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We study a minimal extension to the Standard Model with an additional real scalar triplet, �, and a 
single vector-like quark, T . This class of models appear naturally in extensions of the Littlest Higgs model 
that incorporate dark matter without the need of T -parity. We assume the limit that the triplet does 
not develop a vacuum expectation value and that all dimension five operators coupling the triplet to 
Standard Model fields and the vector-like quarks are characterized by the scale � at which we expect 
new physics to arise. We introduce new non-renormalizable interactions between the new scalar sector 
and fermion sector that allow mixing between the Standard Model third generation up-type quark and 
the vector-like quark in a way that leads to the cancellation of the leading quadratic divergences to the 
one-loop corrections from the top quark to the mass of the Higgs boson. Within this framework, new 
decay modes of the vector-like quark to the real scalar triplet and SM particles arise and bring forth an 
opportunity to probe this model with existing and future LHC data. We contrast constraints from direct 
colliders searches with low energy precision measurements and find that heavy vector-like top quarks 
with a mass as low as 650 GeV are consistent with current experimental constraints in models where 
new physics arises at scales below 2 TeV.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Energies beyond the electroweak scale are now being probed by 
the LHC, and searches for new particles and interactions are now 
underway. While the discovery of the Higgs boson was a primary 
goal of the LHC [1,2], many believe that the resolution to the elec-
troweak hierarchy problem should also be discoverable with the 
LHC. The ultraviolet sensitivity of the Higgs mass provides a strong 
motivation for physics at the TeV scale.

Vector-like quarks at the TeV scale are strongly motivated in 
models where SM particles propagate in the bulk of an extra di-
mension [9–16]. Additionally, within extensions of the Standard 
Model (SM), vector-like quarks are one attractive scenario to ad-
dress the top quark contribution to the hierarchy problem by act-
ing to cancel out the quadratic divergence introduced by loops 
involving the top quark. This implementation is common in light 
composite Higgs models [5,6] and little Higgs models [3,4], where 
the Higgs is a pseudo Nambu–Goldstone boson with a potential 
generated by top quark loops with exotic colored quarks appearing 
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in the spectrum. Extended symmetries that lead to this behavior
often include also new scalar fields, which need to be accounted 
for when applying precision and direct collider constraints to the 
models [7,8].

In our study, we focus on a scenario of a toy model with an ad-
ditional real scalar triplet, �, and a single vector-like quark, T , that 
interact via dimension five operators that are parameterized by the 
scale � at which we expect new physics to arise. We assume that 
the triplet vacuum expectation value (vev) through mixing with 
the SM Higgs boson is negligible. Within our model, we also as-
sume the cancellation condition whereby the top and vector-top 
interactions with the Higgs collectively result in a cancellation of 
the quadratic divergence, as is common and well motivated in the 
models discussed previously. This type of model allows for the pos-
sibility of significant additional decay modes of the vector-like top 
quark to the real scalar triplet and SM particles that are not con-
sidered in the existing LHC searches that focus on t Z , t H and bW
decay modes only.

This scenario is fully and naturally realizable in extensions of 
Little Higgs models aimed at providing a dark matter relic and de-
coupling the existence of TeV scale fermions from electroweak pre-
cision constraints [7,8]. There exist two global symmetries within 
this class of models, G�/H� and G�/H� , with the same gauged 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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subgroup and with different breaking scales, F and f , respectively. 
A crucial property of this setup is that only one combination of 
pseudo Nambu–Goldstone fields from the � and � sectors be-
comes the longitudinal component of the heavy gauge bosons. The 
orthogonal combination are physical degrees of freedom that can 
remain light and that couple to fermions and give rise to interest-
ing phenomenology, such as new decay modes of heavy vector-like 
quarks. In this class of models, dimension five operators arise from 
the expansion of the non-linear sigma fields, which is a common 
feature to all little Higgs models.

Many precision constraints on our scenario and those men-
tioned above depend strongly on the values of coupling parame-
ters in the model (often parametrized in terms of mixing angles), 
and place an upper limit on the value of the energy scales in-
volved. Direct collider searches present an excellent complimentary 
search method by placing a lower limit on the same parameters – 
bounding the data by complimentary regions. In particular, we fo-
cus on three constraining measurements to study the parameter 
space of our model – the oblique parameters (S , T , and U ) [17], 
Z → b̄b [18], and searches from the LHC for heavy, vector-like 
quarks [19,20].

This paper is organized as follows: in Section 2, we discuss the 
scalar sector of the toy model; we start by presenting the exten-
sion of the sector with the addition of a real scalar triplet, while in 
Section 2.2 we discuss the phenomenology that emerges from the 
implementation of a vector like top quark. In Section 3 we study 
the constraints to our model, while in Section 4 we present the 
results. In Section 5 we provide some concluding remarks.

2. Toy model

2.1. Real scalar triplet

The possibility of extending the SM with a real SU(2)W triplet 
scalar has been extensively studied [21–30] since such extensions 
generally lead to suppressed contributions to electroweak precision 
observables (EWPO). The scalar Lagrangian for a toy model includ-
ing all possible gauge invariant combinations of a Higgs doublet, 
H , and an SU(2)W triplet, �, given by

H =
(

φ+
φ0

)
, � = 1

2

(
η0

√
2η+√

2η− −η0

)
, (1)

can be written as

Lscalar = (DμH)†(DμH) + Tr(Dμ�)†(Dμ�) − V (H,�), (2)

where

V (H,�) = −μ2 H† H + λ0(H† H)2 + 1

2
M2

�Tr[�2] + b4

4
Tr[�2]2

+ a1 H†�H + a2

2
H† HTr[�2], (3)

is the scalar potential [28,29], and the covariant derivatives are the 
standard SU(2)W × U (1)Y , as in the SM.

