixing for the neutral gauge
boson mass eigenstates is written as

(z _(cw —sw) w3
A S Cy B/
()= (5, 2)G50)
Ay —sy ¢y )\ By )
where s,, = sinf),, = 1/0.223 refers to the SM mixing angle

and sy = sinfy refers to the heavy boson mixing angle.
tanfy ( = ty) must satisfy the equation

(6)

(e o

where t,, = s,,/c,, = 0.536 and
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Sy, = sin\/ie,

¢, = cosV2e,

with

v
€ = —.

With this value of #,, we obtain

tanfy = y/al + 1 — ay =~ 0.142€> — 0.068€".

The gauge boson mass terms obtained from Eq. (4) are

as follows:

M, = (%)2(1 —c,) M= (2%)2(1 — ),

My, = (%)2(3 +c,), ;

2 o oL
M3, = (fg) [w§_§ —0n)

tyct 8
Sy = HCH <2s%tw + IH[—8 + tf,,(— — s,z,) + S%])

Similar expressions are given in Ref. [22]; our formulas are
presented differently but agree with theirs (our mixing

angle 6y differs in sign).

A. The Yukawa couplings for quarks

PHYSICAL REVIEW D 79, 015013 (2009)

8) L= —kf(V ¥, + ¥ 3,Q7QW,) + He,
down = Zi):_/difeijexyz[\péziyzjzx
— (U130),2,,3 . X1d5,
£, =~ St e [0, ~ (@308, Juj
© — M f(0y, Uy, + 0,,Ug) + He, (11)

where &=/, O =diag{l,1,—1,1,1}, and 3=
3,Q3TQ3,. € jk and €, are antisymmetric tensors where
ijk=1,2,3 and xy = 4,5. The Lagrangian L, that
gives mass to the bottom quark will be not be used in our
calculation as we take A; =0. The details of this
Lagrangian can be found in Ref. [20]. Nevertheless, we
provide Feynman rules for A; # 0.

In order to obtain the (exact) expressions for masses and

2
M2 = ( fg)2<1 _ Sy 5H) mixings, we will use the VEV of the field 3 as given in Eq.
H

(A2), as well as the VEV of the ¢ field:

1 0 0 0 0
1+c), i ch =1
0 ) 7552, 0 3
@ =0 s, e 0 Eu | a2
0 0 1 0
ch—1 i 1+cl,
(10) 0 =~ 5% 0 3

where ¢}, = cos(e/~/2) and s}, = sin(e/+/2). The uj;, Ug,
and U, quark fields are right-handed SU(2) singlets. The
upper plus sign in u} denotes that it is a T-even (T-parity
eigenstate) fermion. With the other two (U, and Uy, ), we
can define T-even and T-odd linear combinations: Uy =
(Ug, ¥ Ug,)/~2 [20].

On the other hand, the ¥ and Q fields are left-handed

The little Higgs model introduces a heavy partner of the
top quark (the heavy top quark) with the purpose of can-
celing out the one-loop quadratic divergent radiative cor-
rections to the Higgs mass [9]. When T parity is
implemented in the fermion sector of the model, we require
the existence of mirror partners for each of the original
fermions. This means that for the third family we have, in
addition to the usual bottom and top quarks, the mirror
bottom and the mirror top, as well as the heavy top quark
with its own mirror quark.

The T-parity invariant Yukawa Lagrangian of the LHT
model is separated into four parts that generate masses for
mirror quarks, down-type quarks, the first two generations
of up-type quarks, and finally the top quark and its heavy
partner. It is the latter that is defined in such a way that the
top quark quadratic radiative corrections to the Higgs mass
are canceled. We are interested only in the Yukawa
Lagrangian of the third family. A presentation that includes
the first two families and the corresponding Cabibbo-
Kobayashi-Maskawa mixing can be found in Ref. [23].
For the purpose of our work we consider only the mirror
and top quark Yukawa Lagrangians [20]:

SU(5) multiplets defined as

id, 0
(—iul\ 0
\Pl - 0 y \1,2 - O y
0 id,
\ 0 ) —iuy
. (13)
( ldl \ 0
_ibll 0
0, = UL, , 0, = UL2
0 id,
K 0 ) —iu2

From these we define the T-parity eigenstates u; = (u; F
u))/N2,di = (dy ¥ dy)/N2,and U = (U, * Up,)/\2.
The W, multiplet is composed of 5 right-handed 7-odd

quark fields:

W, = (ib~,—ia", x ,in", —ip ).

(14)

It turns out that two linear combinations of these become
the right-handed mass eigenstates of the mirror top and
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mirror bottom quarks. The other three linear combinations
are extra T-odd fermions that are assumed to have very
large Dirac masses, so that they decouple from the main
theory [14,21].

Below, we write down the mass eigenstates that arise
from the Lagrangian in Eq. (11) for the top and its heavy

partner:
+ c —g ut
Lk ) = < L(R) L(R)) LR (15)
T; (g CLR)  SLKR) ULw
where ¢y g) = €080 ), Spr) = Sinf gy, and O g is the
mixing angle of the left (right) top and heavy top quarks.

