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Universidad de Granada, Campus de Fuentenueva, E-18071 Granada, Spain

E-mail: jccriadoalamo@ugr.es, mpv@ugr.es

Abstract: We study the impact of the leading non-renormalizable terms in the effec-

tive field theory that describes general extensions of the Standard Model with vector-like

quarks that can decay into Standard Model particles. Dropping the usual assumption of

renormalizability has several phenomenological consequences for the production and de-

cay of the heavy quarks and also for Higgs physics. The most dramatic effects, including

those associated with a long lifetime, occur for vector-like quarks with non-standard quan-

tum numbers.

Keywords: Beyond Standard Model, Effective Field Theories

ArXiv ePrint: 1908.08964

Open Access, c© The Authors.

Article funded by SCOAP3.
https://doi.org/10.1007/JHEP01(2020)057

mailto:jccriadoalamo@ugr.es
mailto:mpv@ugr.es
https://arxiv.org/abs/1908.08964
https://doi.org/10.1007/JHEP01(2020)057


J
H
E
P
0
1
(
2
0
2
0
)
0
5
7

Contents

1 Introduction 1

2 Non-renormalizable extensions of the Standard Model with vector-like

quarks 5

3 Mixing 9

4 Indirect effects 11

5 Production at the LHC 15

6 Decay 17

7 Conclusions 34

A Representations of Standard Model operators 36

B Limits on the mass for the case with extra decays 37

C Approximate equality of the branching ratios to Hq and Zq 38

1 Introduction

The fermions in the Standard Model (SM) can be classified as leptons and quarks, according

to their respective transformations as singlets or triplets under the colour gauge group.

Additional spin 1/2 particles with these colour quantum numbers are often considered by

theorists and experimentalists in the quest for new physics. This is motivated both by

their rich phenomenology and by their frequent occurrence in explicit models. Due to

constraints from electroweak precision data and Higgs physics, these new particles cannot

acquire their mass only from the Higgs vacuum expectation value (vev). The necessary

gauge-invariant mass term requires left-handed and right-handed components, transforming

in the same way, not only under the colour group, but also, unlike the SM fermions, under

the electroweak gauge group. Dirac fermions with this property are known as vector-like

fermions.1 Two important properties of vector-like fermions is that all their observable

effects decouple when their mass is taken to infinity and that they never give rise to

anomalies of the SM gauge group. In this paper we concentrate on vector-like extra quarks.

The indirect and direct effects of general vector-like leptons have been analyzed in refs. [1]

and [2], respectively.

1A gauge-invariant mass is also possible for Majorana fermions in real representations of the SM gauge

group, which can also be considered vector-like fermions.
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Vector-like quarks appear in many motivated extensions of the SM, for diverse reasons.

In models with additional symmetries, they may complete multiplets that include SM

fermions [3–5]. They may also be necessary for the cancellation of the anomalies of an

extended gauge group [6]. In models with (partially) composite quarks [7], they emerge

effectively as resonances, while in models in extra dimensions, they show up as Kaluza-

Klein modes when the quarks propagate through the bulk [8]. Vector-like quarks are also

used to relax the bounds from precision observables [9] or to avoid strong fine tuning in

the Higgs sector [10, 11]. Here, we will not worry about the origin of the vector-like quarks

or the details of the model in which they appear. Instead, we follow a systematic model-

independent approach by studying a general effective field theory that describes the new

quarks and their interactions with the SM fields. Our conclusions can be easily translated

to specific models.

Most analyses of vector-like quarks so far have assumed renormalizable interactions (we

comment on exceptions below). At the renormalizable level, the possible gauge-invariant

interactions of the extra quarks in the electroweak symmetric phase are the ones with the

gauge bosons, determined by their quantum numbers, and Yukawa interactions involving

either two extra quarks or one extra quark and one SM quark. Upon electroweak breaking,

the Yukawa couplings give rise to off-diagonal terms in the quark mass matrix, which

translate into the mixing of mass eigenstates in the interaction terms with the Z and W

bosons and the Higgs (beyond the mixing in the original Yukawas). Many of the observable

effects of the new quarks, such as their decay into SM particles, their single production and

the induced modifications of the light-quark couplings, are associated to their mixing with

the SM quarks, which is suppressed when their gauge-invariant mass is larger than the Z

mass [12]. This suppression is stronger for heavy vector-like quarks that are not directly

connected by Yukawa couplings to the SM quarks. Therefore, the effects of mixing are

sizable only in the presence of vector-like quarks with gauge quantum numbers that allow

for such couplings. Assuming that electroweak breaking is mostly triggered by the vev v of

one or more Higgs doublets, in agreement with limits on the ρ parameter, there are seven

different multiplets of vector-like quarks that carry the appropriate quantum numbers.

They are shown in the first seven rows of table 1. Note that these are the only vector-like

quarks that can couple linearly to SM operators in a renormalizable theory.2 Vector-like

quarks with this property will be called “renormalizable” vector-like quarks (RVLQ), even

if they can also have non-renormalizable interactions. Their components have electric

charges in the set {±1/3,±2/3,±4/3,±5/3}. The most general renormalizable extension

of the SM with arbitrary combinations of the seven types of RVLQ was explicitly written

in ref. [13]. In that work, the leading indirect effects beyond the SM, including flavour-

changing neutral currents, right-handed charged currents and a non-unitary CKM matrix,

were studied by integrating the heavy quarks out and using the results in ref. [14] for the

relevant flavourful part of the SM effective field theory (SMEFT) at dimension six. The

loop contributions of these multiplets to oblique parameters have also been calculated in

2More generally, the only extra fermion fields of spin 1/2 that can couple linearly to SM operators in a

renormalizable theory are either colour singlets or colour triplets, that is, either leptons or quarks.
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refs. [15–17]. Regarding direct searches, refs. [18, 19] provide a comprehensive and detailed

guide to the LHC phenomenology of minimal renormalizable extensions of the SM with

vector-like quarks that mix dominantly with the third family. Several other works have

been devoted to collider searches of RVLQ, see for instance refs. [20–24].

In the present work, we extend this framework by allowing non-renormalizable inter-

actions. This allows us to assess the robustness of the standard limits on vector-like quarks

and to explore possible new observable signals. We consider an effective Lagrangian, in-

variant under the SM gauge symmetry and constructed with the SM fields (including the

Higgs doublet) and the vector-like quarks. For simplicity, we will consider simple extensions

with only one quark multiplet at a time. The cutoff scale Λ of the effective Lagrangian is

required to be larger than all the mass scales in the theory, and in particular larger than

the gauge invariant mass M of the new quark. All the possible particles not included in the

effective Lagrangian, such as additional extra quarks or extra scalars, are assumed to be

heavier than Λ; their effects are then encoded into the Wilson coefficients of the effective

theory. As usual, the effective Lagrangian is to be expanded in inverse powers of Λ. When

Λ is much higher than the probed energies E and the Higgs vev v, all the effects of higher-

dimensional operators will be suppressed by powers of E/Λ and/or v/Λ with respect to

the effects of the renormalizable ones and will typically give rise to small corrections to the

known results. However, some processes may require the presence of higher-dimensional

interactions, which will then provide the leading contributions. In particular, this is always

the case for quark multiplets that can only couple linearly and gauge invariantly to the

SM fermions at the non-renormalizable level. As we will see, the phenomenology of these

multiplets can indeed be different from the one of RVLQ.

In fact, relaxing the requirement of renormalizability enlarges the list of vector-like

quarks that can mix with the SM ones and, more generally, have linear couplings with

SM operators.3 The number of different multiplets with this property is finite at each

order in 1/Λ and increases with the order in this expansion. In this paper, we only study

explicitly the leading corrections to renormalizable theories with vector-like quarks. So, we

will truncate the effective Lagrangian at order 1/Λ, that is, we will consider only operators

of canonical dimension n ≤ 5. The quark multiplets that can have linear couplings to this

order are collected in table 1. As can be checked there, there are five new multiplets, in

addition to the seven RVLQ. The new ones will be called “non-renormalizable” vector-like

quarks (NRVLQ). The only gauge-invariant operator that can be built with the SM fields at

dimension 5 is the Weinberg operator, which involves only leptons and can thus be ignored

in our context. The rest of dimension-5 operators always contain at least one of the extra

quarks in table 1. In order to simplify the analysis, we will assume that the extra quarks

do not couple to the first two SM families. This assumption can easily be dropped, at

the price of introducing more free parameters. We study the mixing with the third family

of SM quarks and the associated phenomenology, including indirect effects on electroweak

and Higgs observables and the production and decay of the new quarks. We will see that

3Interestingly, non-renormalizable linear interactions of other colour representations, beyond singlets

and triplets, are also allowed.
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for some multiplets there are new single production mechanisms and new decay channels,

which can be sizable in some regions of parameter space. A significant feature of the vector-

like quarks without renormalizable interactions is that their widths are suppressed. For

dimensionless couplings of order 1 and a cutoff Λ larger than 5 TeV, it turns out that their

lifetimes are larger than the typical QCD times and thus non-perturbative effects, including

hadronization, will take place before decay. For still larger values of Λ, the NRVLQ, or

more precisely the hadrons they form, will be long lived. These quarks would then elude

the usual searches, which assume prompt decays, and lead instead to alternative signatures,

such as tracks with anomalous ionization, long time of flight or displaced vertices.

Extra quarks with non-renormalizable interactions have been studied before in the

context of pseudo-Goldstone composite Higgs models [11, 25–27]. This is a particular

subclass of the theories included in our general model-independent framework, with Λ

identified with the symmetry breaking scale f . But in the pseudo-Goldstone scenario,

the assumed symmetry breaking pattern allows to easily resum the 1/f expansion. Then,

f can be pretty low without loosing predictive power.4 The vector-like quarks in those

models belong to multiplets of an extended symmetry and, for the popular choices in

the literature, decompose under the SM gauge group into a subset of the seven RVLQ

representations. Here, we want to follow a model-independent approach, so we do not make

any assumptions about the nature of the Higgs, about symmetries beyond the SM ones or

about the representations of the quarks (except for the requirement of linear interactions).

Another study of non-renormalizable interactions for new quarks, similar in spirit to the one

in this paper, was presented in ref. [29]. There, the first three multiplets in table 1, coupled

via operators involving the Higgs, were considered. We generalize this work by including all

the relevant multiplets and operators at dimension 5. In particular, we consider multiplets

without dimension-4 interactions, which present the most dramatic changes with respect

to the usual phenomenology of vector-like quarks. On the other hand, the flavour structure

we assume is more restrictive than the one in ref. [29], which allowed for couplings to the

light families of SM quarks.

We have implemented in FeynRules 2.0 [30] the effective theory for each vector-like

multiplet in table 1. All the simulations have been performed with MadGraph5 aMC@

NLO [31, 32] with the UFO files generated with FeynRules.