The scalar potential can be minimized along the directions of 
the neutral components of both H and �, leading to two condi-
tions:

∂V

∂Re(φ0)
=

(
−μ2 + λ0 v2

0 + a1 v3

2
+ a2 v2

3

2

)
v0 = 0,

∂V

∂η0
= M2

� v3 + b4 v3
3 + a1 v2

0

4
+ a2 v2

0 v3

2
= 0, (4)

where v0 ≡ 〈
Re(φ0)

〉
and v3 ≡ 〈

η0
〉

are the vacuum expectation val-
ues, vev, of the neutral components of the SM complex doublet and 
the real triplet, respectively. This potential results in a mixing be-
tween the neutral and charged states, respectively, parametrized 
by mixing angles given by:

tan 2θ0 = 4v0 v3(−a1 + 2v3a2)

8λ0 v2
3 v3 − 8b4 v3

3 − a1 v2
0

,

tan 2θ+ = 4v0 v3

4v2
3 − v2

0

. (5)

In the limit of a1 → 0, and for M2
� , b4 > 0, the minima of the 

scalar potential occurs at v3 → 0 and v0 → vSM ≡ v , and there is 
no mixing between similarly charged components of the complex 
doublet and real triplet at tree-level. This represents an accidental 
Z2 symmetry, as the potential remains invariant under the trans-
formation � → −�.

In the most general scenario, the triplet vev is non-zero, there 
is no Z2 symmetry, and mixing does occur. This leads to contribu-
tions to the ρ parameter proportional to (v3/v0)

2, and a constraint 
that (2v3/v0)

2 < 0.001, or v3 < 4 GeV [28]. Taking b4 and a2 to be 
O(1), with M� to be O(100) GeV, this translates to a constraint 
on a1 to be O(10) GeV. Since we are free to choose a1 indepen-
dent of other parameters. We choose the limit that a1 → 0 and 
neglect the triplet vev, as these issues are covered in great detail 
in [28]. This limit corresponds to a SM-like Higgs boson.

In the limit of no mixing, this toy model represents the addition 
of an inert scalar triplet to the SM, and the SM-like Higgs boson, 
h0 ≡ Re(φ0), acquires a mass as in the SM, given by

M2
h0 = 2λ0 v2. (6)

The real triplet masses are degenerate at tree level, given by

M2
η0 = M2

η± = a2 v2
0

2
+ M2

� ≡ M2
η. (7)

This degeneracy will be broken by radiative corrections arising 
from the coupling between the triplet and the SU(2)W gauge 
bosons [28,31], resulting in a mass splitting of

�M = αMη

4π s2
W

[
f

(
MW

Mη

)
− c2

W f

(
M Z

Mη

)]
, (8)

where the functions f (MW /Mη) and f (M Z /Mη) are given by

f (y) = − y

4

[
2y3 log y + (y2 − 4)3/2

× log

[
1

2

(
y2 − 2 − y

√
y2 − 4

)]]
. (9)

Furthermore, the above relation holds in the limit where the ρ
parameter does not receive tree level contributions. This is a real-
istic scenario within our framework since, in the limit of vanishing 
triplet vev, the ρ parameter does not deviate from unity at tree-
level [32]. Thus, within the scenario of vanishing triplet vev, the 
scalar sector is parametrized by only three additional, independent 
parameters (Mη, a2, b4), since the mass of the SM Higgs boson is 
fixed at 125 GeV.

An extended Higgs sector containing multiplets in addition to 
the SM Higgs doublet can modify the Higgs couplings to fermions 
and gauge bosons. However, since an inert real scalar triplet does 
not mix with the SM Higgs doublet, tree-level modifications to the 
model’s couplings do not exist. In particular, the couplings involv-
ing the scalar bosons are given by [29]

h0 f̄ f : −i
m f

v
, Z Zh0 : 2iM2

Z

v
gμν, η+η−h0 : −ia2 v,

W +W −h0 : ig2 1
vgμν,
2
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W +η−η0 : 1

2
(p′ − p)μ, γ η+η− : ie

(
p′ − p

)μ
,

Zη+η− : igcW
(

p′ − p
)μ

, (10)

where g is the SU(2)W gauge coupling. In the case of an inert 
real triplet extension of the SM, the absence of mixing with the 
SM-like Higgs doublet results in the absence of couplings between 
η0/η± and fermions, and therefore no additional contributions to 
the Zbb̄ vertex are present [32]. However, since the triplet couples 
to electroweak gauge bosons at tree-level, it will generate one loop 
corrections to the gauge boson propagators, and thus contribute to 
the oblique parameters (S , T , U ).

2.2. Real scalar triplet with a vector-like electroweak singlet quark

Vector-like quarks are an area of focus for LHC research, as col-
ored objects are highly visible due to large cross sections at hadron 
colliders and they can affect the Higgs boson diphoton measure-
ment through loop contributions to the effective vertex. Vector-like 
quarks are constrained both through effects in the flavor sec-
tor [33–37], and through direct detection measurements [19,20,
38].

In the previous section, the scalar triplet did not mix with 
the SM Higgs doublet, and therefore it had no Yukawa interac-
tions with leptons and quarks. In this section, the scalar triplet 
couples to fermions and vector-like quarks through new non-
renormalizable interactions parameterizing new physics at a scale 
� ∼ 1 TeV. This class of models is strongly motivated by the Little 
Higgs frameworks, where the SM-like Higgs boson is a pseudo-
Goldstone boson of a large global symmetry explicitly broken by 
gauge, Yukawa, and scalar interactions [3,4,7,8].

Recently, a number of studies have looked at models where 
additional scalars and vector-like quarks are introduced [39–47]. 
Within the context of a vector-like SU(2)W singlet fermion, these 
studies have focused either on renormalizable interactions be-
tween the new scalar sector and the new fermion sector [45,
46], or focused on renormalizable interactions induced through 
mixing that arises in the scalar sector and its effects on the SM 
Yukawa interactions [40,41,47]. Our approach is to introduce new 
non-renormalizable interactions between the new scalar sector and 
fermion sector in a scenario that allows mixing between the SM 
third generation up-type quark and the vector-like quark in a way 
that results in the cancellation of the leading quadratic divergences 
to the one-loop corrections to the mass of the Higgs boson.