The mixing angles must satisfy two equations, which we
write in terms of tanf; g):

r(l +c¢,) + \/zrsv tanf; — 2tanfy = 0,
V2rs, tanfg — 2tanf; — r(1 + c,) tand, tanfz = 0, (16)

with r = /\1/)\2.
The solutions of these equations are

tanf; = laz, + 1 — a,,
tanf, = %(1 + ¢, + V25, tand, ),

_1+c,—3s5/2+2/r
V25,(1 + ¢,)

The masses of the top and its heavy partner are

a m

mg+ = %fAZCLCR[Z tanHL tan@R
+ r(v2s, — (1 + ¢,) tand,)],
mye = 3fAcpcp[2 + rtanfg(l + ¢, + V2s, tand;)].
Expanding in powers of e,
r? *+2rr =5 2 3
2 € 2 €
1+r 6(1 + r*)
rr—=1r
—— —€
1+r72
2 4
A (€_2+r +2r 63), (17)
T2\ e T Rp
2
mpe = fAN1 + 7 (1 EEYSE 62),

A

2
21+ 2P €

tanf; =

tanfg =~ r + 2

mg+ =

cosfy =cp =1—

Our formulas for the mixing angles and masses are in
agreement with those of Ref. [22], where & = 0, and 8 =
0.
The T-odd top and heavy top quarks are defined as
Ty, = Uy,
(18)

- -
=up, I, =0, I = Pgr>
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where the p’~ field comes from the redefinition of the
right-handed 7-odd fields of Eq. (14):

— 1+c!, ch—1 —1s/ B
PR 12 2/ B2 p
ag | =1« = ils' a” |. (19
Xr Lo 1 X

R ﬁsv ﬁsv CU

Notice that the mass of t~ comes from the mirror fermion
Lagrangian, whereas the mass of 7~ comes from the top
quark Lagrangian [see Eq. (11)]:

=2f«k, = fA.

For the calculations in this work, we will set k = 1 so
that the masses of mirror fermions are just ~/2f. The
presence of the LHT mirror fermions is vital for the good
high energy behavior of the model; in particular, they play
an essential role in the scattering process uii — Wy Wy
[20]. Our choice of k = 1 and the corresponding values of
the 7-odd fermion mass respects the unitarity bounds of
this process, as well as the limits coming from the contri-
butions to the four fermion contact interaction e e~ — gg
[21].

For completeness, let us write down the masses of the
T-even and T-odd bottom quarks. The mass of b is given
by the down-type Yukawa Lagrangian given in Eq. (11)
(see Ref. [20]):

my+ = \/iix\dsvcljl/4, my- = \/EfK.
Notice that the formulas we have obtained are exact (to all
orders in the € expansion); in particular, the mirror fermion
masses are equal for t~ and b~ quarks. We remind the
reader that in our calculation we take the mass of b" as
zero (A, = 0). Feynman rules with the mass eigenstates
can be found in Appendix B.

III. THE /bW* COUPLING IN THE LHT MODEL

Let us define the effective tbW™ coupling as follows:
g -
Low = \/——WM by*(fiLPL + f1rPp)?

J W bO'MV(szPL + szPR)t + HC

f My
(20)

where we have used the mass scale my, that is also used in
the literature [24-26].

In the SM the values of the form factors at tree level are
flL = tl? =~ ] and f]R = sz = fZR = (. Radiative cor-
rections to the factors f;z and f,; must be zero if we
neglect the mass of the bottom quark. We take m;, = 0 in
this work, so we set fiz = f>;, = 0 for this study. These
couplings can be probed by studying the top decay t —
bW™ and the single top production processes [24,27]. The
dimension-5 coupling f,p is different from zero at one
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loop: we obtain f5M = 0.00201 (0.00214) for my =
120 (150) GeV. This value seems to be too small to be
probed at the LHC [4]. In fact, the dominant radiative
corrections for the top width or single top production
comes from QCD [27]. We would like to know if the
coefficient f,5 predicted by the LHT model could be large
enough to be measured at the LHC.

In the LHT model, the coefficient f,; is modified at tree
level by the {7 mixing angle 6; (f;;, = c.). The tree-level
tbW vertex is reduced by the factor ¢;, and this translates
into a lower production at the LHC [28].

We have performed the one-loop contribution to f55 in
the LHT model. We have worked in the Feynman-’t Hooft
gauge, where there are a total of 47 diagrams to compute if
we take the bottom quark mass as zero. Some of the
diagrams are shown in Fig. 1. (We provide the Feynman
rules necessary for such a calculation in Appendix B.)
Notice that the Goldstone bosons in the original
Lagrangian have to be diagonalized and normalized. We
have done all of this exactly (at all orders in powers of €) in
Appendix A. The exponential expansion in the
Lagrangians of Egs. (4) and (11) generate vertices of
dimension 4 and higher that contribute at one loop to
far- As it turns out, the contribution from the dimension-
4 terms to the tbW vertex are finite, whereas the contribu-
tion from the higher dimension terms is divergent. This is
no surprise because the LHT model is a nonrenormalizable
effective low energy model with a cutoff scale (A ~ 47f).
In principle, all of the operators that are consistent with the
symmetries of the LHT model should be considered [15].
In our study, we disregard effects from higher dimension
terms and keep only the contribution from the dimension-4
couplings that render a finite result [29].