The paper is organized as follows. In section 2, we introduce the effective theory for

vector-like quarks, find the constraints on quantum numbers for linear interactions and

write explicitly the general Lagrangian for an arbitrary multiplet with all the operators

of dimension up to 5. We also comment briefly on the possible ultraviolet (UV) origin

of the non-renormalizable operators. In section 3, we diagonalize the mass matrices that

appear in the Higgs phase for the components with the same electric charges as the SM

quarks. Section 4 is devoted to indirect effects of the new quarks and to the corresponding

limits from Higgs, electroweak and top data. Production at hadron colliders is discussed

in section 5, while the decay of the new quarks is examined in section 6. We present our

4The effective descriptions of these models are valid up to a cutoff higher than f , associated to additional

resonances or strong coupling. In explicit holographic models, these effects are incorporated and the cutoff

can be much higher for many purposes [28].
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conclusions in 7. Three appendices are devoted to some important technical results that

are used in the main text. In appendix A, we obtain a necessary condition for the linear

coupling of new fields to SM operators of arbitrary dimension. In appendix B, we find a

simple formula to reinterpret the mass limits provided by the LHC collaborations in the

case with additional decay modes. Our method is based on the one in ref. [33]. Finally, in

appendix C we explain why the branching ratios to Higgs and Z bosons are approximately

equal for all multiplets but one.

2 Non-renormalizable extensions of the Standard Model with vector-like

quarks

Let us consider a general local effective Lagrangian L describing extensions of the SM

with extra vector-like quarks. The effective theory will be valid for energies smaller than a

certain cutoff Λ, which is larger than all the mass scales in the theory, including the mass

M of the extra quarks. L must be invariant under Lorentz and SU(3)×SU(2)×U(1) gauge

transformations. We assume that the latter is linearly realized. The degrees of freedom

that appear in the Lagrangian are the SM fields, including the Higgs doublet, and the new

spinors, which transform as triplets under SU(3). We do not impose renormalizability. Up

to this point, the SU(2) × U(1) representation of the new quarks is completely arbitrary,

except for the vector-like condition, which requires that the new quarks be grouped in

pairs of Weyl spinors belonging to the same representation. Now, let us introduce our

main non-trivial restriction: the new quarks are assumed to have linear couplings to the

SM fields. In other words, there exist interaction terms involving products of SM fields and

a single power of the extra quark field. This assumption is motivated by phenomenology, as

explained in the introduction, and has the crucial advantage of restricting the irreducible

representations of SU(2) × U(1) to a finite set, when the 1/Λ expansion of L is truncated

at any order. Indeed, the isospin and hypercharge of a quark coupling linearly to an SM

operator O is given directly by the isospin and hypercharge of O, which belong to a finite

set for a fixed dimension of the operator.

Moreover, we find in appendix A a general constraint over the representation of any

Standard Model operator, and thus of any field with a gauge-invariant linear coupling.5 In

the case of colour triplets, it reads

T + Y + 1/3 ∈ Z, (2.1)

with T the isospin of the SU(2) representation and Y the hypercharge. It is also true that,

given a representation of SU(2) ×U(1) satisfying eq. (2.1), there is a product of Standard

Model fields that produces this representation. Indeed, consider first the products φk(φ∗)l

of the Higgs doublet and its conjugate. They generate all representations with T + Y ∈ Z.

Then, the operators of the form φk(φ∗)lq give all the possibilities satisfying eq. (2.1). So

this formula allows to find easily the quark multiplets with linear couplings.

Higher-dimensional multiplets couple linearly to the Standard Model through higher-

dimensional operators. Therefore, the effects of higher-dimensional multiplets tend to be

5This condition has been given before, in a different form, in ref. [34].

– 5 –



J
H
E
P
0
1
(
2
0
2
0
)
0
5
7

more suppressed than the lower-dimensional ones. As we have just explained, at each or-

der in inverse powers of the cutoff Λ, which is given by the dimension of the operators,

there is a finite number of multiplets with linear couplings to SM fields. This number

increases with the order in 1/Λ. We focus in the following on the next-to-leading order

in this expansion, which is O(1/Λ). Equivalently, we impose a maximum dimension of 5

for the operators in the effective Lagrangian. There are twelve possible multiplets with

linear couplings at this order, listed in table 1. The ones in the first seven rows, called

RVLQ in this paper, can have linear interactions of dimension 4. These are the multiplets

that have been studied in the past. For natural values of the couplings, the dimension-5

operators will generate small corrections to their properties. The remaining five multi-

plets, which we call NRVLQ, cannot have dimension-4 linear couplings. Therefore, for

these multiplets the dimension-5 interactions will give leading-order effects. Let us stress

that RVLQ can have non-renormalizable linear interactions and that NRVLQ have renor-

malizable quadratic interactions with the gauge fields, besides the kinetic and mass terms.

Let us also note in passing that, besides the singlet and triplet representations, other irre-

ducible representations of SU(3) are possible for spin-1/2 particles with dimension-5 linear

couplings to the Standard Model. The extra eight possibilities for their representations

under SU(3)× SU(2)×U(1) are:

(6, 1)−2/3, (6, 1)1/3, (6, 2)−1/6, (8, 1)1, (8, 2)1/2, (15, 1)2/3, (15, 1)−1/3, (15, 2)1/6. (2.2)

Coming back to extra quarks, the dimension-5 operators containing exactly one vector-

like quark can have one of the following two schematic forms: Q̄φφq and Q̄σµνqFµν , where

φ is the Higgs doublet, q and Q represent SM and extra quark multiplets, respectively, and

Fµν is the field-strength tensor of a SM gauge field. We do not consider operators with the

field content Q̄φqD, with D a covariant derivative, because they can be eliminated using

integration by parts and field redefinitions, up to O(1/Λ2) corrections. The interactions

allowed for each multiplet are presented in table 1. It is important to note that the

interactions of the form Q̄φφq will typically give physical effects suppressed by powers of

v/Λ, while the effects of interactions of the form Q̄σµνqFµν are suppressed by powers of

E/Λ, with E the characteristic energy of the process (E ' M for on-shell extra quarks).

In the rest of this paper, we study the theories defined by adding each of the possible

multiplets at a time. The dimension-5 effective Lagrangian for any such theory with one

multipletQ is L = LSM + Lfree
Q + (Llin

Q + Lquad
Q + h.c.), with

Lfree
Q = Q̄(i /D −M)Q, (2.3)

−Llin
U = λi ŪRφ̃

†qLi + yi (ŪLuRi)(φ
†φ) + wBi ŪLσ

µνuRiBµν + wGi ŪLλ
AσµνuRiG

A
µν ,

(2.4)

−Llin
D = λi D̄Rφ

†qLi + yi (D̄LdRi)(φ
†φ) + wBi D̄Lσ

µνdRiBµν (2.5)

+ wGi D̄Lλ
AσµνdRiG

A
µν , (2.6)

−Llin
Q1

= λui Q̄1Lφ̃uRi + λdi Q̄1LφdRi + yui (Q̄1Rφ̃)(φ̃†qLi) + ydi (Q̄1Rφ)(φ†qLi)

+ wBi Q̄1Rσ
µνqLiBµν + wWi Q̄1Rσ

aσµνqLiW
a
µν + wBi Q̄1Rλ

AσµνqLiG
A
µν , (2.7)

−Llin
Q7

= λi Q̄7LφuRi + yi (Q̄7Rφ)(φ̃†qLi), (2.8)
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−Llin
Q5

= λi Q̄5Lφ̃dRi + yi (Q̄5Rφ̃)(φ†qLi), (2.9)

−Llin
T1 = λi T̄

a
1Rφ

†σaqLi + yui T̄
a
1LuRiφ

†σaφ̃+ ydi T̄
a
1LdRiφ

†σaφ (2.10)

+ wi T̄
a
1Lσ

µνdRiW
a
µν , (2.11)

−Llin
T2 = λi T̄

a
2Rφ̃

†σaqLi + yui T̄
a
2LuRiφ

†σaφ+ ydi T̄
a
2LdRiφ̃

†σaφ (2.12)

+ wi T̄
a
2Lσ

µνuRiW
a
µν , (2.13)

−Llin
T4 = yi T̄

a
4LdRiφ

†σaφ̃, (2.14)

−Llin
T5 = yi T̄

a
5LuRiφ̃

†σaφ, (2.15)

−Llin
F1

= yi F̄
a
1RC

a
bcqLicφ

†σbφ+ wi F̄
a
1RC

a
bcσ

µνqLicW
b
µν , (2.16)

−Llin
F5

= yi F̄
a
5RC

a
bcqLicφ

†σbφ̃, (2.17)

−Llin
F7

= yi F̄
a
7RC

a
bcqLicφ̃

†σbφ, (2.18)

−Lquad
Q = WB (Q̄Lσ

µνQR)Bµν +WW (Q̄Lσ
µνTa

QQR)W a
µν +WG (Q̄Lσ

µνtAQQR)GAµν

+ Y1 (Q̄LQR)(φ†φ) + Y2 (Q̄L Ta
QQR)(φ†σaφ), (2.19)

where λA are the Gell-Mann matrices, σa are the Pauli matrices, TA
Q (taQ) are the generators

of SU(2) (SU(3)) in the representation of Q, and the matrices Ca are defined by

C3/2 =
1√
2

 1 0

−i 0

0 0

 , C1/2 =
1√
6

 0 1

0 −i
−2 0

 ,

C−1/2 = − 1√
6

 1 0

i 0

0 2

 , C−3/2 = − 1√
2

 0 1

0 i

0 0

 .

These matrices connect the quadruplet representation of SU(2) with the doublet and triplet

representations. The index i indicates the SM fermion family and WW = Y2 = 0 for

singlets. We have used the following notation for coefficients of operators that are linear

in Q: λi is the coefficient of Q̄qiφ, yi is for Q̄qiφφ, and wi is for Q̄σµνqiFµν . When there

is more than one possibility, the corresponding coupling constants are differentiated by

an additional subindex, which indicates the SM field that unambiguously determines the

operator. Observe that we include all the gauge-invariant operators of dimension equal to

or smaller than 5 that can be constructed with the field content of the theory. The condition

of linear couplings is used to select the representations of the vector-like quarks, but not

to restrict their interactions in the effective theory. Note also that the λi parameters

are dimensionless, whereas yi, wi, Y and W have dimensions of inverse energy and are

expected to be of order Λ−1. We will consider in this paper only couplings to the third

family of SM quarks. This choice is made to reduce the dimensionality of the parameter

space and to automatically satisfy the most stringent flavour limits. It is also motivated

by theoretical ideas in different models. This means that λi, yi and wi are taken to be

vanishing for i = 1, 2. Accordingly, we simplify the name of the non-vanishing couplings in

– 7 –
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Name Irrep Q̄φq Q̄φφq Q̄σµνqFµν

U 12/3 3 3 3

D 1−1/3 3 3 3

Q1 21/6 3 3 3

Q5 2−5/6 3 3 7

Q7 27/6 3 3 7

T1 3−1/3 3 3 3

T2 32/3 3 3 3

T4 3−4/3 7 3 7

T5 35/3 7 3 7

F1 41/6 7 3 3

F5 4−5/6 7 3 7

F7 47/6 7 3 7

Table 1. Irreps (2T + 1)Y under SU(2)L × U(1)Y and linear interactions of new quarks with

dimension-5 linear couplings. The subscript in the name of each multiplet is the absolute value of

the numerator of its hypercharge, when written as an irreducible fraction. An explicit formula for

this integer number is |2 + 4T̃ + 3(Y − 2/3)/(1− T̃ )| where T̃ = T (mod 1).

the following way:

λ = λ3; λt = λu3; λb = λd3;

y = y3; yt = yu3; yb = yd3;

w = w3; wB = wB3; wW = wW3; wG = wG3. (2.20)

Let us briefly comment on possible ultraviolet completions that can give rise to the

dimension 5 operators at low energies. The Yukawa-like operators Q̄qφφ, of dimension

5, can be generated at the tree level in a completion with one additional field: either a

colour-neutral scalar S, with interactions SQ̄q and Sφφ or an additional quark Q, with

interactions QφQ and Qφq. The mass of the extra particle, which is assumed to be larger

than M , sets the cutoff scale Λ of the effective theory L. The Feynman diagrams that

contribute to the dimension-5 Yukawas are shown in figure 1. The quantum numbers of

the extra field must allow for the gauge-invariant vertices in the diagrams. This means that

the heavy scalar S belongs to one of the representations 10, 30 and 31 of SU(2)×U(1), while

the heavy quark Q belongs to one of the representations in the first seven rows of table 1,

so it is also a RVLQ (but assumed to be heavier than the ones in the effective Lagrangian).

