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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.

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.

LA 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.



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 p 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.? 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 {+1/3,4+2/3,4+4/3,4+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.



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 A 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 A; 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 A. When
A is much higher than the probed energies F and the Higgs vev v, all the effects of higher-
dimensional operators will be suppressed by powers of E/A and/or v/A 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.? The number of different multiplets with this property is finite at each
order in 1/A 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/A, 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.



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 A 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 A, 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 A
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.*

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_AMCQ@
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].



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 £ describing extensions of the SM
with extra vector-like quarks. The effective theory will be valid for energies smaller than a
certain cutoff A, which is larger than all the mass scales in the theory, including the mass
M of the extra quarks. £ must be invariant under Lorentz and SU(3) x SU(2) x 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) x 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) x U(1) to a finite set, when the 1/A expansion of £ 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.® 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) x U(1) satisfying eq. (2.1), there is a product of Standard
Model fields that produces this representation. Indeed, consider first the products gbk((b*)l
of the Higgs doublet and its conjugate. They generate all representations with T4+ Y € Z.
Then, the operators of the form (bk(cb*)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

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



more suppressed than the lower-dimensional ones. As we have just explained, at each or-
der in inverse powers of the cutoff A, 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/A. We focus in the following on the next-to-leading order
in this expansion, which is O(1/A). 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) x SU(2) x U(1) are:

(6,1) g3, (6,1)1/3, (6,2)_1 /55 (8, 1)1, (8,2) 179, (15,1)9)5, (15,1) _y3, (15,2)1 5. (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: Q¢¢q and Qo ¢F, v, Where
¢ is the Higgs doublet, ¢ and @ represent SM and extra quark multiplets, respectively, and
F,,, is the field-strength tensor of a SM gauge field. We do not consider operators with the
field content Q¢qD, with D a covariant derivative, because they can be eliminated using
integration by parts and field redefinitions, up to O(1/A?) corrections. The interactions
allowed for each multiplet are presented in table 1. It is important to note that the
interactions of the form Q¢¢q will typically give physical effects suppressed by powers of
v/A, while the effects of interactions of the form Qo qF,,, are suppressed by powers of
E/A, 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
multiplet@ is £ = Lsy + LE° + (L8 + L5 + h.c.), with

LE° = Qi) — M)Q, (23)
_plin UR(Z;TQLZ' Ty (ULURi)(¢T¢) + wp; ULU“yuRiB;w + wg; UL)\AUH”uRiGﬁw

(2.4)

_ﬁlin =\ DR¢TQLi + i (DLdRz)(¢T¢) +wpg; DLUHVdRiB;w (25)

+ we DL)\AO"uydRiG;:‘m (2:6)

—ﬁlqiﬁ = Mui Qirduri + Aai Q1rédRi + Yui (Q1rD)(67q1:) + yai (Q1rd)(¢qr:)
+ wp; Q1ro™ qLiBu + wwi Q1ro o™ qLiWih, + wpi Q1rA 0" qriGy,,  (2.7)
—LE = X Qrrdur: + yi (Qrrd) (dqLs),



—LE =N Qs.ddri + i (Qsrd)(d'qLi), (2.9)
—51}111 =Ai T{IRQSTUGQM t Yui TfL“RiﬁbTCfGL(ZN5 + Ydi TdeRiﬁbTUa‘b (2.10)

i T o dg W, (2.11)
—LF = X T3pd 0%qri + yui Ty urid 06 + yai Tsr dridf oo (2.12)

+ w; Tsy, o™ upi Wy, (2.13)
—L =y Tiydrid'o% 9, (2.14)
—Lf = 4 TS urid' oo, (2.15)
—LE = yi FipChqricd' o + wi F{rCio qricWh,, (2.16)
— LI — g, FSRCiqricd| o0, (217)
— L = s PepCilqicd' oo, (2.18)

— L3 =W (QLo™ Qr)Buw + Ww (QLo™ THQr)Wi, + W (QLo t5QR) G,
+ Y1 (QLQR)(6'6) + Y2 (Q1 ToQr)(¢T0"9), (2.19)

where A4 are the Gell-Mann matrices, 0% are the Pauli matrices, Tg (taQ) are the generators
of SU(2) (SU(3)) in the representation of @), and the matrices C* are defined by

10 0 1
1 1
03/2:E —io|, 01/2=—6 0—il,
00 -2 0
10 01
—1/2 1 . _3/2 1 .
C =———1130], C = - 01

\/602

These matrices connect the quadruplet representation of SU(2) with the doublet and triplet
representations. The index i indicates the SM fermion family and Wy = Yo = 0 for
singlets. We have used the following notation for coefficients of operators that are linear
in Q: \; is the coefficient of Qg;, v; is for Qq;p¢, and w; is for Qa’“’tiW. 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 \; parameters
are dimensionless, whereas y;, w;, Y and W have dimensions of inverse energy and are
expected to be of order A~'. 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 \;, y; and w; are taken to be
vanishing for i = 1, 2. Accordingly, we simplify the name of the non-vanishing couplings in