Concerning the specific numerical values used for the
parameters of the model, we have chosen values from the
allowed region of f vs A, that is shown in Fig. 1 of

FIG. 1. Some Feynman diagrams that give rise to the f,x
coupling of the thW vertex in the LHT model.

PHYSICAL REVIEW D 79, 015013 (2009)

Ref. [22]. The mass of the top quark is taken m, =
173 GeV, and this sets the value of A; =~ 1 (with a very
small dependence on the value of f). The masses of the ¢~
and b~ mirror quarks is taken as +/2f. The masses of the
physical T-odd scalars ¢'=, ¢'°, and ¢} are taken as
2my f/v (= 0.69f for my = 120 GeV) as it is done in
the literature [11,21]. As is well known, in the Feynman-
't Hooft gauge the masses of Goldstone bosons (7=, 7,
o'*, 0", and n’) are equal to the masses of their corre-
sponding gauge bosons which are given in Eq. (10). We
have chosen a range of the scale f between 550 and
1550 GeV. Smaller values of f are prohibited by the low
energy data [15]. Higher values are allowed but not inter-
esting as the value of f,r remains essentially constant
above the 1.5 TeV scale.

The variation of f, from f5¥ as predicted by the LHT
model turns out to be of the order expected by a one-loop
correction. In fact, Af,z/f5M is under 20% for the allowed
values of the scale f and the Yukawa coefficient A,. We
show the variation of f,r as a function of the scale f in
Fig. 2. We also show in Fig. 3 how the variation in f,p
diminishes with higher values of the Higgs mass. In con-
trast to the SM the LHT model allows for higher values of
my and is still compatible with the electroweak precision
data [15]; however, we have found that for bigger my the
deviation in f,p gets smaller and thus less interesting.
(Observe in Fig. 1 that the Higgs field also appears in the
contributions from the LHT heavy states.) From now on we
will assume a fixed value my = 120 GeV.

It is possible to obtain the variation in the top width, the
W helicity in the t — bW* decay, as well as the s and ¢
channels of the single top production processes once we
have the effective tbW coupling. A general analysis of this
coupling and the observables mentioned has been done in
Ref. [24]. Let us apply this approach to the effective tbW
coupling as predicted by the LHT model. The total t —
bW decay width of the top quark can be written as a sum
of the contributions from each of the three polarizations of
the W* boson:

T " T " T " T " T
L i
N, My = 120 GeV g
15n
S
= |
& 10
[
e )
(CE L
G4~ L
< L
5
0 Il " Il " Il " Il " Il ]
600 800 1000 1200 1400

f (Gev)

FIG. 2 (color online). The f,p variation for my = 120 GeV.
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A fZR/ fhrsm 7

I I I
600 800 1000 1200 1400

f Gev)

FIG. 3 (color online).
mey.

The f,p variation for several values of

I,=T,+T_+T,

_ gzmt (atz - 1)2

(afL§ + 2T, + 2T5),

64 al
Ly = (fip + far/a)* + (fir + far/a)* 2D
TZ = (fiL + afar)* T2 = (fig + a,f2)%

ny
a, =—-.

my

From this expression we define the W-helicity ratios

=T
Notice that the T', coefficient is zero for m; = 0. However,
we are including it here for the sake of completeness. For
f+ =0 we have that f, + f_ must be equal to one.
Therefore, it is only necessary to study one of them. In
this work we show the deviation in f_ predicted by the
LHT model.

It is convenient to define the following effective terms:

xs = aj(for + far)?

)
Xp Tp.

xo=L?—1,
0 0 22)
Xy = T,%, -1,

Then, the W-helicity ratios and the single top production
cross section for the s and ¢ channels are given by

fo— a(1 + xp)
O a1+ x) + 2(1 + x,, + x,)]
fi= 2x,
T a1+ xp) +2(1 + x,, +x,)
(23)
2(1 + x,,)
fo=

ai(1 + xp) +2(1 + x,, + x,)’
o, = ™M+ apxg + a,x,, +a,x, + asxs,

o, = oM+ boxy + b,,x,, + b,x, + bsxs.
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TABLE I. The single top production cross section coefficients
of Eq. (23) for m, = 173 GeV. The last column is the Born level
production cross section in the SM. All in units of picobarns.

t channel: ao a,, a, as oM
Tevatron 0995 —0.089 —0.181 0.336 0.906
LHC (r) 174.2 —22.2 —38.1 78.2 151.99
LHC (7 111.9 —23.4 —14.6 48.7 88.46
s channel: by by, b, bs oM
Tevatron —0.094 0.040 0.040 0.263 0.306
LHC (1) —1.58 6.30 6.30 7.02 4716
LHC (7) —0.944 3.83 3.83 3.76 2.884

The numerical values of the a; and b; coefficients are given
in Ref. [24] for a mass of the top quark m, = 178 GeV. In
Table I we show their values for m, = 173 GeV. We have
used the CTEQ6L1 parton distribution function when in-
tegrating over the parton luminosities [30].