The operators of the form Q̄σµνqF
µν , on the other hand, cannot be generated at tree-

level in a renormalizable ultraviolet theory. In figure 2 we show a one-loop diagram that

contributes to these effective operators in a theory with an extra scalar multiple S, which

must be either a singlet or a triplet of SU(2), and a singlet or an octet of SU(3). That

is, there are 4 possibilities: (1, 1)0, (1, 3)0, (8, 1)0 and (8, 3)0. The coefficients w of these

“magnetic” operators are thus naturally suppressed by a loop factor in weakly coupled

completions. In addition, because a quark mass insertion mQ is needed for the chiralities

– 8 –
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Q

Q

φ φ

q

S

Q

q φ

φ

Figure 1. Tree-level diagrams that generate the Q̄qφφ operator in UV completions of L with

additional extra quarks (left) and additional scalars (right).

S

Q

q

Figure 2. A one-loop diagram that generates the Q̄σµνqF
µν operator in a UV completion of L

with new scalars.

of the external lines to match those of the effective operator, the suppression with the UV

scale mS is not 1/mS as expected from the effective theory power counting, but mQ/m
2
S .

An explicit model with a U vector-like quark and a scalar singlet has been studied in [35].

3 Mixing

The multiplets in table 1 can be decomposed into component fields with well-defined elec-

tric charge:

Q1 =

(
T 0

B0

)
, Q5 =

(
B0

Y

)
, Q7 =

(
X

T 0

)
, (3.1)

T1 =

 T 0

B0

Y

 , T2 =

 X

T 0

B0

 , T4 =

B0

Y

Y ′

 , T5 =

X ′

X

T 0

 , (3.2)

F1 =


X

T 0

B0

Y

 , F5 =


T 0

B0

Y

Y ′

 , F7 =


X ′

X

T 0

B0

 . (3.3)

The components are denoted by symbols in the set {X ′, X, T 0, B0, Y, Y ′}, with electric

charges given by

Q(X ′) = 8/3, Q(B0) = −1/3, (3.4)

Q(X) = 5/3, Q(Y ) = −4/3, (3.5)

Q(T 0) = 2/3, Q(Y ′) = −7/3. (3.6)
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Upon electroweak breaking, the fields T 0 (B0) will mix, in general, with all the Stan-

dard Model up-type (down-type) quarks. However, with our flavour restriction and ne-

glecting the tiny off-diagonal CKM elements of the third family, the new quarks mix only

with the top and bottom quarks. The relevant mass terms have the form

Lmass = −
(
t̄0L T̄

0
L

)(mt
11 m

t
12

mt
21 m

t
22

)(
t0R
T 0
R

)
(3.7)

−
(
b̄0L B̄

0
L

)(mb
11 m

b
12

mb
21 m

b
22

)(
b0R
B0
R

)
+ h.c., (3.8)

with the superindex 0 emphasizing that the fields are weak eigenstates, i.e. the components

of the gauge-covariant multiplets.6 The elements of the diagonal of each of the mass

matrices are m11 ∼ v, which arises from the Standard Model Yukawa coupling q̄φq, and

m22 'M . For RVLQ, one of the off-diagonal elements, mij ∼ v, comes from the operator

Q̄φq, and the other one, mji ∼ yv2, comes from Q̄φφq. For NRVLQ, only one of the

off-diagonal elements, mij ∼ yv2, is non-zero. The precise values of the entries of the mass

matrices are given in table 2. The mixing angles that relate weak and mass eigenstates are

obtained by diagonalizing the corresponding mass matrices:(
tL,R
TL,R

)
=

(
ctL,R −eiφtstL,R

e−iφtsuL,R ctL,R

)(
t0L,R
T 0
L,R

)
, (3.9)(

bL,R
BL,R

)
=

(
cbL,R −eiφbsbL,R

e−iφbsbL,R cbL,R

)(
b0L,R
B0
L,R

)
, (3.10)

where t, T , b and B are the mass eigenstates, ct,bL,R := cos θt,bL,R and st,bL,R := sin θt,bL,R, with

θt,bL,R the mixing angle. In what follows, we take φt = φb = 0, since non-trivial phases φt,b
can be ignored for the observables discussed here. The explicit expressions for the mixing

angles in terms of mt,b
ij are (see also ref. [36])

tan 2θt,bL =
2
∣∣∣mt,b

11(mt,b
21)
∗

+mt,b
12(mt,b

22)
∗∣∣∣

|mt,b
11 |2 − |m

t,b
12 |2 − |m

t,b
21 |2 + |mt,b

22 |2
, (3.11)

tan 2θt,bR =
2
∣∣∣(mt,b

11)
∗
mt,b

12 + (mt,b
21)
∗
mt,b

22

∣∣∣
|mt,b

11 |2 − |m
t,b
12 |2 − |m

t,b
21 |2 + |mt,b

22 |2
. (3.12)

From these formulas and the scale dependence of each entry it can then be seen that,

for M � v (in agreement with experimental limits, see below), the mixing angles are

suppressed by v/M , at least. Furthermore, θL � θR if |m12| � |m21|, and viceversa.

For natural values of the couplings and Λ > 1 TeV, one of the off-diagonal couplings is

indeed much larger than the other, so the off-diagonal couplings involving heavy and light

6Note that we use the symbol t0R for the right-handed SM weak eigenstate of electric charge 3/2 (-1/3),

which is in fact the unique component of the SM iso-singlet uR3 (dR3)of hypercharge 3/2 (-1/3). Of course,

t0L (b0L) are the upper and lower components of the SM iso-doublet qL3.
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mt
12 mt

21 mt
22 mb

12 mb
21 mb

22

U λ∗v√
2

yv2

2 M̂ — — —

D — — — λ∗v√
2

yv2

2 M̂

Q1
(yu)

∗v2

2
λuv√

2
M̂ − Y2v

2

4
(yd)

∗v2

2
λdv√

2
M̂ + Y2v

2

4

Q5 — — — y∗v2

2
λv√
2

M̂ − Y2v
2

4

Q7
y∗v2

2
λv√
2

M̂ + Y2v
2

4 — — —

T1 λ∗v yuv
2

√
2

M̂ − Y2v
2

2 −λ
∗v√
2

−ydv
2

2 M̂

T2
λ∗v√

2
−yuv

2

2 M̂ λ∗v ydv
2

√
2

M̂ + Y2v
2

2

T4 — — — 0 yv2√
2

M̂ − Y2v
2

2

T5 0 yv2√
2

M̂ + Y2v
2

2 — — —

F1 −y
∗v2√
6

0 M̂ − Y2v
2

4 −y
∗v2√
6

0 M̂ + Y2v
2

4

F5
y∗v2√

2
0 M̂ − 3Y2v

2

4
y∗v2√

6
0 M̂ − Y2v

2

4

F7 −y
∗v2√
6

0 M̂ + Y2v
2

4 −y
∗v2√
2

0 M̂ + 3Y2v
2

4

Table 2. Mass matrix elements. We use the notation M̂ = M + Y1v
2/2. The 11 component is

always just the Standard Model contribution: mt,b
11 = λt,bSMv/

√
2.

quark eigenstates will be mostly chiral (especially in the b sector). For RVLQ, the dominant

mixing angle is θL for even isospin and θR for those with odd isospin. For NRVLQ, instead,

the dominant mixing angle is θR for even isospin and θL for odd isospin. Note, however,

that for some RVLQ the limits from electroweak precision tests are quite strict [19]. For

these multiplets, the off-diagonal entries might be comparable and then the interactions

involving both chiralities would be relevant.

4 Indirect effects

In this section, we discuss the indirect effects of heavy quarks in low-energy physics, Higgs

physics and top physics, which are summarized in table 3. NRVLQ typically generate

smaller contributions than RVLQ, as any insertion of a dimension-5 operator introduces

a suppression of 1/Λ. For the same reason, the effects of the dimension-5 interactions

of RVLQ will naturally be small corrections to the ones coming only from dimension-4

interactions, when they are present.

Integrating out the RVLQ at tree level gives contributions to dimension-6 operators

in the SMEFT. The low-energy effective Lagrangian, which can be read from ref. [37], is

presented in table 4, with the corresponding effective operators defined in table 5. Observe

that the dimension-6 terms without extra quarks in the effective theory L, which we are not

writing here, will give additional contributions to the corresponding dimension-6 operators

in the SMEFT. However, these contributions will be suppressed by M2/Λ2 or M/Λ relative
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Observable Coupling Loop order

EWPO

S and T parameters λ(t), y(t) one loop

Z → bb
λ(t), y(t) one loop

λ(b), y(b) tree level

Higgs

H → bb λ(b), λ(b)y(b) tree level

ttH production λ tree level

gg → H, H → gg λ(t), Y1 one loop

double Higgs production λ(t), Y1 one loop

Top

top single production λ(t)wW tree level

top pair production λ(t), λ(t)wB tree level

ttγ and ttZ production λ(t), λ(t)wB , λ(t)wW tree level

low-energy ��CP electron/neutron EDM λ(t), λ(t)λ(b), λ(t)wF two loops

Table 3. Summary of indirect effects of heavy quarks. The subindex (q) means that only the

couplings to the Standard Model quark q should be taken. The dependence on products of couplings

may involve complex conjugation of some of them.

to the ones from integrating out the RVLQ. Still, they might be relevant for M/Λ not small,

depending on the values of the couplings.7 Here we assume that even in this case they do

not cancel against the ones in table 4.

On the other hand, the NRVLQ do not contribute at tree level to the dimension-6

SMEFT. Therefore, their indirect effects are small. Their leading tree-level contributions

of NRVLQ have at least dimension 8 and will not be written explicitly.