We expand our toy model by extending the Yukawa sector of 
the Standard Model through the following dimension five opera-
tors:

LYukawa = Q̄ (y1 + ε1
�

�
)H̃uR + Q̄ (y2 + ε2

�

�
)H̃χR

+ Q̄ (yb + εb
�

�
)HdR + y3

2�
H† Hχ̄LχR

+ y4�χ̄LχR + y5

2�
H† Hχ̄LuR + h.c., (11)

where Q̄ = (ūL, ̄dL), H̃ = −iσ2 H� . We neglect interactions with the 
lighter generations of fermions. The effects of mixing between a 
single vector-like quark and all three generations of SM quarks 
have been recently studied in [35], including non-renormalizable 
interaction between quarks and the Higgs boson. Their study fo-
cuses on both di-Higgs and single Higgs couplings to quarks and 
takes into account all constraints arising from low energy flavor 
observables [48,49]. They show that significant modifications to 
these Higgs properties are possible and set bounds on the off-
diagonal couplings between the heavy vector-like quark and the 
light generations. Within our study a similar approach could be 
taken, including a similar generalization of the εi couplings over 
all generations to include off-diagonal couplings to the light gen-
erations in the mass eigenstate basis. However, the off-diagonal 
couplings will be small since they would be modified by the mix-
ing between the heavy vector-like quark with the top quark and 
the CKM terms involving the top quark and the light generations. 
In addition, a renormalizable term proportional to χ̄L uR is not in-
cluded, as it can be rotated away through a trivial field redefinition. 
We have ignored dimension five operators of the form Tr[�2]χ̄LχR

since in the limit of small mixing between H and �, the contribu-
tions from these operators to exotic decays of the heavy vector-like 
quark are negligible. The parameters ε1,2 are free parameters taken 
to be of order O(1).

We assume that the triplet scalar contributes negligibly to elec-
troweak symmetry breaking (EWSB), and so the third generation 
up-type quarks, uL,R , mix with the vector-like quarks, χL,R as in 
minimal SU(2)W singlet vector-like extensions of the SM [50]. The 
mass matrix between the third generation up-type quark and the 
heavy vector-like quark is given by

MT =
( y1 v√

2
y2 v√

2
y5 v2

4�
y4� + y3

v2

4�

)
, (12)

where v is the vev of the Higgs doublet. The mixing between the 
electroweak eigenstates can be parametrized in the following way:(

uL,R

χL,R

)
=

(
cL,R sL,R

−sL,R cL,R

)(
tL,R

T L,R

)
, (13)

where sL,R ≡ sin θL,R and cL,R ≡ cos θL,R . These mixing angles can 
be expressed in terms of the parameters introduced in Eq. (11) and 
expanded in inverse powers of �. To order �−2, the mixing angles, 
in terms of the fundamental model parameters, are given by

cL ≈ −1 + y2
2 v2

4y2
4�

2
, sL ≈ y2 v√

2y4�
,

cR ≈ 1 −O
(

1/�4
)

, sR ≈ (2y1 y2 + y4 y5)v2

4y2
4�

2
, (14)

and the masses of the SM top quark and the heavy third generation 
up-type quark, T , are given by

m2
t ≈ y2

1 v2

2

(
1 − v2 y2(y1 y2 + y4 y5)

2y1 y2
4�

2

)
,

m2
T ≈ y2

4�
2

(
1 + v2(y2

2 + y3 y4)

2y2
4�

2

)
. (15)

Higher order terms in the expansion are taken into account in our 
numerical routines, in order to maintain consistency with powers 
of v/�.

Since we neglect the vev of the triplet as small, one can use the 
general parametrization of the Lagrangian introduced in Eq. (11), 
to express the couplings of the top quark and the heavy vector-like 
quark to the SM Higgs boson, h0, as in [35]

Lh0 =
∑
i, j

(
−yijh

0 + xij
(h0)2

2v2

)
f̄ i

L f j
R , (16)

where the sum is over i, j = t, T . The above parametrization can be 
used to express the condition for the cancellation of the quadratic 
divergences to the mass of the SM-like Higgs boson by∑

xii
mi

v
=

∑
|yi, j|2. (17)
i i, j
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In terms of our toy model, this relationship can be expressed 
as [35],

m2
t c2

L + m2
T s2

L

v2
≈ 1

�
[mt sL(−y5cR + y3sR)

+ mT cL(y5sR + y3cR)] , (18)

which is used to reduce the number of degrees of freedom in the 
quark sector by one.

This setup opens the possibility for new decay modes of the 
heavy top mass eigenstate, in particular, T → η0t and T → η+b, 
in addition to the ones normally studied in minimal vector-like 
extensions of the SM (T → W +b, th0, t Z ). The relevant couplings 
involving these new modes are given by

gη0 T t̄ = v

2
√

2�
((cR sLε1 − sR sLε2)P L − (cR cLε2 + sRcLε1)P R),

gη−T b̄ = v

2
√

2�
((sRε1 + cRε2)P R + sLεb P L). (19)

Furthermore, because of the nature of the operators inducing these 
decays, the branching ratios to these new modes can be large in 
the small mixing region between the SM top quark and the heavy 
vector-like top quark. The new neutral scalar state then decays to 
tt̄(∗) and/or bb̄, while the charged scalar decays to t(∗)b̄, depending 
on the mass. The relevant couplings between the new scalar states 
and the t and b fermions are:

gη0tt̄ = v

2
√

2�
cL(cRε1 − sRε2)(P L − P R),

gη0bb̄ = v

2
√

2�
εb(P L − P R),

gη−tb̄ = v

2
√

2�
((cRε1 − sRε2)P R + cLεb P L). (20)

Given the constraints on the top mass (Eq. (15)), mt = 173 GeV, 
and the cancellation of the quadratic divergences, Eq. (18), we re-
duce our degrees of freedom in the heavy quark sector by two. 
Furthermore, we choose the more phenomenological parameters 
of the heavy top mass, mT , and the sine of the left-handed mixing 
angle, sL , leaving �, y5, ε1 and ε2 as the remaining fundamental 
parameters. These remaining parameters we fix for several differ-
ent scenarios and use Eqs. (14), (15), and (18) to solve for y1–y4. 
In addition, since the bare mass of the vector-like quarks is given 
by y4 · �, the validity of the effective model will be for values of 
y4 � 1. Our results are shown in the sL–mT plane.