As mentioned above, the LHT model predicts a tree-
level reduction of the tbW coupling. Therefore, an impor-
tant feature of this model is that at tree level all single top
production modes as well as the total decay width show the
same proportional deviation from the SM prediction [28].
In our study, we want to consider the additional effect from
the dimension-5 f,z coupling that arises at the one-loop
level in LHT.

The SM born level prediction of the t — bW™ width of
the top quark is I'(r— bW') = 1.5 GeV for m, =
173 GeV. There is a 10% decrease when QCD and elec-
troweak corrections as well as nonzero m; and finite
W-boson width effects are considered [27,31]. In Fig. 4,
we show the deviation in the total width of the top quark
coming from the LHT model. The solid lines in Fig. 4 give
the reduction in I', as a function of the scale f and three
different values of A,. For these lines both the effective f1
and f,z couplings are considered. Nonetheless, we also

my =120 GeV

I . I . I . I . I .
600 800 1000 1200 1400

f Gev)

FIG. 4 (color online). The variation in the top width. Solid
lines contain the contribution from both the f|; and the f,z
couplings. Dotted lines are for f,z = 0.
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T T T T T T T T T T

\
0.08 -, B
A
L \\4\%2: 15 ]
AR my = 120 GeV
0.06 NN

ALJE o %
(e
o
K

0.02

0
600 800 1000 1200 1400
f (Gev)

FIG. 5 (color online). The variation in the W-boson helicity
ratio f_. It would require a deviation of f,, much bigger than
20% in order to have a significant change in f_.

show in dotted lines the same curves obtained when only
the f;; coupling is considered. Dotted and solid lines
almost overlap: as expected, the change in I', is driven
mainly by the tree-level mixing with the heavy top. We
conclude that the small changes in f,; cannot be seen by
measuring I',. Also, notice that the (%) reduction in Fig. 4
is entirely due to the cosine of the 7" mixing angle c;,
which according to Eq. (17) tends to 1 when either € — 0
orr=A;/A, — 0.

As for the W-boson helicity ratios f, and f_, in princi-
ple, these observables are more sensitive to the f,z cou-
pling. Notice that L, and 7, in Eq. (21) get exactly the
same correction if only the f;; is modified (we have set
fir = for = 0). This means that the ratios f; and f_ do
not change at all from their SM values when we consider
only the tree-level thbW coupling of the LHT model.
However, when we consider the change in the f,; cou-
pling, we do observe a deviation that (unfortunately) turns

my = 120 GeV

ASHG o %

_5 L1 . I . I . I . I .
600 800 1000 1200 1400

f (Gev)

FIG. 6 (color online). The variation in the o, cross section.
Solid lines contain the contribution from both the f;; and the f,p
couplings. Dotted lines are for f, = 0.
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my = 120 GeV

AGS/GS M %

i 1 L 1 L 1 L 1 L 1 L
600 800 1000 1200 1400

f (Gev)

FIG. 7 (color online). The variation in the o cross section.
Solid lines contain the contribution from both the f;; and the f,p
couplings. Dotted lines are for f,z = 0.

out to be very small (of order less than 0.1%) as it is shown
in Fig. 5. We conclude that the W-boson helicity ratios f
and f_ require a substantial deviation in the dimension-5
coupling f,z in order to show significant changes from
their SM values.

As mentioned above, the effective couplings f; and f5z
can also be probed with single top production. In compari-
son with the top decay width I'; and the W-helicity ratio
f—, the cross section could be more sensitive to the f>p
coupling. We show the deviation in the z-channel cross
section in Fig. 6. Notice that the change when we go from
considering the deviation in f;; only (dotted lines) to
considering both the deviations in f; and f,x (solid lines)
is hardly visible. This change is slightly more pronounced
for the s-channel cross section as shown in Fig. 7. We can
observe from the values of the effective coefficients in
Table I that for this channel the f5,; coupling has a some-
what bigger effect through the x5 and x; terms defined in
Eq. (22). For instance, for a scale f = 550 GeV and A, =
1.5 the tree level f; reduction expected in the LHT model
brings about a 1.0% reduction in o, (dotted line), whereas
the combined f; and f, deviations bring a smaller 0.8%
reduction in o (solid line). The reason for this can be seen
in Fig. 2. The LHT contribution, on the one hand, decreases
the value of f;; and, on the other hand, increases the
(positive) value of f,z with respect to the SM. We thus
have a small compensation in the value of the x terms in
Eq. (22).