Electroweak precision observables. Electroweak precision observables set the

strongest limits on the Yukawa couplings of each multiplet. In the mass-eigenstate ba-

sis, the mixing between the Standard Model b quark and the B component of a given

multiplet induces a modification of the Zbb coupling, which affects the Rb, A
b
FB, Ab and

Rc observables at tree level. t–T mixing changes the Ztt coupling. Insertions of this mod-

ified interaction in diagrams with loops of the top quark also generate corrections to these

observables, as well as to the S and T parameters.

For the renormalizable multiplets, the origin of these effects can be easily identified

in the unbroken phase. They come from tree-level and one-loop diagrams containing the

Oφq-type operators generated by tree level matching. Notice that the non-renormalizable

multiplets will also have contributions to these observables, but to obtain them one needs

to keep dimension-8 operators, which indicates that their effects will be smaller.

In ref. [19], the limits on the mixing angles from electroweak precision observables were

computed, assuming renormalizability. The corrections from dimension-5 interactions can

7This is nothing but a more precise formulation of the usual caution one should exert in general with

indirect bounds. Remember that we are considering the case in which only the quarks in one vector-like

multiplet are lighter than Λ. In the presence of other light extra particles (including vector-like quarks) the

indirect bounds would need to be reevaluated.
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Lnh Lh

U λ(wB)∗

M OtB + λ(wG)∗

M OtG +
(

(λt
SM)

∗|λ|2
2M2 + λ∗y

M

)
Otφ |λ|2

4M2O(1)
φq −

|λ|2
4M2O(3)

φq

D λ(wB)∗

M ObB + λ(wG)∗

M ObG +
(

(λb
SM)

∗|λ|2
2M2 + λ∗y

M

)
Obφ − |λ|

2

4M2O(1)
φq −

|λ|2
4M2O(3)

φq

Q1

λt(wB)∗

M OtB + λt(wW )∗

M OtW + λt(wG)∗

M OtG

− |λt|2
2M2Oφt + |λb|2

2M2Oφb

+λb(λt)
∗

M2 Oφtb

+λb(wB)∗

M ObB + λb(wW )∗

M ObW + λb(wG)∗

M ObG

+
(

(λt
SM)

∗|λt|2
2M2 + λt(yt)

∗

M

)
Otφ

+
(

(ybSM)
∗|λb|2

2M2 + λb(yb)
∗

M

)
Obφ

Q5

(
(λb

SM)
∗|λ|2

2M2 + λy∗

M

)
Obφ − |λ|

2

2M2Oφb

Q7

(
(λt

SM)
∗|λ|2

2M2 + λy∗

M

)
Otφ |λ|2

2M2Oφt

T1

λ(wW )∗

M ObW +
(

(ytSM)
∗|λ|2

4M2 + λ∗yt
M

)
Otφ

− 3|λ|2
16M2O(1)

φq + |λ|2
16M2O(3)

φq
+
(

(ybSM)
∗|λ|2

8M2 + λ∗yb
2M

)
Obφ

T2

λ(wW )∗

M OtW +
(

(ytSM)
∗|λ|2

8M2 − λ∗yb
2M

)
Otφ 3|λ|2

16M2O(1)
φq + |λ|2

16M2O(3)
φq

+
(

(ybSM)
∗|λ|2

4M2 + λ∗yb
M

)
Obφ

Table 4. Dimension-6 effective Lagrangian generated by tree-level matching of the effective theory

with each multiplet to the SMEFT. The contributions to Hermitian and non-Hermitian operators

are separated in Lh and Lnh. The complete effective Lagrangian is Lh+(Lnh+h.c.). The definitions

of the operators Oi are given in table 5.

Name Operator Name Operator

Obφ (φ†φ)(q̄L3φdR3) Otφ (φ†φ)(q̄L3φuR3)

Oφb (φ†i
↔
Dµφ)(d̄R3γ

µdR3) Oφt (φ†i
↔
Dµφ)(ūR3γ

µuR3)

O(1)
φq (φ†i

↔
Dµφ)(q̄L3γ

µqL3) O(3)
φq (φ†i

↔
D a
µφ)(q̄L3γ

µσaqL3)

Oφtb (φ̃†iDµφ)(ūR3γ
µdR3)

ObB (q̄L3σ
µνdR3)φBµν OtB (q̄L3σ

µνuR3)φ̃ Bµν

ObW (q̄L3σ
µνdR3)σaφW a

µν OtW (q̄L3σ
µνuR3)σaφ̃W a

µν

ObG 1
2 (q̄L3σ

µνλAdR3)φGAµν OtG 1
2 (q̄L3σ

µνλAuR3)φ̃ GAµν

Table 5. Dimension-6 operators generated by tree-level matching of the effective theory with each

multiplet to the SMEFT. This basis of operators was proposed in [38] and is a subset of the Warsaw

basis [39].

be neglected for RVLQ. However, for NRVLQ, the dimension-5 contribution is the leading

one. Following the method in ref. [19], we can use the experimental measurements of Rb,

AbFB, Ab and Rc to obtain the following bounds: sL < 0.13 for the triplet T4, sdL < 0.02 for

the quadruplet F7 and sdL < 0.03 for the quadruplet F5. These limits are already satisfied
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by the mixing angles

θ ∼ yv2

M
. 0.02, (4.1)

for y ≤ (3 TeV)−1, M ≥ 1 TeV. The quadruplet F1 produces a Zbb coupling with an extra

suppression of mb/M , so it is even less constrained. The limits from S and T are weaker

than the ones from Z → bb when there is a B component in the multiplet. The only

multiplet without such component among the non-renormalizable ones is T5 ∼ 35/3. In

this case both the limits from Z → bb and from S and T may be relevant. Anyway, since

these effects are loop suppressed, as long as y/M ≤ (1.7 TeV)−2, this multiplet satisfies

these constraints.

Higgs physics. The Otφ operator introduces a modification of the top Yukawa coupling,

which can be measured using ttH production. This process has been observed at the

LHC [40, 41]. The current uncertainty for the top Yukawa coupling is however too large

for the effects of Otφ to be relevant. The situation could improve in future experiments [42].

The presence ofOtφ also changes gluon fusion Higgs production, through its appearance

in diagrams with loops of the top quark. In addition, there are contributions to gg →
H from the heavy-quark loops. At the renormalizable level, the contribution of the T

loops is cancelled quite precisely by the effect of t loops with insertions of Otφ (such

cancellation does not happen for B loops) [19]. In the presence of Qqφφ operators the

cancellation is spoiled by the contributions to Otφ proportional to λy. However, this

contribution is suppressed not only by M/Λ but also by the small mixing. The dimension-

5 interactions with Y1 give yet another contribution to this process (see also ref. [29]). This

can be computed by one-loop matching to the SMEFT. The relevant part of the effective

Lagrangian is

L1-loop ⊃
(2T + 1)αs Re(Y1)

12πM
OφG, (4.2)

where OφG = φ†φGAµνG
A,µν . As we can see, the coefficient of the induced operator is not

suppressed by the mixing. Bounds on the coefficient on this operator have been calculated

in ref. [43]. They can be translated into limits for the parameters of our theory:

|Re(Y1)|
M

<
1

(2T + 1)(1.25 TeV)2 , (4.3)

where T is the isospin of the corresponding multiplet. Of course, both OφG and Otφ
contribute to the H → gg partial width, through tree-level and one-loop diagrams, respec-

tively. This is discussed in detail in ref. [19]. These operators modify also double Higgs

production, which has not been observed yet but could be measured at the HL-LHC [44].

Similarly, there are loop contributions to other vector-boson decay modes of the Higgs.

On the other hand, the H → bb decay channel is modified at the tree level by the

operator Obφ. Because the contribution to this operator from dimension-4 couplings is

suppressed by the Yukawa coupling of the bottom quark, while the dimension-5 contribution

does not contain this suppression, it is possible that the dimension-5 interaction dominates.

Using the limit on the coefficient of Obφ from ref. [43] (with milder flavour assumptions),

we find the bound |y(b)|/M . (0.2 TeV)−2.
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u, d

u, d Q

Q

(a)

u, d j

Q

g t̄, b̄

(b)

Figure 3. Production of heavy quarks in hadron colliders: (a) example diagram for pair production;

(b) single production in association with a light jet j and a heavy Standard Model quark q = t, b.

Top physics. Several of the dimension-6 SMEFT operators generated at tree level are

relevant for the production of the top quark. OtW and O(3)
φq contribute to single production,

whereas OtG contributes to pair production [45]. In ref. [46], upper limits on the coefficients

of these operators are derived. They range from approximately (0.5 TeV)−2 to (0.8 TeV)−2.

Again, the natural values of these coefficients in our case, which are given by ∼ λ2/2M

and ∼ λw/M , already satisfy these limits. The same happens for the operators OtB, Oφt
and O(1)

φq , which contribute to ttγ and ttZ production, and have even weaker limits.

Low-energy CP violation. The imaginary part of the coefficients of the operators Otφ,

Oφtb, OtW , OtB, ObW and OtG affects the electric dipole moment of the electron and the

neutron. These low-energy observables must be computed by performing the RG running

of the coefficients down to the electroweak scale and integrating out the top quark. In

refs. [47–49], strong limits on the imaginary part of the coefficients have been obtained,

ranging from (2 TeV)−2 to (42 TeV)−2. Our UV parameters enter these coefficients with the

combination λw∗/M , so either their absolute value is very small, or all their phases must

be almost equal. A trivial way of satisfying these limits is by imposing that all parameters

are real.

5 Production at the LHC

All the vector-like quarks can be produced in pairs at hadron colliders by their coupling

to gluons, which is determined by the value of αs at the relevant energy. Given M , the

production cross section is fixed and it is the same for all the multiplets. One of the several

tree-level diagrams contributing to pair production is represented in figure 3(a). On the

other hand, the T , B states can be singly produced via their mixing with the SM t, b

quarks. The corresponding process is represented in figure 3(b).

When the heavy quarks have low mass, the cross section for pair production is larger

than the one for single production. As their mass increases, and for fixed collider energy,

the later eventually becomes the main production mechanism. This has been studied for

RVLQ mixing with the third family in ref. [19]. For these multiplets, the addition of

dimension-5 interactions with natural values of the y couplings and Λ ≥ 2 TeV does not
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1.0 1.5 2.0 2.5 3.0 3.5 4.0
M (TeV)

10 5

10 4

10 3

10 2

10 1

100

101

102
 (f

b)
QQ
Ybj (F5 multiplet)
Bbj (F5 multiplet)
Ttj (F5 multiplet)
Btj (F5 multiplet)
Tbj (F5 multiplet)
LHC run 3
HL-LHC

1.0 1.5 2.0 2.5 3.0 3.5 4.0
M (TeV)

10 5

10 4

10 3

10 2

10 1

100

101

102

 (f
b)

QQ
Ybj (T4 multiplet)
Bbj (T4 multiplet)
Xtj (T5 multiplet)
Ttj (T5 multiplet)
Tbj (T5 multiplet)
LHC run 3
HL-LHC

Figure 4. Cross section for different processes for production of heavy quarks with y = (4 TeV)
−1

and a center-of-mass energy of 14 TeV. The left plot corresponds to the F5 quadruplet, while the

right plot is for the T5 and T4 triplets. Pair production dominates for masses below ' 3.5 TeV. The

dotted and dashed gray lines represent the minimum cross section needed to obtain at least 10 events

at the corresponding collider, assuming that the expected integrated luminosity is reached [50].

change significantly the results, as they give a small correction to the cross section. Here

we are assuming that the dimension-4 couplings saturate the electroweak limits. In the

case of NRVLQ, for natural values of the y couplings and Λ ≥ 2 TeV, pair production is

larger than single production for the range of masses that can be tested at colliders in the

present and near future. Some examples of the dependence of the production cross section

on the the mass are shown in figure 4.