These dimension five operators generate an a1 term at tree 
level, which was previously neglected, in addition to contributing 
to the other scalar parameters. Due to the lack of constraints on 
the other parameters, we are free to absorb the one-loop contri-
butions to the other scalar parameters without loss of generality, 
but this cannot be done for a1; since we are taking the limit of 
atree

1 → 0, the a1-loop
1 cannot be ignored. The leading contribution 

at the one-loop level is given by

a1-loop
1 = (y1ε1 + y2ε2)�

32π2
. (21)

Maintaining the limit of a′
1 = atree

1 + a1-loop
1 → 0 represents a large 

degree of fine-tuning. To avoid fine tuning, we must assume that 
a′

1 is not significantly smaller than the largest of atree
1 or a1-loop

1 , 
and re-consider the constraints that come from the triplet vev. The 
constraints of δρ = (2v3/v0)

2 ≤ 0.001 can be translated to a con-
straint on a1 through Eq. (4), dependent on M� , b4 and a2. For 
example, for M� ∼ 100 GeV, b4 ∼ 1 and a2 ∼ 1, this translates to 
a constraint of |a1| � 10 GeV. This constraint is fairly insensitive to 
variations on b4, but gets weaker for larger M� and a2.
For large values of �, the relevant Yukawa couplings reduce 
to y1 → √

2mt/v and y2 → −√
2 tan θLmT /v . In this regime the 

a1-loop
1 is approximately given by

a1-loop
1 ≈

√
2

32π2 v
(mtε1 − tan θLmT ε2)�. (22)

This can be translated into an upper and lower bound on sL for 
fixed values of (�, ε1, ε2), since the contribution to a1-loop

1 will 
be dominated by the mt dependent term for small values of sL

and by the mT dependent term for large values of sL . For inter-
mediate values of sL , the destructive interference between the two 
terms reduces a1 and relaxes the constraint. However, since we 
have no constraints on the a2 parameter, we are free to choose a 
valid region of parameter space in which this constraint disappears 
entirely for the values of �, ε1,2 and mT that we consider in this 
study.

3. Constraints

Constraints on our model come from three primary sources – 
contributions to the oblique parameters (S , T , U ), extra one-loop 
contributions to the Zbb̄ vertex, and direct collider constraints 
from searches for heavy vector-like quarks.

3.1. Oblique parameters

The corrections to S , T and U can be parametrized as [17]

αS = 4s2
W c2

W

M Z

(
��Z Z (M Z ) − c2

W − s2
W

sW cW
��γ Z (M Z )

− ��γγ (M Z )

)
,

αT = 1

M2
W

(
�W W (0) − c2

W �Z Z (0)
)

,

α (S + U ) = 4s2
W

(
��W W (MW )

M2
W

− cW

sW

��γ Z (M Z )

M2
Z

− ��γγ (M Z )

M2
Z

)
, (23)

where ��(k) = �(k) − �(0), the functions �(k) denote the coef-
ficients of the metric in the gauge boson inverse propagators, α is 
the fine structure constant and cW , sW are the cosine and sine of 
the Weinberg angle respectively. The current experimental bounds 
on the oblique parameters are [18]

�T = T − TSM = 0.08 ± 0.07,

�S = S − SSM = 0.05 ± 0.09,

�U = U − USM = 0.

In our model, contributions to the U parameter are negligible and 
in order to set stronger constraints on S and T we have chosen 
the electroweak precision fit with �U = 0.

Contributions to the oblique parameters from a real scalar 
triplet have been studied in [23–28], and are given by

STM = 0,

TTM ≈ 1

6π

1

s2
W c2

W

�M2

M2
Z

,

UTM ≈ �M

3π M ±
, (24)
η
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in the limit of small �M , where �M ≡ Mη0 − Mη± . In the limit of 
vanishing triplet vev and no couplings to fermions, the contribu-
tions to the T and U parameters are largely suppressed, since the 
mass difference between the charged and neutral components of �
only arise due to radiative corrections coming from the coupling of 
η± to the Z and W gauge bosons. The additional contribution to 
the mass splitting from the couplings to the heavy quark sector is 
also expected to be small, as all couplings are further suppressed 
by factors of v/�.

Corrections to the oblique parameters from the heavy quark 
sector arise solely due to the mixing between uL,R and χL,R . In 
particular, only one-loop corrections to the S and T parameters 
arise. These are given by [51]

�T T = T SM
t s2

L

[
−(1 + c2

L) + s2
L

m2
T

m2
t

+ c2
L

2m2
T

m2
T − m2

t

log
m2

T

m2
t

]
,

�ST = − s2
L

6π

[
(1 − 3c2

L) log
m2

T

m2
t

+ 5c2
L

− 6c2
Lm4

t

(m2
T − m2

t )2

(
2m2

T

m2
t

− 3m2
T − m2

t

m2
T − m2

t

log
m2

T

m2
t

)]
, (25)

where

T SM
t = 3m2

t

16π s2
W

m2
t

M2
W

, (26)

denotes the SM contribution to the T parameter that arises from a 
loop of SM top and bottom quarks. From the above two equations 
one can easily see that this constraint is strong in the large mixing 
limit of our model. In particular, these constraints are identical to 
those that arise within a simple renormalizable extension of the 
SM Yukawa sector with a pair of SU(2)W singlet vector-like quarks, 
χL,R [50]. Within this class of models, a 400 GeV heavy top quark 
is ruled out in the region where sL � 0.2 and the constraint on 
sL becomes stronger for larger values of the heavy top mass, mT . 
Therefore, we expect our toy model to be restricted to within the 
region of parameter space with small sL .