IV. CONCLUSIONS

Besides the SM electroweak parameters, the LHT model
adds three more free parameters: «, A,, and the scale f
(which is associated with an estimated cutoff A ~ 47 f).
We have chosen a value of the mirror fermion Yukawa k =
1 that for our range of f gives T-odd fermion masses that
are consistent with bounds from four fermion contact

015013-7



F. PENUNURI AND FE. LARIOS

interactions e* e~ ¢g and from unitarity in ui — W5 Wy
scattering processes. Our study concentrates on the two
other parameters: A, (which drives m+) and the scale f.
As for the values of A, and f we have chosen A, = 1, 1.3,
and 1.5 and 550 = f = 1550 GeV as suggested by
Ref. [22].

Because of the mixing between the top quark and its
heavy partner 7", the LHT model predicts a tree-level
reduction of the dim 4 f;; coupling that implies an ex-
pected proportional reduction in the top width and single
top production. Changes in f;; by themselves do not vary
the predicted W helicity fractions in the t — bW decay.
However, the contribution from the f,; coupling could
modify these fractions. The dim 5 weak dipole coupling
for arises at the one-loop level in the SM and in the LHT
model. It is somewhat increased in size by the LHT model.
However, the contribution to f,, (and f) is negligible. The
increase in f,x predicted by the LHT tends to counteract
the effects of the reduction in f|;. In any case, the effects
from f,x are very small. We have found that the tree-level
analysis of the top’s width and the single top cross section
remains valid for the LHT model. Top quark observables
like total width and single top production are sensitive to
the mixing with the heavy T partner. In particular, the
LHC may probe deviations of the f; tbW coupling down
to a few percent [4], and this would imply an indirect probe
of the scale f (and the Yukawa A,) of the LHT model [see
Eq. (17)]. Of course, there are direct tests of the new heavy
states at the LHC that will give more precise determination
of these parameters. A recent study (see Ref. [22]) has
shown that signal events from 7% and T~ production can
be distinguished from SM backgrounds so that the mass
and mixings of the top partners can be obtained with
relatively good accuracies. Furthermore, other studies
have shown that, since the mass of the 7-odd fermions
cannot be too heavy to be consistent with low energy data,
they can be produced at high enough rates at the LHC [20].
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APPENDIX A: THE GOLDSTONE BOSON SECTOR
IN THE T HOOFT-FEYNMAN GAUGE

In the LHT model, the charged fields w™ and ¢~ as well
as the neutral fields @°, 1, and ¢%, mix at order (?)2. Itisa

linear combination of these that is eaten by the heavy
gauge bosons when the extended gauge group is broken
down to SU(2); X U(1)y. On the other hand, the 7 fields
are T-parity even and do not mix with the other scalars.
They are absorbed by the standard model W/Z bosons as
usual. The fields &, ¢°, ¢%, and ¢* remain in the spectrum
(after diagonalization). The basis of the kinetic Lagrangian
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of Eq. (4) is an exponential matrix that is usually computed
up to the first few leading terms. However, it is possible to
obtain the exact expressions for the kinetic (9% ¢d, ¢)
scalar, the scalar-boson mixing (W/f o* 7)), and boson
mass terms. [It is from the latter that the boson masses of
Eq. (10) were obtained.]

In obtaining the following formulas, it is convenient to
notice that the VEV value of the field matrix IT Eq. (2) is
proportional to a matrix M:

(AD

=

Il
cocooco
co—~oo
— o oo
cocooco
co—~oo

for which is easy to prove that M3"*!=2"M, and
MY = 2nA2 with n = 0,1,2,3, ... With these iden-
tities it can be shown that the VEV of 2, is [15]

0 0 0 1 0
0 —élz-ﬁsv 0 %9
<E>0 = 0 12 Sy Cy 0 12 Sy ’ (AZ)
1 0 0 0
0 1‘*'26'1, 7i§sv 0o — 1—26,,

where s, = siny/2e€ and € = v/f as defined in Eq. (8).
This expression can be used in the kinetic Lagrangian Eq.
(4) to obtain the (exact) mixing and mass terms of the LHT
model. The diagonalization and normalization of
Goldstone boson fields has been discussed at order €> for
the charged sector in Ref. [15] and for the neutral sector in
Ref. [32]. Below, we will make the same analysis for
charged and neutral bosons exactly (at all orders in €).