The operators QσµνqFµν open new single production channels, which are suppressed

by (M/Λ)2 instead of sin2 θ. In figure 5, we show the two main mechanisms, which produce

a heavy quark in association with a Standard Model third generation quark. Other single

production processes are possible with b quarks from the protons in the initial state . In

this way, the B component of multiplets with these operators can be generated alone, while

the T component can be produced together with a jet or a W boson. As an example, we

show in figure 6 the cross section of the T production processes involving these operators,

for the U multiplet. For w = (4 TeV)−1 these cross sections are large. However, these

couplings are generated in renormalizable UV completions only at one loop, so the natural

value for w is expected to have a suppression of 1/16π2 in weakly coupled UV completions.

Including this suppression gives cross sections that are smaller than pair production.

A concrete model with QσµνqFµν operators has been tested experimentally, as pre-

sented in ref. [51], for the case of the multiplet Q1. This analysis focuses on a particular

direction in parameter space, which in our notation corresponds to: gsw
G = gwW =

−g′wB/6, with the coefficients of all the other operators set to zero. The search is for

the decay into γb. Under these conditions, M -dependent limits over the coefficients of

the operators have been obtained, for masses between M = 1 TeV and M = 1.8 TeV.

Translated into our notation, the bounds for these two masses are wG . (7 TeV)−1 and

wG . (5 TeV)−1, respectively.
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g

g Q

t̄, b̄

g, γ, Z,W

u, d

ū, d̄

Q

t̄, b̄

Figure 5. Single production with QσµνqFµν-type operators.

1.0 1.5 2.0 2.5 3.0 3.5 4.0
M (TeV)

10 5

10 3

10 1

101

103

 (f
b)

QQ
Tt [wG = (4 TeV) 1]
Tt [wB = (4 TeV) 1]
TW  [wG = (4 TeV) 1]
Tt [wG = (64 2 TeV) 1]
Tt [wB = (64 2 TeV) 1]
TW  [wG = (64 2 TeV) 1]
LHC run 3
HL-LHC

Figure 6. Cross section for different processes involving QσµνqFµν , for production of heavy quarks

in the U model, with a center-of-mass energy of 14 TeV.

6 Decay

In this section, we study the decays of the heavy quarks. Barring cancellations with other

heavy physics, electroweak precision tests require small mixings. In this case, the splittings

between the different components of the extra quark multiplet are small (of a few GeV at

most for masses below 2 TeV). This in turn implies that the decays from one component to

another are very suppressed. The T and B states can decay via mixing into Ht, Zt, W+b

and Hb, Zb, W−b, respectively. They can also decay into tγ, tg and bγ, bg, respectively,

in the presence of w couplings. The X and Y states decay via mixing mainly into W+t

and W−b, respectively. Their three-body decays are also sizable. Finally, X ′ and Y ′ have

no two-body decays, as their charges differ by at least two units from the ones of the

SM quarks.

The decay width of RVLQ is typically large enough for them to have prompt decays

and small enough for a good narrow width approximation. The NRVLQ, on the other hand,

have smaller and smaller widths for larger and larger values of the cutoff Λ. In figure 7, we
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show the dependence of the total width of T and B with the dimension-5 Yukawa coupling

y for each type of NRVLQ, for M = 2 TeV. For widths below the QCD scale (see the

discussion below), we have extrapolated the results calculated for larger couplings.

For small enough widths, i.e. long lifetimes, the phenomenology of the vector-like

quarks can be completely different from the one in the standard searches of these parti-

cles. First, when the width is smaller than the QCD scale ΛQCD, non-perturbative effects,

including hadronization, will be significant before the quarks have time to decay. One pos-

sibility is the formation near threshold of QQ̄ quarkonium states. This has been studied

in ref. [52] (see also the review in ref. [53]) and generalized in ref. [34] to higher color rep-

resentations. Possible signatures would have di-photon and di-lepton resonant final states.

But the production cross-section is suppressed by the wave function at the origin and the

cross sections are small. For instance, for M above at the 0.01 TeV, ref. [34] shows that

the cross section into γγ for quarks with masses above 1 TeV is below 0.01 fb. In fact,

most of the time the heavy quarks will fragment independently forming Qq meson states

and also baryons with light quarks from the vacuum. This is completely analogous to the

case of b-quarks forming B mesons. For M � ΛQCD, the mass and partial decay widths of

the hadrons will inherit the properties of the heavy quark, up to small QCD corrections.

Moreover, most of the energy resides in the hadron containing the heavy quark, leaving

only a small fraction to light particles in the accompanying jet, and gluon radiation only

softens the spectrum slightly [52]. Hence, the standard type of search for vectorlike quarks

will be mostly blind to the fact that the quarks hadronize, as long as they decay promptly

(that is, for lifetimes below 10−14 s).

For widths smaller than ∼ 10−12 GeV, the hadrons carrying the heavy quark will be

long-lived. In this context, they are called R-hadrons. Their phenomenology at the LHC

has been studied in detail, especially for squarks and gluinos in supersymmetric models.

R-hadrons interact hadronically as they move through the detector, but in these processes

the heavy quark acts mostly as a spectator of the low-energy scattering of light partons.

Compared to SM hadrons, their energy loss in the calorimeter is small. Possible signatures

include (see ref. [54] for a review of the phenomenology of long-lived particles):

• Tracks with anomalous ionization, from the slower speed of the heavy quarks in

comparison to SM particles and/or non-standard charges. Note that Qq mesons

formed with X, X ′, Y or Y ′ will always be charged, while those with T and B can

be charged or neutral. In these searches, one must take into account the fact that

the charge of the R-hadrons may change due to the hadronic interactions of the light

partons with the detector material.

• Delayed detector signals, due again to the small speed. In the extreme case, it is

possible for a quasi-stable R-hadron to loose all its energy and stop at the hadronic

calorimeter; its eventual decay would give out-of-time signals.

• Displaced vertices from the delayed decay of the heavy quark. The final states pro-

duced by R-hadrons with vector-like quarks are very different from the ones in super-
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ΛQCD
Λdisp Λlong lived

T4 T5 F1 F5 F7

X ′ — 1.0 — — 1.0 5× 105 5× 107

X — 4.6 3.1 — 3.9 106 108

T — 5.3 3.7 5.7 5.6 106 108

B 5.3 — 3.7 5.7 5.7 106 108

Y 4.6 — 3.1 3.9 — 106 108

Y ′ 1.1 — — 1.1 — 5× 105 5× 107

Table 6. Value of 1/y (in TeV) at which the total width reaches the scales ΛQCD = 0.2 GeV,

Λdisp = 10−12 GeV and Λlong lived = 10−16 GeV. For Λdisp and Λlong lived only an estimate of the

order of magnitude is provided, obtained by extrapolation of the results above ΛQCD.

symmetric theories and other scenarios considered thus far. So, a dedicated search

for displaced vertices of vector-like quarks would be necessary to probe this scenario.

The relevance of each of the signatures depends crucially on the lifetime of the R-hadron,

which is of the order of the lifetime of the heavy quark, as calculated ignoring QCD. In

table 6, we give the values of 1/y above which i) non-perturbative QCD is important

(ΛQCD), ii) displaced vertices can be observed (Λdisp) and iii) the heavy quark is stable

within detector distances (Λlong lived).

As a reference, ATLAS has recently put bounds on the mass of long-lived supersym-

metric R-hadrons, using ionization energy loss and time-of-flight information [55]. This

search is quite model-independent and can be adapted to the case of vector-like quarks

(which are also color-triplets but fermions, rather than scalars). Comparing with the lim-

its on production cross sections for squarks and sgluinos, we estimate a lower bound close

to 1500 GeV on the mass of detector stable vector-like quarks.

In the following we concentrate on branching ratios, having in mind mostly the case

with prompt decays. Consider RVLQ. If the dimension-5 couplings are turned off, T

essentially decays only into Ht, Zt or W+b, while B decays into Hb, Zt or W−t. Changing

the specific values of the parameters in these models has a small effect in the branching

ratios. This means that the branching ratios are approximately determined by the choice

of multiplet. Because the sum of branching ratios must be one

BR(Q→ Hq) +BR(Q→ Zq) +BR(Q→W±q′) = 1, (6.1)

(with Q = T,B and q, q′ = t, b) it suffices to know two branching ratios of Q to be able to

know the third. Any two branching ratios BR1 and BR2 of Q form a point in the triangle

BR1 +BR2 ≤ 1, BR1,2 ≥ 0. Thus, each multiplet determines a point in this triangle (or a

short segment, taking into account variations of the values of the parameters). This is the

usual method for representing graphically the branching ratios of vector-like quarks [56].

The addition of dimension-5 interactions modifies these points, both by changing the

corresponding partial widths and by introducing new decay channels. Then, eq. (6.1) no

longer holds. For any choice of the values of the parameters, the branching ratios define
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a point p in the multi-dimensional simplex determined by BRi ≤ 1,
∑

iBRi = 1. In

particular, the branching ratios into Ht, Zt and W+b define a point that falls inside the

tetrahedron

Σ := BR(Q→ Hq) +BR(Q→ Zq) +BR(Q→W±q′) ≤ 1, (6.2)

BR(Q→ Hq), BR(Q→ Zq), BR(Q→W±q′) ≥ 0. (6.3)

For their graphical representation, we have chosen to plot the projections of p into the

BR(Q→ Zq)–BR(Q→ Hq) plane and into the BR(Q→ W±q′)–BR(Q→ Hq) plane, as

shown in figure 8.

The results for RVLQ are presented in figures 10, 11, 12 and 13, while the branching

ratios of NRVLQ are presented in figures 14, 15, 16 and 17. Each segment is obtained by

evaluating at M = 1 TeV and at M = 2 TeV while keeping all the other parameters fixed.

The value of the coefficients of dimension-5 operators is chosen to be (2 TeV)−1. This

pretty large value has been chosen to visually highlight the directions of the corrections

induced on the branching ratios for RVLQ. For lower, probably more realistic values of the

coefficients (especially for w), these corrections will be smaller. For the multiplets without

dimension-4 interactions, this value of the coefficients ensures that the decay width is much

higher than the QCD scale, so that that QCD effects can be neglected. The branching

ratios do not change much with the value of the corresponding coefficient in the range

from (2 TeV)−1 down to the values in which the total width equals ΛQCD. As it can

be clearly seen in the figures, most branching ratios points lie near or directly over the

BR(Q → Hq) = BR(Q → Zq) diagonal. This happens in all cases where the coefficients

of the Q̄σµνqFµν-type operators vanish, except for the F1 multiplet. An explanation for

this fact is given in appendix C.