3.2. Z → bb̄

The effective Zbb̄ coupling has been measured with excellent 
accuracy at LEP and forms a strong constraint on new physics. 
Within the SM, the Zbb̄ vertex, including leading one-loop contri-
butions from the top quark, can be parametrized by the following 
couplings:

gSM
L = −1

2
+ 1

3
s2

W + m2
t

16π2 v2
,

gSM
R = 1

3
s2

W , (27)

where the above expressions have been normalized by a factor of 
g/

√
1 − s2

W . Within this toy model, contributions from both the 
mixing between the SM top quark and the heavy fermion, as well 
as the tree-level coupling of the charged scalar to the Z gauge 
boson given in Eq. (10) lead to deviations from the SM predictions 
of the following precision observables on the Z resonance [18]:

RSM
b = 0.21474 ± 0.00003,

ASM
b,F B = 0.1032+0.0004

−0.0006,

ASM
b = 0.93464+0.00004

−0.00007,

RSM
c = 0.17223 ± 0.00006, (28)
Fig. 1. Feynman diagrams of the dominant new contributions to the effective Z →
bb̄ vertex.

where RSM
b,c denote the fraction of b- and c-quarks produced in 

Z decays and Ab,S M
F B and ASM

b denote the forward–backward and 
polarized asymmetries, respectively, in the production of b-quarks 
from Z decays as predicted by the SM. Using the first order ex-
pressions found in [50], any deviation from the SM prediction may 
be factorized as:

Rb = RSM
b (1 − 1.820δgL + 0.336δgR) ,

Ab
F B = Ab,S M

F B (1 − 0.1640δgL − 0.8877δgR) ,

Ab = ASM
b (1 − 0.1640δgL − 0.8877δgR) ,

Rc = RSM
c (1 + 0.500δgL − 0.0924δgR) , (29)

where δgL and δgR denote the shifts in the effective coupling in-
troduced in Eq. (27).

In the ’t Hooft–Feynman gauge, one-loop corrections to δgL

arise from loops where the longitudinal components of the W
and Z gauge bosons are just the Goldstone modes, φ± and Im(φ0)

in Eq. (1), and when accounting for mixing between the heavy 
top quark, T , and the SM top quark, t . Additional one-loop con-
tributions also arise from the new charged scalar, η± . The new 
diagrams are summarized in Fig. 1. The leading contributions to 
δgL from the Goldstone modes, including the mixing between t
and T , are proportional to y1 and y2 and can be expressed as

δgL[φ±]

=
√

1 − s2
W

16π2 g

[
−(gφ−tb̄

L )2
(

−2g Ztt̄
R C24 + 1

2
g Ztt̄

R + g Ztt̄
L m2

t C0

)

− (gφ−T b̄
L )2

(
−2g Z T T̄

R C24 + 1

2
g Z T T̄

R + g Z T T̄
L m2

T C0

)

− gφ−tb̄
L · gφ−T b̄

L

(
−2g ZtT̄

R C24 + 1

2
g ZtT̄

R + g ZtT̄
L mtmT C0

)]
,

(30)

while the leading contributions from the charged scalar, η± , are 
proportional to ε1 and ε2 and are given by

δgL[η±]

=
√

1 − s2
W

16π2 g

[
−(gη−tb̄

L )2
(

−2g Ztt̄
R C24 + 1

2
g Ztt̄

R + g Ztt̄
L m2

t C0

)

− (gη−T b̄
L )2

(
−2g Z T T̄

R C24 + 1

2
g Z T T̄

R + g Z T T̄
L m2

T C0

)

− gη−tb̄
L · gη−T b̄

L

(
−2g ZtT̄

R C24 + 1

2
g ZtT̄

R + g ZtT̄
L mtmT C0

)]
.

(31)

The three-point integral factors, C0 and C24 can be found in [32,
52], where we have used the definitions:
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C0 ≡ C0(m
2
b, M2

Z ,m2
b;m2

i , M2
S ,m2

j ),

C24 ≡ C24(m
2
b, M2

Z ,m2
b;m2

i , M2
S ,m2

j ), (32)

where mi, j = mt , mT and M S denotes the mass of either the 
charged Goldstone mode (with mass equal to the mass of W gauge 
boson), or of the charged scalar, η± . The couplings between the 
charged scalars and fermions in Eqs. (30)–(31) are given by

gφ−tb̄
L = −y1cR + y2sR ,

gφ−T b̄
L = −y1sR − y2cR ,

gη−tb̄
L = v

2�
(ε1cR − ε2sR) ,

gη−T b̄
L = v

2�
(ε1sR + ε2cR) , (33)

while the couplings between the Z gauge boson and fermions are 
given by

g Ztt̄
L = gW

(
c2

L

2
− 2

3
s2

W

)
,

g Ztt̄
R = gW

(
−2

3
s2

W

)
,

g Z T T̄
L = gW

(
s2

L

2
− 2

3
s2

W

)
,

g Z T T̄
R = gW

(
−2

3
s2

W

)
,

g ZtT̄
L = gW sLcL,

g ZtT̄
R = 0, (34)

with gW ≡ g/

√
1 − s2

W .