1. The charged W= bosons
Let us write down the part of the kinetic Lagrangian Eq.
(4) that involves the charged bosons of the LHT model. It is
convenient to put it in a matricial form:
£kin = 6”¢++8M¢77 + 2/?8”7#6#777
1—c,

tie 2y

B B o™
+t (00 0,0 )B< a“d)*)

1+ ky.1— ko\f Hew™
+fgW§#( 5 i )(a“q’)_

_ +
+ W (5 i "°)<‘3M“’ ) (A3)

(Wyoka™ + Wy oka™)

2 2 Norg*

with
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(2R TR
iG—k) ;+K
s 2¢2 4¢t
_ Sy g2 de (Ad)
0T e 31 sl

1—¢c, 1 2€ 4¢
J’___

K=%a — 2 4 e

We then redefine the T-even charged scalar 77~ as well as
the T-odd @™ and ¢~ to diagonalize the Lagrangian. The
new T-even 7'~ field is given by

+i

Tt = —1". (A5)

2K
An extra phase i multiplies the 77/* field so that the W= 77/~
mixing and the SU(2) gauge-fixing terms become identical
to the usual SM expressions [33]. The other two charged
scalars are redefined as

+ N
(5:)=7(s)
X (A6)
my, ( 2Kk + Ko

T =

(1 + ko)V2&

~ M . +
where 7ty = fV;H = /3 + ¢, /2. Notice that the new o'~

2R + kG \ i(2& — ko)

i1 — Ko)\/z_rE>

field has an extra phase factor *i that is convenient to use
so that the Feynman rules of this 7-odd Goldstone boson
resemble the rules of its T-even counterpart (the 7'~
boson). On the other hand, for the physical heavy 7-odd
¢'* boson we choose not to insert the phase factor. The
Feynman rules in Appendix B stand for the new 7/, '™,
¢'*, etc., fields, but we have dropped the / symbol for
simplicity.

In terms of the new (mass eigenstates) fields the
Lagrangian becomes

-Ekin = 8“¢’+8#¢’_ + (")p“’iTH_aMWI_
+ iMy (W, 0t = Wioka'™) + 0k’ 0,0’
+ iMy, (W, 0t 0" — Wy 0k 0'"), (AT)

where the Wy, 0# '~ mixing term is canceled (after in-

tegration by parts) when we add the usual gauge-fixing
term:

-1 + . + 1 +
AL = ?Lla’MWIE - ZMW'_S:L']T/7|2 - gla’uWﬁM

- iMWHgleilz. (AS)

To obtain Feynman rules it is convenient to use an
expansion in powers of € = v/ f:

_ 1 4i\¢€ 8 13i) €
T_1+(2i 1)ﬂ+<1291 —1)%' (A9
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2. The neutral bosons

The neutral boson sector in the Lagrangian of Eq. (4) can
also be written in the following matricial form (notice that

MZ = %\/2&):

1
Ly = E(auh)Z + R(d* p°)? + R(9*70)?
+ 28 Rz, 70 + XTA% + ALaTE + ZL6TR,
CH/
(A10)
with
d,0° 8t,, — (4k; + Ky)x
[l ®
i=|am | a= fg;’* ( (81, — 5K1x0)/5 )
aﬂ¢% 2K1X,
f 8 — K])CT7
_ c
b= gg 21 (8 — kyx,)/ 5
_\/EKIX,,]
1 7+ k3 V31— K3) —V2(1 - K3)
A=— \/g(l_K(z)) 3+ 543 \/_(I_KO ,
16 5 )
—2(1 = «3)  V10(1 — K2) 6 + 2K3
and
K1 = 1= Kocy, Ky =3+ Skqcy, o =1, 1ty
Xn =1- tthl Yo = tW - StH, n = 5 + tWtH’
(A11)

where t,, = s,,/c,, and ¢y are tan(6,,) and tan(6y), respec-
tively [see Eq. (7)]. To normalize the 7° and ¢° fields, we
simply redefine 7° = 2&k7° and ¢ = 2&¢°. (The
Higgs field & needs no redefinition.) We also redefine the
other scalars to properly diagonalize the Lagrangian:

wO w/O

Ui T 7' |
# ;

with
(A12)

D2,

Ko\/—‘\ll + 3¢ 2

where 7 is conveniently written as a product of 3 matrices:
Dy, (t;j), and D,. Two of them are diagonal matrices
defined as D, = diag(1, 5, V2) and D, =
diag(1/d,, 1/d,, 1/2), with

d, = y8(2 + 58) — 55222, and

d, =85 + 223) — 5522
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The matrix elements ¢;; are as follows:
ty = ko(5¢2x, + 2t,) + €Yo
tip = KO(SC%,)C,,] = 2t,ty) — CyYy
hi3 = Ky,
1 = Ko(c3xe + 2t5) = €yYu,

ty = Kolcgx, +2) + ¢y,

Iy = —Ky,
t31 = _(KO - Cv)yw’
t32 = (KO - C‘U)y‘r];

133 =1+ 3K0CU,

where the x’s, y’s, and «’s are defined in Egs. (A4) and
(A11).
It is convenient to make an expansion in powers of € =

v/f:

€2 et
T=14+Ty—+Ty—+---,
212 Y6

1/2 21835 22
T,=|285 572  -2/10 |,

_ﬁ m 1 (A13)
— 41
0.5682  0.6200 73
T,=1] 0.1315 —0.6093 6‘4110 ,
—0.1288 1.6184 ETI(Z

where we have taken t,, = 0.536; thus (10 + 72)/(5 —
2) = 2.183.
In terms of the new (mass eigenstates) fields the neutral
boson Lagrangian becomes
Lign = 5(0#n)* + Yor 7?2 + M7+, 7" + 0+ w)?
3@ + Yor g2 + Yom g0P
+ MZHZZBMw’O + MAHAZaMn’, (A14)

where the mixing terms like Z# 9 M7T/0 are canceled (after
integration by parts) when we add the usual gauge-fixing
terms:

—1 1
=__ w2 no_ 102
A£ 2§A ((‘)MA ) Zfz(a’uz MZ§Z7T )

1
———(3,Ak - M /)2
2§AH( wg AH'fAH??)
1
- —(G#Z’l;, - MZHsza)’O)Z. (AIS)
287,

APPENDIX B: FEYNMAN RULES

We want to show the Feynman rules that we used. The
scalar fields are not the original interaction eigenstates but

PHYSICAL REVIEW D 79, 015013 (2009)

the mass eigenstates that are written as 7/, 7/, etc. We
have dropped the ’ symbol to simplify the notation. Table II
shows bosonic vertices that involve one charged W~ SM
boson. Tables III, IV, and V show vertices for fermions and
charged, T-even neutral and 7-odd neutral scalar bosons,
respectively. For the fermion-gauge boson interactions, we
refer the reader to Tables V and VI of Ref. [20]. We have
carefully verified that our rules agree with the ones there.
We have written in Table VI some others that do not appear
in Ref. [20]. Other types of interactions, like four-boson
vertices or dimension-5 ff¢ ¢ (¢ any scalar) vertices, can
be found in Ref. [21].
Please notice the definitions (e = v/f, r = A;/A,):

Savp =(P- =P )a8ur + (P+ = P0)u&oa
+ (pO - p—)vg)Lp,)

_ 10+ i
5-1°

qM/

4

.
Ap =iV20g| =1+ ———5¢€ |
k=02 "[ 2(1+r2)26]

b
=
Il

20 [1 1+ 3/ 2]
i - €
V1 + 72 4(1 + r?)?

,ﬁAer[ 5—2r2 +2r* 3]
L ,

By = S i
R 6(1+ 27 ©
2 e 3+ 4
B, =i2h—o |1 - 2 |
L= T2 +r2[ 4 (1 +r2)2]

)
Dp=((+4)k—,
R (i )K24

D, = irh, [ N €’

= ——" | —€ J—

N T 24
7—4i+(2-8)r* + (19 - 4i)r4]
>< b

1+ r2)?
irz)\z [
EL = —| —
V21 + 72)

19 +4i + 2+ 8i)r* + (7 + 4i)rt 3]
+ €’ |,
24(1 + r2)?

F4€2
= — 1l ——
R "[ 2(1 + r2>2]
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TABLE II.

SM mass of the W= and Z bosons, respectively.

PHYSICAL REVIEW D 79, 015013 (2009)

Feynman rules for three boson W™ vertices. Some of these rules also appear in Ref. [32]. Here My, and M, stand for the