The experimental analyses of searches of pair-produced vector-like quarks usually com-

bine the information on the different final states to put lower bounds on the heavy quark

masses, as a function of the branching ratios to Wq′, Zq and Hq [57, 58]. Eq. (6.1) is

assumed in these analyses, so the results are not directly valid beyond the renormalizable

level. However, they can be adapted to the case where other decay channels are present.

This has been discussed previously in refs. [33, 59]. In appendix B we derive a simple

formula for the corrected mass limit due to the presence of extra decays:

MΣ = (M
1/2
1 + f1/2 log Σ)

2
, (6.4)

It gives a lower bound MΣ on the mass of any heavy quark as a function of the lower bound

M1 it would have if its branching ratios into Ht, Zq and W±q′ were rescaled by the same

factor 1/Σ, such that eq. (6.1) holds. Here, f = 20.5 GeV is just a constant. In table 7, we

present the limits calculated using this formula, for different choices of the values of the

parameters for each model, taking the bound M1 from ref. [57]. In all cases the couplings

of dimension-4 operators are chosen to saturate the electroweak limits. In figure 9, we

show the corrections induced by the use of this formula on the results of ref. [57], for the

value Σ = 1/2.
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U ∼ 12/3

Only dim. 4 1300

y 1310

wB 1010

wG < 800

D ∼ 12/3

Only dim. 4 1200

y 1190

wB < 800

wG < 800

Q1 ∼ 21/6

Only dim. 4 1340

yt 1340

yb 1120

wB 830

wW 1250

wG < 800

Q5 ∼ 2−5/6

Only dim. 4 1130

y 1130

Q7 ∼ 27/6

Only dim. 4 1360

y 1350

T1 ∼ 3−1/3

Only dim. 4 1220

yt 1250

yb 1200

w 970

T2 ∼ 32/3

Only dim. 4 1130

yt 1130

yb 1130

w 1260

T4 ∼ 3−4/3

y 1130

T5 ∼ 35/3

y 1360

F1 ∼ 41/6

y 1030

w 1010

F5 ∼ 4−5/6

y 1200

F7 ∼ 47/6

y 1130

Table 7. Mass limits for each multiplet and different values of the couplings. In the right column,

a lower bound on the mass of the heavy quark (in TeV) is displayed, assuming that the corre-

sponding coupling in the left column has a value of (2 TeV)
−1

and the other dimensionful couplings

vanish. The dimensionless couplings λ are always chosen to saturate the corresponding electroweak

precision bounds.

We have emphasized the presence of alternative decay channels at the non-

renormalizable level. In tables 8 and 9, we give the decay channels with branching ratio

> 0.01 other than Zq, W±q′ and Hq for T and B, together with the maximum value

they get and the interaction that generates them. We choose the values M = 2 TeV and

w, y = (2 TeV)−1, again quite extreme, in order to maximize these alternative branching

ratios (including those of three-body decays). The tables also include three-body channels

that survive when w = y = 0. For RVLQ, the values of the couplings λ are chosen to

approximately saturate the electroweak limits. For smaller values of λ, the alternative

channels will have larger branching ratios. Large branching ratios are found for channels

involving “magnetic” operators. The reason is that the partial widths are suppressed in

this case by (M/Λ)2, in comparison with the (v/M)2 suppression of the decay widths of

– 21 –



J
H
E
P
0
1
(
2
0
2
0
)
0
5
7

Multiplet Decay products Maximum BR Coupling

U

bb̄t 0.02 λ, y

ttt̄ 0.01 λ, y

γt 0.71 wB

gt 0.93 wG

Q1

tW+W− 0.08 λt, yb

ttt̄ 0.01 λt, yt, yb

bHW+ 0.11 yb

bZW+ 0.04 λb, yt, yb

γt 0.77 wB

gt 0.99 wG

Q7 tW+W− 0.08 λ

T1

bHW+ 0.10 yb

tW+W− 0.07 λ, yt, yb

bZW+ 0.83 w

ttt̄ 0.01 λ, yt, yb

bγW+ 0.01 w

T2

bHW+ 0.17 yb

tW+W− 0.25 w

bZW+ 0.06 λ, yt, yb

tbb̄ 0.01 λ, yt, yb

γt 0.21 w

T5 tW+W− 0.08 y

F1

bHW+ 0.30 y

bZW+ 0.23 w

tW+W− 0.66 w

γt 0.09 w

F5

bHW+ 0.10 y

tW+W− 0.07 y

F7

bHW+ 0.28 y

bZW+ 0.10 y

tW+W− 0.09 y

Table 8. Extra decay channels of T with branching ratio larger than 0.01 for M = 2 TeV, when

the couplings λ are fixed to the values that saturate electroweak precision limits. The last column

displays the coupling constant which, when set to (2 TeV)−1, gives the maximum BR in the corre-

sponding channel. The appearance of λ indicates that the channel in question is present already in

the case with dimension-4 interactions only.
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Multiplet Decay products Maximum BR Coupling

D
γb 0.77 wB

gb 0.99 wG

Q1

tHW− 0.12 yt

tZW− 0.04 λt, yt, yb

bW+W− 0.08 λb, yt, yb

btt̄ 0.02 λt, yt, yb

γb 0.77 wB

gb 0.99 wG

Q5

bW+W− 0.08 λ, y

btt̄ 0.01 λ, y

T1

tHW− 0.19 yt

tZW− 0.06 λ, yt, yb

btt̄ 0.01 λ, yt, yb

bW+W− 0.90 w

γb 0.13 w

T2

tHW− 0.10 λ

bW+W− 0.07 λ, yt, yb

tZW− 0.12 w

btt̄ 0.02 λ, yt, yb

T4 bW+W− 0.08 y

F1

tHW− 0.30 y

bW+W− 0.69 w

γb 0.09 w

tZW− 0.20 w

F5

tHW− 0.28 y

tZW− 0.10 y

bW+W− 0.09 y

F7

tHW− 0.10 y

bW+W− 0.07 y

Table 9. Extra decay channels of B with branching ratio larger than 0.01 for M = 2 TeV, when

the couplings λ are fixed to the values that saturate electroweak precision limits. The last column

displays the coupling constant which, when set to (2 TeV)−1, gives the maximum BR in the corre-

sponding channel. The appearance of λ indicates that the channel in question is present already in

the case with dimension-4 interactions only.
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Multiplet Decay products Maximum BR Coupling

Q7
tHW+ 0.12 y

tZW+ 0.04 λ, y

T2

tHW+ 0.10 λ, yd

bW+W+ 0.04 λ, yu, yd

tZW+ 0.12 w

ttb̄ 0.02 λ, yu, yd

T5
tHW+ 0.29 y

tZW+ 0.11 y

F1
tHW+ 0.32 y

tZW+ 0.82 w

F7 tHW+ 0.32 y

Table 10. Decay channels of X other than W+t with branching ratio larger than 0.01 for M =

2 TeV, when the couplings λ are fixed to the values that saturate electroweak precision limits. The

last column displays the coupling constant which, when set to (2 TeV)−1, gives the maximum BR

in the corresponding channel. The appearance of λ indicates that the channel in question is present

already in the case with dimension-4 interactions only.

Multiplet Decay products Maximum BR Coupling

Q5

bHW− 0.10 λ, y

bZW− 0.04 λ, y

bbt̄ 0.02 λ, y

T1

bHW− 0.10 λ, yu, yd

bZW− 0.83 w

tW−W− 0.04 λ, yu, yd

T4
bHW− 0.29 y

bZW− 0.11 y

F1
bHW− 0.32 y

bZW− 0.82 w

F5 bHW− 0.32 y

Table 11. Decay channels of Y other than W−b with branching ratio larger than 0.01 for M =

2 TeV, when the couplings λ are fixed to the values that saturate electroweak precision limits. The

last column displays the coupling constant which, when set to (2 TeV)−1, gives the maximum BR

in the corresponding channel. The appearance of λ indicates that the channel in question is present

already in the case with dimension-4 interactions only.

standard channels. Note however that the value of w we use is ∼ 16π2 times too high in

weakly coupled completions. A detailed analysis of the decays of a U vector-like quark into

tγ and tg at the LHC has been performed in ref. [60].

In the case of X and Y , the decays into W+t and W−b, respectively, have branching

ratios in the range 60–90%. The remaining decays are into three particles, two of which

are always W+t or W−b. The branching ratios for these channels are collected in tables 10

and 11. The states X ′ and Y ′ have only three-body decays. They always decay into

W+W+t and W−W−b, respectively.
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Figure 7. Total decay width of T (left) and B (right) vs the dimension-5 Yukawa coupling y for

each multiplet without dimension-4 couplings and MQ = 2 TeV.
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Figure 8. Representation of the (BR(Q→ Zq), BR(Q→W±q′), BR(Q→ Hq)) point as its pro-

jections into the BR(Q → Zq)–BR(Q → Hq) plane and into the BR(Q → W±q′)–BR(Q → Hq)

plane.
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Figure 9. Left plots: lower bounds for the masses of heavy quarks presented in ref. [57] assuming

that the sum of branching ratios into Hq, Zq and W±q′ is Σ = 1. Right plots: corrected lower

bounds for the case in which Σ = 0.5.
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Figure 10. Branching ratios of T into Ht, Zt and W+b for various values of the parameters

in the U , Q7 and Q1 models. The dimensionless couplings λ are always chosen to saturate the

corresponding electroweak precision bounds.
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Figure 11. Branching ratios of T into Ht, Zt and W+b for various values of the parameters

in the Q1, T2 and T1 models. The dimensionless couplings λ are always chosen to saturate the

corresponding electroweak precision bounds.
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Figure 12. Branching ratios of B into Hb, Zb and W−t for various values of the parameters in the

D and Q1 models. The dimensionless couplings λ are always chosen to saturate the corresponding

electroweak precision bounds.
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Figure 13. Branching ratios of B into Hb, Zb and W−t for various values of the parameters

in the Q5, T2 and T1 models. The dimensionless couplings λ are always chosen to saturate the

corresponding electroweak precision bounds.
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Figure 14. Branching ratios of T into Ht, Zt and W+b for various values of the parameters in the

T5 and F7 models.
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Figure 15. Branching ratios of T into Ht, Zt and W+b for various values of the parameters in the

F1 and F5 models.
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Figure 16. Branching ratios of B into Hb, Zb and W−t for various values of the parameters in

the T4 and F7 models.

– 33 –



J
H
E
P
0
1
(
2
0
2
0
)
0
5
7

0.20.40.60.81.0
BR(B W t)

0.0

0.2

0.4

0.6

0.8

1.0

BR
(B

H
b)

F5 2 5/6

0.0 0.2 0.4 0.6 0.8 1.0
BR(B Zb)

y = (2 TeV) 1, rest = 0

0.20.40.60.81.0
BR(B W t)

0.0

0.2

0.4

0.6

0.8

1.0

BR
(B

H
b)

F7 27/6

0.0 0.2 0.4 0.6 0.8 1.0
BR(B Zb)

y = (2 TeV) 1, rest = 0

Figure 17. Branching ratios of T into Ht, Zt and W−t for various values of the parameters in the

F1 and F5 models.