Our constraints from the Z → bb̄ measurements are based on 
the latest experimental results [53]:

Rexp
b = 0.21629 ± 0.00066,

Aexp,b
FB = 0.0992 ± 0.0016,

Aexp
b = 0.923 ± 0.020,

Rexp
c = 0.1721 ± 0.003. (35)

We calculate a 95% confidence level upper limit on each individual 
observable assuming that the contributions to δgR are negligible, 
since these are proportional to the bottom Yukawa coupling, yb , 
when the Goldstone mode propagates in the loop and propor-
tional to εb for a charged scalar, η± . We find that the strongest 
limit is set by Rb which constrains the deviation on the gL in the 
range −0.00568 < δgL < 0.00298. Furthermore, it has been shown 
that the measurement of B(Bs → μ+μ−) can be used to constrain 
new physics models that predict modifications to the Zbb̄ vertex, 
in particular models with an underlying flavor structure for the 
new physics [54]. However, the constraint on the Zbb̄ vertex cor-
rection used in our analysis is comparable to that derived from 
B(Bs → μ+μ−). We find that the constraints arising from correc-
tions to the oblique parameters place far more stringent limits on 
the parameter space of this model.

3.3. CKM unitarity and Higgs mediated FCNC’s

At the renormalizable level in Eq. (11), the inclusion of a single 
up-type vector-like quark that mixes with the SM quarks will affect 
the unitarity of the CKM matrix. The authors in [35] carry out a 
detailed analysis of all the constraints arising from flavor changing 
neutral and charged currents. They parametrize the most general 
coupling between the Z gauge boson and the left-handed up-type 
quarks with the following Lagrangian

L ⊃ − g

2 cosW

[
Xu

ij ū
iγ μ P Lu j − 4

3
sin2 θW ūiγ μui

]
Zμ. (36)

The values of Xu
ij are related to the new CKM matrix, V L , through 

Xu = V L V L†. The departure from unitarity in the presence of a 
single up-type vector-like top quark can be parametrized by∑
j=d,s,b

|V L
ij|2 = Xu

ii ≤ 1 (37)

for i = u, c, t . For mixing that is predominately with the third gen-
eration, Xu

tt = c2
L and

|V L
td|2 + |V L

ts|2 + |V L
tb|2 = c2

L . (38)

The authors in [35] performed a χ2 fit combining results from AT-
LAS and CMS on the single top production cross section [55,56]
and t → bW decays [57] to obtain the following lower bounds:

|V L
tb|2 > 0.85

|V L
td|2 + |V L

ts|2 + |V L
tb|2 > 0.87, (39)

which are not in tension with the constraints arising from the 
measurement of the oblique parameters, (S, T , U ) discussed in Sec-
tion 3.1.

In addition, the appearance of new non-renormalizable dimen-
sion five operators in Eq. (11) modify Higgs interactions with SM 
quarks. Since we do not incorporate mixing between the new 
heavy quark and the first two generations of quarks, off-diagonal 
elements of Xu involving the u and c arise at the loop level and 
with CKM suppression. These constraints are negligible for the im-
plementation of the heavy vector quark that we consider [35]. 
However, if mixing between the vector-like quark and light gener-
ations occurs, it would induce flavor changing rare top decays into 
a Higgs and c, u quarks [58], contributions to D0 oscillations [59], 
as well as single top quark production [60].

3.4. Searches for heavy, vector-like quarks at the LHC

Both CMS [19] and ATLAS [20] have performed searches for 
heavy, vector-like, charge +2/3 quarks, assuming that these states 
can decay to only three possible final states, T → W +b, T → t Z
and T → th0, with the sum of the branching ratios equaling unity. 
With the masses of the decay products well known, a thorough 
analysis of the acceptance rates is determinable for all signal re-
gions, and accurate lower limits can be extrapolated for any model 
with a heavy quark that is limited to these decay modes. However, 
these results are not immediately transferable to our toy model 
due to the possibility of extra decay modes.

The idea of using an existing analysis to constrain beyond the 
SM (BSM) scenarios and applying it to a different BSM scenario 
has been studied very recently and introduced as a data recasting
procedure to set limits on extensions of the SM [61]. We perform 
a similar data recasting analysis, except accounting for the extra 
decay modes allowed in our toy model.

The analyses carried out by the ATLAS and CMS collaborations 
assume pair production of the heavy top quark. This production 
mode is dominated by QCD production, and the cross section is de-
terminable in a model independent fashion from the work in [62], 
or using the HATHOR coding package [63]. In particular, we fo-
cus on the CMS results and similarly use the HATHOR package to 



372 E. Coluccio Leskow et al. / Physics Letters B 743 (2015) 366–376
Fig. 2. Ratio of our calculated event rates to the CMS quotes event rates for the 
(bW , t Z , th) = (0.5, 0.25, 0.25) branching ratio point. The red line corresponds to 
the OS1 signal region, blue to the OS2 signal region, green to the SS signal region, 
and orange to the Tri signal region. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)

calculate our production cross sections. The CMS study establishes 
four signal regions (SR) that are sensitive to the presence of new 
heavy quarks with masses above 500 GeV: opposite-sign dilepton 
with two or three jets (OS1), opposite sign dilepton with five or 
more jets (OS2), same-sign dilepton (SS), and trilepton (Tri). The 
branching ratio independent efficiencies have been provided on the 
CMS Wiki page for the study, showing the acceptance efficiency for 
all six combinations of t Z , W b and th0 branching ratios.

For each channel, k, the CMS study has provided the num-
ber of observed events Nobs

k , as well as the number of expected 
background events with a corresponding uncertainty. From these 
values, we have determined the 95% C.L. excluded number of signal 
events, N95

k , using the single-channel C Ls method, adapted from 
the CHECKMate program [64]. For k = (OS1, OS2, SS, Tri), the val-
ues of N95

k are (12.05, 30.43, 13.16, 5.58), assuming a Gaussian 
distributed probability distribution function for the uncertainty on 
the background events, and a negligible uncertainty on the signal 
events.