Interaction Feynman rule Interaction Feynman rule
W, W, A, 880 S v W, Wi, o9 ~e o
W;L WITZA lngS/\I/y, W,u, w+AHV lg fl (20 4t2 Z)E Suv
W;77+A1/ igSwMW(l _ﬁﬁz)g,uu W;w+ZHV _lng(l -3 z)g,uv
W/I7T+ZV _lgSiMz(l _éez)g,u,v W};¢+AHV fE g,u,l/
W/;W;rh lgMW(l _%Ez)gp.v W/;¢+ZHV (2 l)E gp,v
W;W,TWO 0 W,;aﬁwo g(l ——62)(pw+ﬂ - Po,u)
W;7T+h l%[pw,u,(l _%62) - ph;;(l _662)] W,;aﬁ”l g 12 2[(61(» %)pn,u, - (qw +%)pa)+p,]
W, 7" 5(Pap — Pop) W, w*¢° 2 (1 + 2i)p¢u ~ Popl
W;W;VAHA _igshS)\V/.L W/.:w+¢(})’ lg 1]2 2[2P¢/,L - ( + l)pwp,
W;W;vZHA ﬁchs/\ll W;¢+w0 6(1 l)(pd)*,u, wo,u,)e
W,zWémo S+ q,)€eg,, W,Zd)*no —ig¥ (ZPW %p¢+ )e
W;i WI:{Vd’Q 2 . W’i¢+¢0 T[p()/.l. Poru 23 € (5170# pqS*/J.)] )
W}L WHVw f(l — g€ )gy,ll W/.L¢ d)P IT[pqSO pd;* 24(5p¢0/,L _p¢+,u)€ ]
TABLE III. Feynman rules for fermion-charged scalar vertices.
Interaction Feynman rule Interaction Feynman rule
ittt AgPg + AL P bt i€+ (1= 2i) 35 €1Pg + ikP,
TerJr?T+ BRPR +BLPL 7-'7l’)+tl)+ 0
bt —ik(e+55€)ys b g* DgPp + Dy Py
T b mt 0 T b g™ .24(I+r2)[1 4ile’Pg + E P,
bt ilagPg + a; P ] A A le - WD 3Py — i4i + 1) £ €2P,
T h~ w* ilbrPr + b, P;] T b+
TABLE IV. Feynman rules for fermion-neutral T-even scalar vertices.
Interaction Feynman rule Interaction Feynman rule
— - or 2 o - r 5r4
itrth zJﬁ-Z—?( 1+ %jjy ) rrta® — 1 - () 2y,
rr@r+r r2— T r —4r% 4
T*T*h l/\z_[)\ z+1)w €+ (36(: +T)§/7 -5) €] 7:+ T+ 70 (1+r§2‘/2[ €+ 1?2(4:r+r+_;r elys
T+t+h ';+22(GRPR+GLPL) T+t+77'0 1+2(JRPR+JLPL)
b b h irg(—1+3€?) 5*17*7(7)'0 )\[n;f .
It h 0 It —t(e +5€)y
_ _ 22 24 5
T-T h 0 T-T-m° 0
Tt h 0 Tt a 0
b~b"h 0 b= b~ 7" 0
TABLE V. Feynman rules for fermion-neutral 7-odd scalar vertices.
Interaction Feynman rule Interaction Feynman rule
7 w0 KiPr + K, P, AT \/2(12 [e — 5 &P,
T o MyPy + My Py T+ ¢° i \/2’( : 2)[6 L EP,
Tt (2 - gq,)€ Py Tt 0
~ 1271472 ~
7T~ o° I;"“lfr 2, €e2P; T+T~¢° 0
bbb " £[1+ 542 e b b= ¢° 0
NG R
ity NgPg + N,_PL g — k€ pp + V. P
T 1 ErPr + ELPL T 1 ¢Y BrPr + BLPL
= r 234 o
T BV ) ~¢
Fop 22 62— £t
Py B gt e, rrgy |
bbby [l - M2q0-1) 21p, bt b ¢l d( e —e
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TABLE VI. Some Feynman rules for fermion-gauge boson vertices. All of the other rules appear in Ref. [20] and in Ref. [32].
Interaction Feynman rule Interaction Feynman rule
b "W, %57 1z i55-y,[CPL — 552 Pg]
b"T"W, 0 T Z i YulCrPL — 155 Pl
b*T "Wy, 0 b*b*Z, iy, [3s,Pr + Gs2, — 1)P,]
1A, i%eyﬂ 't 7z, i%yﬂ[cﬁ, —%sﬁ,]
T“T*A, iZey, T°T°2, —ity,[s2]
b*b*A, —itey, T°1°2, 0
Ttz is5-cpspyuPrL bb"Z, = yul3s5 — 1]

r/\2

‘ V2V + 72 (6
L ie2—T7i+ (4 =20 + (2 — 19)r*]
24(1 + r?)? )’

S

S
=
1

K [
1+

r2)\2 [
by =————|¢€
V21 + )
19 +2i + (2 + 4i)r? + (7 + 2i)r 3]
_ S
24(1 + r2)?

5—2r2 + 2/ 3]
6(1 + r2)? ’

1
GR [6"!‘

350 =24 + 812 =2 3]
r(1 + %) ’

6(1 + r2)?

3+ + 04
-1+ 2

G = ’
L 21+ 727 €

_r
JR:1+r2 €

3¢2(1+ 1Y)
4(1 + r?)? ’

K 12/ €
KRZ_EI_ 1+qw+—(1+r2)2ﬁ’

B e3(13 — 412 + l3r4)]
IS

Jp =

~

A, 3 — 62+ 154\ €
el (e
2V1 + 72 (1+r)> /24

( +[ +21—6r2+9r4]1
S F Ry b

K

V2(1 + 1)

Mg

3)’

A, 15—6r2+3r*71
M; = 4(6 — [qw + —]—63),
21+ 72 1+ 124
K 1274\ €2
Ng=-—|1+(10q, —5——"—)—|
R \/E[ ( @ 1+ r2)2)24]
rl, [ ( 17 + 4677 + 5r4)
N =————"——|et+|10g, + ————5—
A (1+72)2
63
X — i
24]
Voo Th [E _ET+87+ 13r4)]
- 20+ ) 21+77
— r’ K [ +<10 25+2r2+13r4)e3]
=R = € w a1 b
FEJI00+ ) I (+2?2 )24
— A, [ N (10 N 5+ 4612 + 17r4>
EL=—————|€ vt — 5 —
Wy (1+7r2)?
63
X — s
24]
B r’k 3
Pr= "0+ 22
8, = A, [ N 13 + 8% + 7¢ 3]
= ———|—-€et+———>55—€|
D] 12(1 + 2
C, = cilcy, — 35%) — 35150
Cr = si(ch — 1st) — 3cisi.
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