7 Conclusions

The phenomenology of vector-like extra quarks near the TeV scale is to a large extent gov-

erned by gauge invariance and power counting. To start with, extra quarks can always be

pair produced at hadron colliders by their gauge coupling to gluons. Once produced, they

will decay into Standard Model particles if they have gauge-invariant linear interactions

with them. At the renormalizable level, this is only possible for seven different gauge-

covariant multiplets. These are the multiplets that can have Yukawa couplings with the

Higgs doublet, which mix the extra quarks among themselves and with the SM ones. The

latter mixing gives rise to decays into a SM quark and either Z, W or Higgs bosons. In

simple extensions with only one vector-like multiplet, these are the only significant decay

modes. Furthermore, in the motivated case of exclusive mixing with the third generation,

the branching ratios are fixed by the quantum numbers of the multiplet. The mixing is

also responsible for indirect effects, mass splittings and single production.
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This simple picture can be modified in three ways (or combinations of them). First,

one can consider general couplings to all the three SM generations [13, 61–64]. This typ-

ically requires flavour symmetries to evade the strong flavour constraints. Sizable mixing

with the valence quarks in the proton would increase the importance of single produc-

tion [63]. Second, it is possible to consider several vector-like quark multiplets, or other

additional particles, like scalars or vector bosons. This may give rise to new production

mechanisms [65] or new decay modes [33, 59, 66], in addition to the standard ones de-

scribed above. Third, one can drop the assumption of renormalizability. This is the path

we have explored in this work. We have proposed a model-independent approach that uses

a general local effective Lagrangian, valid up to a cutoff scale Λ and constructed with the

SM fields and the fields that represent arbitrary new vector-like quarks. This is a faithful

description of any model with new vector-like quarks, as long as the new physics not explic-

itly included appears at scales higher than Λ. In particular, the effective theory describes

well the case of additional particles when they are heavier than Λ. As usual, the effective

Lagrangian is defined by its expansion in inverse powers of Λ. The lowest order, formed

by operators of canonical dimension ≤ 4, corresponds to the usual renormalizable theories

with extra vector-like quarks. The interactions of higher dimension give contributions to

observables suppressed by powers of µ/Λ, with µ = E,M, v the characteristic scale of the

process. Even if suppressed, these interactions can be very relevant for proceses that do

not exist at the renormalizable level.

In our explicit phenomenological analysis we have worked with the effective theory for

extensions of the SM with only one vector-like quark multiplet and we have truncated it

at the next-to-leading order, i.e. at canonical dimension 5. For simplicity we have also

assumed couplings to the third generation only. At this order, there are twelve irreducible

representations of extra quarks that can decay into SM particles (and be singly produced).

Up to field redefinition ambiguities, four new types of interactions appear at dimension 5:

the Yukawa-type operators Q̄qφφ and Q̄Qφφ and the “magnetic” operators Q̄σµνqFµν and

Q̄σµνQFµν . The latter have effects that increase with the energy of the process.

We have distinguished two types of vector-like quarks. Those in the seven represen-

tations that allow for renormalizable linear interactions, and those in the remaining five

representations. For the extra quark in the first group, and for natural values of the cou-

pling constants, the dimension-5 interactions typically give only small corrections to the

standard phenomenology of vector-like quarks. One exception is the possibility of new in-

direct effects in Higgs physics. Moreover, in strongly-coupled UV completions avoiding the

loop suppression in the “magnetic” couplings, there can be new single production modes

with cross sections larger than the one of pair production and also new decay modes (into

qg, for instance) with large branching ratios. Of course, all these effects depend on the

cutoff and will be negligible if Λ is much larger than the TeV scale.

For the quarks in the five multiplets that do not have renormalizable linear interactions

(two triplets and four quadruplets), the dimension-5 operators give the leading contribu-

tions. In this case, all the indirect bounds can be easily evaded without explicit tuning

of couplings, for moderate values of Λ. Pair production is still possible and the decay

(possibly after hadronization) will be prompt if Λ is not too high. Some non-standard
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decay modes, including three-body decays, can be sizable and the measurements of decays

of T and B into Zq, Wq and Hq could easily give rise to new points in the corresponding

triangles. In this respect, we have given a simple formula to recast the combination limits

given by the ATLAS and CMS collaborations, which assume the absence of other decay

channels. For Λ & 106 TeV, the decays of the hadrons containing the heavy quarks will be

non-prompt. The usual searches will not be sensitive to vector-like quarks in this regime,

but one can instead resort to the signatures associated to coloured and charged long-lived

particles. Taking advantage of these signatures would require dedicated searches of vector-

like quarks, specially in the case of displaced vertices formed by their decay products.

New operators involving the extra quarks appear at yet higher orders in the 1/Λ

expansion. At dimension 6 one should include four fermion operators [67]. In particular,

the interactions of the form qqqQ will give rise to new single production mechanisms, which

can have observable cross sections at the LHC for Λ of a few TeV when the couplings to the

first generation are allowed. Moreover, at each order new types of vector-like quarks will

be able to decay into SM particles. Their lifetime will be suppressed by the corresponding

power of M/Λ. Finally, in principle it is also possible that new vector-like quarks exist

in gauge representations with T + Y + 1/3 6∈ Z. They would be stable or else decay into

additional stable particles. However, there are very strong constraints on the abundances

of stable strongly interacting (and charged) particles, in particular from searches of rare

nuclei [68–72].8
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A Representations of Standard Model operators

In this section, we obtain a constraint over the representation of any operator constructed

as a product of the Standard Model fields. A representation of SU(3) × SU(2) × U(1) is

denoted by (ρ, σ, Y ), where ρ is the representation under SU(3), σ is the representation

under SU(2) and Y is the hypercharge. We define

N(ρ, σ, Y ) = A(ρ) +B(σ) + Y, (A.1)

with 0 ≤ A(ρ), B(σ) < 1 satisfying the equations

ρ(e2iπ/3I) = e2iπA(ρ)I, σ(−I) = e2iπB(σ)I. (A.2)

8See, nevertheless, ref. [73] for comments on the robustness of such bounds and a proposal of coloured

dark matter.
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The values A and B may take are limited: A(ρ) ∈ {0, 1/3, 2/3} and B(σ) ∈ {0, 1/2}. The

set representations of SU(3) is split into three classes by A:

0 = A(1) = A(8) = A(10) = A(10) = A(27) = . . . (A.3)

1/3 = A(3) = A(6) = A(15) = A(15′) = A(24) = . . . (A.4)

2/3 = A(3) = A(6) = A(15) = A(15′) = A(24) = . . . (A.5)

while B splits the set of SU(2) representations in two: those with integer spin and the

others. Both A and B are additive under the operation of taking tensor products of

representations:

A(ρ1 ⊗ ρ2) = A(ρ1) +A(ρ2) (mod 1), (A.6)

B(σ1 ⊗ σ2) = B(σ1) +B(σ2) (mod 1). (A.7)

We will prove now that if (ρO, σO, YO) is the representation of some operator O con-

structed with the Standard Model fields, then N(ρO, σO, YO) is an integer. First, it can be

directly checked that N(ρφ, σφ, Yφ) is an integer for any Standard Model field φ. Now, from

the additivity of A, B and Y it follows that the value of N corresponding to the product

OQ of two operators O and Q is

N(ρOQ, σOQ, YOQ) = [A(ρO) +A(ρQ)] + [B(σO) +B(σQ)] + [YO + YQ] (mod 1)

= [A(ρO) +B(σO) + YO] + [A(ρQ) +B(σQ) + YQ] (mod 1)

= N(ρO, σO, YO) +N(ρQ, σQ, YQ) (mod 1),

Therefore, if N(ρO, σO, YO) and N(ρQ, σQ, YQ) are integers, then N(ρOQ, σOQ, YOQ) must

also be integer. This completes the proof.

Particularizing for SU(3) triplets, we get

T + Y + 1/3 ∈ Z, (A.8)

where T is the spin of the SU(2) representation.

B Limits on the mass for the case with extra decays

Experimental data determines an upper limit Lexp on the sum of the cross-sections for the

production and decay of a pair of heavy quarks, weighted by the efficiency for each decay

channel (see ref. [33]):

σpp→QQ̄(M)
∑
ij

εijBRiBRj < Lexp, (B.1)

where M is the mass of the heavy quark, i and j run over all the decay channels, and εij
is the corresponding efficiency. A limit on the mass can be derived from this inequality. In

the usual experimental analyses, it is assumed that the sum of the branching ratios into

these three channels is Σ = 1.

We consider now the case Σ < 1. We will obtain a lower limit on the mass of some

heavy quark with branching ratios BRi. Some assumption has to be made about the
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efficiency εia = εai for the channels a that are not Hq, Zq or W±q′. We adopt here the

conservative choice εia = 0. Let M1 be the lower limit on the mass for the branching ratios

BRΣ
i = BRi/Σ, whose sum is 1, so that M1 is known from experimental analyses. We

define the mass MΣ by the equation

Σ2σpp→QQ̄(MΣ) = σpp→QQ̄(M1). (B.2)

Then, we have the identity

σpp→QQ̄(MΣ)
∑
ij

εijBRiBRj = σpp→QQ̄(M1)
∑
ij

εijBR
Σ
i BR

Σ
j . (B.3)

Because M1 is the limit obtained from eq. (B.1) for branching ratios BRΣ
i , it follows from

this identity that MΣ is the limit for BRi. We now proceed to find an analytic solution

to eq. (B.2). The production cross-section σpp→QQ̄(M) can be approximated, for masses

around M̃ = 1.1 TeV by an exponential:

σpp→QQ̄(M) ' σpp→QQ̄(M̃) exp

(
−M

1/2 − M̃1/2

f1/2/2

)
, (B.4)

where f = 20.5 GeV. In the range [0.8, 1.4] TeV, the difference between the cross section

produced by this formula and the one obtained using MadGraph increases towards the

extremes of the interval and is at most 3%. Plugging eq. (B.4) in eq. (B.2) gives

MΣ = (M
1/2
1 + f1/2 log Σ)2. (B.5)

C Approximate equality of the branching ratios to Hq and Zq

We provide here an explanation for the fact that the branching ratios of a heavy quark

Q = T,B with only Yukawa-type couplings (Qφq and Qφφq) into Zt and Ht are approxi-

mately equal, for Q in any multiplet except F1. We define XL,R
Qq and Y L,R

Qq as the following

coefficients in the Lagrangian:

LZ = − g

2cW
q̄ /Z
(
±XL

qQPL ±XR
qQPR

)
Q+ h.c.,

LH = −
gmQ

2mW
q̄H
(
Y L
qQPL + Y R

qQPR
)
Q,

the equality of the braching ratios follows from the equality in magnitude of the dominant

XL,R
Qq and the dominant Y L,R

Qq .