The acceptance efficiency, εk
i , for each permutation, i, of two of 

the decay modes (bW , t Z and th0) is provided for each of the four 
signal regions, k, in the Wiki page for the CMS study. From these, 
the number of signal events can be calculated as

Nk(MT ) = LσT T̄ (MT )
∑

i

εk
i BR(T T̄ → i), (40)

for integrated luminosity L and cross section σ(T T̄ ) calculated 
with HATHOR. This is the identical procedure described in [19]. 
The CMS study provides a list of the number of signal events they 
calculated for the (bW , t Z , th0) = (0.50, 0.25, 0.25) branching ra-
tio point, NCMS

k (MT ), which we use to compare our calculation. 
Fig. 2 shows the comparison of our calculated signal events for MT
between 500 and 1100 GeV, which amounts to at most a 4% dif-
ference. This difference is due to the rough rounding in the quoted 
CMS results, which has a larger effect on the smaller event rates 
that occur at higher masses. However, these have a negligible ef-
fect on our final results.

To estimate the acceptance rate for the new decay modes, we 
scale the provided acceptance efficiencies by the ratio of branching 
ratios that produce the tagged states for each of the signal regions. 
For the tη0 final state, the following acceptance efficiencies were 
used:

εk
tη0+i(mT ) = εk

th+i(mT )
BR(tη0 + i → k)

0
, (41)
BR(th + i → k)
where k indicates the signal region (OS1, OS2, SS, Tri) as described 
previously, and i represents the other decay mode (bW , t Z , th0). 
Similarly for the bη± decay mode, the following acceptance effi-
ciency was used:

εk
bη±+i(mT ) = εk

bW +i(mT )
BR(bη± + i → k)

BR(bW + i → k)
. (42)

The results are relatively insensitive to changes in choice between 
bW and th0 for the charged η decay mode, and between t Z and 
th0 for the neutral decay mode. This method is meant to be a 
first order approximation of the acceptance rates. Indeed the ac-
ceptance rates will be dependent on the changed kinematics by 
employing a 250 GeV intermediate state instead of a 125 GeV in-
termediate state (as in the th0 versus tη0 decays). While we assert 
that this is a reasonable approximation of the acceptance efficien-
cies for the new decay modes, we do show the effect of variations 
of the acceptance rates in our final results, discussed in Section 4.

With this approach, we extend the CMS analysis and incorpo-
rate additional T -quark decay modes, T → X , using the extracted 
efficiencies to set new limits on the vector-like top quark mass. We 
use the branching-ratio-independent acceptance rates, in combina-
tion with the branching ratios for the new decay modes (and the 
relevant branching ratios of the η0 and η±), to estimate the num-
ber of events for each SR. We assume that the new scalars decay 
exclusively to third generation quarks (tt̄ and tb̄), ignoring small 
CKM mixing effects. The new scalars are forbidden from decaying 
to pairs of gauge bosons, and the lack of mixing with the h0 pre-
vents the possibility of an η → V h0 decay mode.

The direct search constraints are summarized in Fig. 3 as 
ternary plots for five different values of X = BR(T → tη0/bη±), 
for all possible combinations of the other three possible decay 
modes (bW , t Z , th0). The couplings of the heavy top partner to 
the Higgs and the electroweak gauge bosons as a function of the 
mixing between the SM top and the heavy top, sL , is depicted by 
the white solid dots, where it is clear that the relationship between 
the (bW , t Z , th0) decay modes does not change as the value of X
increases. This is because the location of the white markers on the 
figures depends on the ratio of the branching ratios, which is de-
pendent on the ratio of the partial widths to the (bW , t Z , th0) final 
states – quantities that are independent of the new decay modes. 
In addition, one can see from the figures, which represent slices 
of a tetrahedron, that as the value of X increases, the decay of 
the heavy top is dominated by a single channel. This results in a 
scenario excluded at a fixed value of the heavy top mass for any 
combination of the original three decay modes, (bW , t Z , th0).

4. Results

Using the couplings introduced in Eq. (19) we can calculate the 
branching ratios of a heavy vector-like top quark within the toy 
model introduced in Section 2.2. In order to extract the limits on 
the heavy top quark mass, we vary the left-handed mixing angle, 
sL , and the mass of the heavy top, mT . Furthermore, we analyze 
our model for different values of � and fix y5 = 1. The values of 
ε1 and ε2 are fixed to 2.5. We assume that εb ≈ yb such that con-
tributions to gSM

R are negligible. In this way, we fix all parameters 
to reasonable values. We impose the constraint on the top quark 
mass, the condition that leads to a solution to the Hierarchy Prob-
lem and choose to vary only sL and mT . The results are shown in 
Fig. 4 for three values of � and a value of the electroweak scalar 
mass, Mη0 = Mη± , of 250 GeV. Within the figure, the grey and red 
regions are excluded by the T observable and the measurement 
of the Zbb̄ vertex, respectively. The dashed green, blue, orange, 
and black contours correspond to heavy top branching ratios of 
0.2, 0.4, 0.6 and 0.8 respectively.
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Fig. 3. Ternary plots showing the direct constraints from the CMS search for heavy top quarks, for arbitrary combinations of BR(T → t H), BR(T → t Z), BR(T → bW ), and 
X = BR(T → tη0/bη±) = 1 − BR(T → t H) − BR(T → t Z) − BR(T → bW ). Each branching ratio has a maximum value at the labeled corner, with a branching ratio of 0 on the 
opposing side. White markers indicate the progress of the simplified model branching ratio location for varying sL , where the end points (sL = 0.01 and sL = 0.59) have been 
labeled.
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Fig. 4. The triplet + vector-like top quark model in the sL–mT plane corresponding to three values of � and using y5 = 1. The grey and red regions are excluded by the T
observable and the Zbb̄ vertex, respectively. The yellow region bounded by the outermost solid yellow line is excluded by CMS search for T T̄ production discussed in the 
text. The dashed green, blue, orange, and black contours correspond to heavy top branching ratios of 0.2, 0.4, 0.6 and 0.8 respectively. (Labels included in figure for greyscale 
version.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
The two lightest yellow regions describes the exclusions from 
the CMS search for T T̄ production when applied to the model ex-
amined in this paper, where the lighter region corresponds to the 
model as described and the middle region corresponds to the sit-
uation where the scalar triplet masses are too heavy to allow the 
additional decay channels. The darkest yellow region describes the 
region excluded by the CMS search when we assume the η de-
cay products are not identified by the detector. This region can 
be interpreted as the effect of setting the acceptance efficiencies 
from Eqs. (41) and (42) to 0. Thus, this darker region indicates the 
most conservative limits possible, as contrasted with constraints 
from our approximated acceptance efficiencies. We see in all three 
cases of � that the appearance of new decays modes of the 
heavy vector-like quark rules out a slightly larger area of param-
eter space, but approaches a standard three-decay mode scenario 
as � increases. Furthermore, for � = 700 GeV; we obtain values 
of y4 that are greater than one for vector-like masses, mT , above 
850 GeV putting in question the validity of the effective model. 
Larger values of � result in suppression of the T t̄η0 and T b̄η−
couplings, driving the branching ratio to the new states down. In 
addition, values of � above 1 TeV yield values of y4 below unity 
in the region of sL consistent with experimental constraints and 
for vector-like masses below 1.2 TeV.