The weak eigenstates q0, Q0 couple to the Z boson as

LZ =− g

2cW

∑
χ=L,R

(
q̄0
χ Q̄

0
χ

)
/Z

(
2T3(q0

χ)− 2Qe(q
0
χ)s2

W 0

0 2T3(Q0
χ)− 2Qe(Q

0
χ)s2

W

)(
q0
χ

Q0
χ

)
,

where T3 denotes the third component of isospin and Qe denotes electric charge. After the

unitary transformation in equations (3.9) and (3.10), we get

XL,R
qQ = 2sL,R cL,R

[
T3(q0

L,R)− T3(Q0
L,R)

]
.
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On the other hand, the quark gauge eigenstates q0, Q0 couple to the Higgs as

LH =− 1√
2

(
q̄0
L Q̄

0
L

)
H

(
y11 y12

y21 0

)(
q0
R

Q0
R

)
.

Generally, one of the off-diagonal elements is negligible. This happens because the

dimension-4 and dimension-5 Yukawas always contribute to different elements of the yij
matrix. Either one of them is zero or, when both are present, the dimension-5 one is smaller.

This means that one of the mixing angles θL,R dominates. For multiplets with dimension-

4 couplings, the chirality with the dominant mixing angle θD is D = L for singlets and

triplets and D = R for doublets. For multiplets without dimension-4 couplings it is D = R

for triplets and D = L for quadruplets.

The dominant off-diagonal element yD is related to the corresponding mixing angle as

yD ' x
√

2mQsD/v, where x = 1 in the cases with dimension-4 interactions and x = 2 in

the ones with only dimension-5 ones. This factor is necessary because of the different the

relation between the mass and Yukawa terms in both cases. The dominant HqQ coupling

is, then

Y D
Qq ' xsDcD.

For XD
Qq ' Y D

Qq it is necessary and sufficient that∣∣T3(q0
D)− T3(Q0

D)
∣∣ = x/2. (C.1)

It can be checked case by case that this relation is statisfied for all multiplets except for

F1. In this case, we have
∣∣T3(q0

L)− T3(Q0
L)
∣∣ = 0.
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[56] J.A. Aguilar-Saavedra and M. Pérez-Victoria, Top couplings and top partners, J. Phys. Conf.

Ser. 452 (2013) 012037 [arXiv:1302.5634] [INSPIRE].

[57] ATLAS collaboration, Combination of the searches for pair-produced vector-like partners of

the third-generation quarks at
√
s = 13 TeV with the ATLAS detector, Phys. Rev. Lett. 121

(2018) 211801 [arXiv:1808.02343] [INSPIRE].

[58] CMS collaboration, Search for pair production of vectorlike quarks in the fully hadronic final

state, Phys. Rev. D 100 (2019) 072001 [arXiv:1906.11903] [INSPIRE].

[59] M. Chala, Direct bounds on heavy toplike quarks with standard and exotic decays, Phys. Rev.

D 96 (2017) 015028 [arXiv:1705.03013] [INSPIRE].

[60] H. Alhazmi, J.H. Kim, K. Kong and I.M. Lewis, Shedding light on top partner at the LHC,

JHEP 01 (2019) 139 [arXiv:1808.03649] [INSPIRE].

[61] G.C. Branco and L. Lavoura, On the addition of vector like quarks to the Standard Model,

Nucl. Phys. B 278 (1986) 738 [INSPIRE].

– 42 –

https://doi.org/10.23731/CYRM-2019-007.Addendum
https://doi.org/10.23731/CYRM-2019-007.Addendum
https://arxiv.org/abs/1902.10229
https://inspirehep.net/search?p=find+EPRINT+arXiv:1902.10229
https://doi.org/10.1016/j.nuclphysb.2011.06.003
https://doi.org/10.1016/j.nuclphysb.2011.06.003
https://arxiv.org/abs/1008.3562
https://inspirehep.net/search?p=find+EPRINT+arXiv:1008.3562
https://doi.org/10.1007/JHEP04(2016)015
https://doi.org/10.1007/JHEP04(2016)015
https://arxiv.org/abs/1512.03360
https://inspirehep.net/search?p=find+EPRINT+arXiv:1512.03360
https://doi.org/10.1103/PhysRevD.94.016002
https://arxiv.org/abs/1603.03049
https://inspirehep.net/search?p=find+EPRINT+arXiv:1603.03049
https://doi.org/10.1103/PhysRevD.94.034031
https://arxiv.org/abs/1605.04311
https://inspirehep.net/search?p=find+EPRINT+arXiv:1605.04311
https://arxiv.org/abs/1802.07237
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.07237
https://doi.org/10.5170/CERN-2015-005
https://doi.org/10.1016/j.physletb.2018.04.007
https://arxiv.org/abs/1711.04652
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.04652
https://doi.org/10.1016/0370-2693(86)91275-X
https://doi.org/10.1016/0370-2693(86)91275-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B181,157%22
https://doi.org/10.1155/2013/690254
https://doi.org/10.1155/2013/690254
https://arxiv.org/abs/1210.6369
https://inspirehep.net/search?p=find+EPRINT+arXiv:1210.6369
https://doi.org/10.1016/j.ppnp.2019.02.006
https://arxiv.org/abs/1810.12602
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.12602
https://doi.org/10.1103/PhysRevD.99.092007
https://arxiv.org/abs/1902.01636
https://inspirehep.net/search?p=find+EPRINT+arXiv:1902.01636
https://doi.org/10.1088/1742-6596/452/1/012037
https://doi.org/10.1088/1742-6596/452/1/012037
https://arxiv.org/abs/1302.5634
https://inspirehep.net/search?p=find+EPRINT+arXiv:1302.5634
https://doi.org/10.1103/PhysRevLett.121.211801
https://doi.org/10.1103/PhysRevLett.121.211801
https://arxiv.org/abs/1808.02343
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.02343
https://doi.org/10.1103/PhysRevD.100.072001
https://arxiv.org/abs/1906.11903
https://inspirehep.net/search?p=find+EPRINT+arXiv:1906.11903
https://doi.org/10.1103/PhysRevD.96.015028
https://doi.org/10.1103/PhysRevD.96.015028
https://arxiv.org/abs/1705.03013
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.03013
https://doi.org/10.1007/JHEP01(2019)139
https://arxiv.org/abs/1808.03649
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.03649
https://doi.org/10.1016/0550-3213(86)90060-X
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B278,738%22


J
H
E
P
0
1
(
2
0
2
0
)
0
5
7

[62] J.A. Aguilar-Saavedra, Effects of mixing with quark singlets, Phys. Rev. D 67 (2003) 035003

[Erratum ibid. D 69 (2004) 099901] [hep-ph/0210112] [INSPIRE].

[63] A. Atre, G. Azuelos, M. Carena, T. Han, E. Ozcan, J. Santiago et al., Model-Independent

Searches for New Quarks at the LHC, JHEP 08 (2011) 080 [arXiv:1102.1987] [INSPIRE].

[64] G. Cacciapaglia et al., Heavy vector-like top partners at the LHC and flavour constraints,

JHEP 03 (2012) 070 [arXiv:1108.6329] [INSPIRE].

[65] R. Barcelo et al., Single vectorlike quark production at the LHC, Nucl. Phys. B 857 (2012)

172 [arXiv:1110.5914] [INSPIRE].

[66] G. Cacciapaglia, T. Flacke, M. Park and M. Zhang, Exotic decays of top partners: mind the

search gap, Phys. Lett. B 798 (2019) 135015 [arXiv:1908.07524] [INSPIRE].

[67] B.A. Dobrescu and F. Yu, Exotic signals of vectorlike quarks, J. Phys. G 45 (2018) 08LT01

[arXiv:1612.01909] [INSPIRE].

[68] T.K. Hemmick et al., A search for anomalously heavy isotopes of low Z nuclei, Phys. Rev. D

41 (1990) 2074 [INSPIRE].

[69] R.N. Mohapatra and S. Nussinov, Possible manifestation of heavy stable colored particles in

cosmology and cosmic rays, Phys. Rev. D 57 (1998) 1940 [hep-ph/9708497] [INSPIRE].

[70] R.N. Mohapatra and V.L. Teplitz, Primordial nucleosynthesis constraint on massive, stable,

strongly interacting particles, Phys. Rev. Lett. 81 (1998) 3079 [hep-ph/9804420] [INSPIRE].

[71] M. Kusakabe, T. Kajino, T. Yoshida and G.J. Mathews, Effect of long-lived strongly

interacting relic particles on Big Bang nucleosynthesis, Phys. Rev. D 80 (2009) 103501

[arXiv:0906.3516] [INSPIRE].

[72] D. Javorseket al., New experimental limits on strongly interacting massive particles at the

TeV scale, Phys. Rev. Lett. 87 (2001) 231804 [INSPIRE].

[73] V. De Luca et al., Colored dark matter, Phys. Rev. D 97 (2018) 115024 [arXiv:1801.01135]

[INSPIRE].

– 43 –

https://doi.org/10.1103/PhysRevD.69.099901
https://arxiv.org/abs/hep-ph/0210112
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0210112
https://doi.org/10.1007/JHEP08(2011)080
https://arxiv.org/abs/1102.1987
https://inspirehep.net/search?p=find+EPRINT+arXiv:1102.1987
https://doi.org/10.1007/JHEP03(2012)070
https://arxiv.org/abs/1108.6329
https://inspirehep.net/search?p=find+EPRINT+arXiv:1108.6329
https://doi.org/10.1016/j.nuclphysb.2011.12.012
https://doi.org/10.1016/j.nuclphysb.2011.12.012
https://arxiv.org/abs/1110.5914
https://inspirehep.net/search?p=find+EPRINT+arXiv:1110.5914
https://doi.org/10.1016/j.physletb.2019.135015
https://arxiv.org/abs/1908.07524
https://inspirehep.net/search?p=find+EPRINT+arXiv:1908.07524
https://doi.org/10.1088/1361-6471/aacbfd
https://arxiv.org/abs/1612.01909
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.01909
https://doi.org/10.1103/PhysRevD.41.2074
https://doi.org/10.1103/PhysRevD.41.2074
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D41,2074%22
https://doi.org/10.1103/PhysRevD.57.1940
https://arxiv.org/abs/hep-ph/9708497
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9708497
https://doi.org/10.1103/PhysRevLett.81.3079
https://arxiv.org/abs/hep-ph/9804420
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9804420
https://doi.org/10.1103/PhysRevD.80.103501
https://arxiv.org/abs/0906.3516
https://inspirehep.net/search?p=find+EPRINT+arXiv:0906.3516
https://doi.org/10.1103/PhysRevLett.87.231804
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,87,231804%22
https://doi.org/10.1103/PhysRevD.97.115024
https://arxiv.org/abs/1801.01135
https://inspirehep.net/search?p=find+EPRINT+arXiv:1801.01135

	Introduction
	Non-renormalizable extensions of the Standard Model with vector-like quarks
	Mixing
	Indirect effects
	Production at the LHC
	Decay
	Conclusions
	Representations of Standard Model operators
	Limits on the mass for the case with extra decays
	Approximate equality of the branching ratios to Hq and Zq