Furthermore, in all three cases, a branching ratio to a new de-
cay mode can be as large as 80% when mixing between the SM top 
quark and the vector-like quark is small. This may serve as motiva-
tion for an in depth search that includes a decay mode correspond-
ing to three top quarks at the LHC or incorporating b-tagging in 
future LHC searches, which would be a signature of a model that 
couples to fermions with Yukawa-like strengths.

The above results were generated by fixing the parameters ε1,2
to 2.5, enhancing the partial widths of the vector-like top quark to 
the real triple scalar for not too large values of �. However, it is in-
teresting to analyze the case where the parameters ε1,2 are related 
to y1,2 respectively. This relation is not unnatural since it may be 
the result of a more fundamental symmetry relating the couplings 
in the fermion Lagrangian. In our study, the values of y1 and y2
are found by fixing the values of the top quark mass to 173 GeV as 
well as the heavy top mass using Eq. (15). The results are shown 
in Fig. 5, where we have fixed the value of � to 700 GeV, y5 = 1
and used ε1,2 = y1,2. In the figure, the black dashed line corre-
sponds to a branching ratio of the vector-like quark to the new 
scalar modes of 1%. Thus, the main decay modes of the vector-like 
Fig. 5. The triplet + vector-like top quark model in the sL –mT plane correspond-
ing to � = 700 GeV and y5 = 1. The grey and red regions are excluded by the T
observable and the Zbb̄ vertex. The yellow region bounded by the outermost solid 
yellow line is excluded by CMS search for T T̄ production discussed in the text. The 
dashed line corresponds to a heavy top branching ratio of 1%. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web 
version of this article.)

top quark are the modes studied in minimal vector-like exten-
sions of the SM, BR(T → th0, t Z , bW ). This is clear since the 
existence of a new decay mode with a very small branching ra-
tio is indistinguishable from the case of a decoupled scalar triplet 
or when the scalar triplet cannot be identified by the detector for 
BR(T → th0) + BR(T → t Z) + BR(T → bW ) ≈ 1. The smallness of 
the new branching ratio is mainly due to the fact that for small 
mixing angles, sL , not ruled out by the T -parameter, y2 tends to 
be small.

5. Conclusions

Vector-like quark extensions of the SM have been extensively 
studied as a solution to the hierarchy problem. In particular, mod-
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els where symmetries relating vector-like quarks to SM fermions 
are one attractive scenario. In this work, we have studied the 
phenomenology of a model where an extended scalar sector is 
coupled to the SM fermion sector and one single vector-like part-
ner of the top quark. We have introduced new non-renormalizable 
interactions parametrized by the scale � where new physics is ex-
pected to appear and at the same time used operators of the form 
H† H Q̄ Q to address the electroweak hierarchy problem which 
many believe should be discoverable at the LHC.

Within this framework, we have studied new decay modes of 
the heavy vector-like top quark which arise as a consequence of 
an extended fermion Lagrangian. These new modes are the neu-
tral and charged components of a real scalar triplet in association 
with SM particles, mainly third generation up- and down-type 
quarks. We found that for both couplings ε1 and ε2 of O (1) that 
parametrize the new interactions between the scalar triplet and 
quarks and a new physics scale given by � ∼ 1 TeV, branching ra-
tios to the scalar modes could be large and be consistent with 
electroweak precision measurements as well as the latest collider 
constraints on heavy vector-like pair production. However, we also 
found that equating ε1,2 to the couplings that parametrize the 
renormalizable interactions in the fermion Lagrangian, y1,2 respec-
tively, lead to large suppressions of the new decay modes when 
compared to those that appear in minimal vector-like extensions 
of the SM, BR(T → th0, t Z , bW ). In regards to the former case, 
our results serve as a motivation for an in depth search for final 
states corresponding to a large multiplicity of top quarks at the 
LHC.

Within our model, the new scalar contributions to the Zbb̄ ver-
tex interfere with contributions from the heavy top. However, for 
a fixed mass of the real triplet, contributions to the Zbb̄ vertex 
are strongest for large values of the heavy top mass since the loop 
functions depend quadratically on the mass of the heavy top. This 
has the effect of decreasing the excluded region of parameter space 
for large values of sL and small values of mT . In addition, we found 
that the constraints from the T -parameter are unchanged from the 
scenario where only an SU(2)W singlet vector-like quark appears in 
the spectrum, since the contribution to the T -parameter from an 
inert real scalar triplet is negligible. These three constraint regions 
significantly limit the allowable region for this type of model for 
sL � 0.03. It is unlikely that enhancements in the T -parameter and 
Zbb̄ constraints will occur in the near future. However, we expect 
that the LHC13/14 program will be able to significantly increase 
the T T̄ direct search limits, potentially even for masses upwards 
of 1 TeV.
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