Name Irrep  Qdq Qopq Qo qF,,
U Ly /7 v
D 1., v v
Q1 21/6 4 4 4
QS 275/6 v v X
Q7 27/6 v 4 X
T 3. SV v
Ty 34y SV v
Ty 3y X/ X
15 35/3 X 4 X
B 4y X/ v
R X
F7 47/6 X v X

Table 1. Irreps (27 + 1), under SU(2), x U(1), 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 + 4T + 3(Y —2/3)/(1 — T)| where T = T (mod 1).

the following way:

A= A3; At = Aus; Ap = Ada3;
Y = Y3; Yt = Yu3; Yo = Yd3;
w = w3; wp = WB3; ww = Wy3; WG = Wa3. (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 Qq¢¢, 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 SQq and S¢¢ or an additional quark Q, with
interactions Q@@ and Q¢q. The mass of the extra particle, which is assumed to be larger
than M, sets the cutoff scale A of the effective theory £. 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 1¢, 3p and 3; of SU(2) x 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 Qaw/qF #¥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)o, (1,3)o, (8,1)¢ and (8,3)p. 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 mg is needed for the chiralities



Figure 1. Tree-level diagrams that generate the Qg¢¢ operator in UV completions of £ with
additional extra quarks (left) and additional scalars (right).

Figure 2. A one-loop diagram that generates the Qau,,qF MY operator in a UV completion of £
with new scalars.

of the external lines to match those of the effective operator, the suppression with the UV
scale mg is not 1/mg as expected from the effective theory power counting, but mg/m?%.
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:

0 0
Q1=<£0), Qs,:(]f,), Q7=<;‘;), (31)

70 X BO X'
T,=1| B° |, Thy=|T° |, Tiy=| Y |, Ts=| X |, (3.2)
Y BO Yy’ 70
X 70 X'
70 BO X
F, = Fr = Fr = 3.3
1 BO | 5 Yy ) 7 70 ( )
Y Y’ BY

The components are denoted by symbols in the set {X’, X,7° B° Y,Y’}, with electric
charges given by

Q(X") =8/3, Q(B°) = —1/3, (3.4)
Q(X) =5/3, QYY) = —4/3,
Q(T°) =2/3, QYY) =-1/3.



Upon electroweak breaking, the fields 7° (BY) 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

_ t t tO
Lo <]§0 T0> mip Mg R (3.7)
. b\ mby mby )\ TR

b b bO
(0 BO> mip Mig R ) e, (3.8)
( LoE m3; mb, By

with the superindex 0 emphasizing that the fields are weak eigenstates, i.e. the components
of the gauge-covariant multiplets.® The elements of the diagonal of each of the mass
matrices are mi; ~ v, which arises from the Standard Model Yukawa coupling g¢q, and
ma2 ~ M. For RVLQ, one of the off-diagonal elements, m;; ~ v, comes from the operator
Q¢q, and the other one, mj; ~ yv?, comes from Q¢¢q. For NRVLQ, only one of the
off-diagonal elements, m;; ~ yv?, 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:

tLR | _ ?tL,R —e''s) R t7 g (3.9)
TL R €_Z¢t5}f,R iR TLO,R 7

bLr | _ ?%,R _ewbsi,R b%,R (3.10)
BrLr e sy g g Blr)

. tb t,b tb . . ptb .
where ¢, T', b and B are the mass eigenstates, C[ g = COS QL?R and Sp g ‘= sin QL’R, with

92?}2 the mixing angle. In what follows, we take ¢; = ¢, = 0, since non-trivial phases ¢

can be ignored for the observables discussed here. The explicit expressions for the mixing

angles in terms of m;‘f}b are (see also ref. [36])

tb, b
(

2 ’mn

* th,  tby*
Myy) + My (M) ‘

3.11)
th thyg’ (
2 — |myy|? + [myy?

tb
|m11\2 - |m12

t,b\*  t.b t,b\*  t,b
b 2 ’(mn) myy + (mg) 7”22‘
tan 204 = (3.12)

D D Dio"
- |m§2 2 — |mgl|2 + ]m§2|2

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, 01 > 0 if |mi2| > |ma1|, and viceversa.
For natural values of the couplings and A > 1 TeV, one of the off-diagonal couplings is
indeed much larger than the other, so the off-diagonal couplings involving heavy and light

®Note that we use the symbol t% 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 (drs3)of hypercharge 3/2 (-1/3). Of course,
t9 (b%) are the upper and lower components of the SM iso-doublet gr3.

~10 -



t b b
mio Moy Mao mio Moy Mao
U A w’ M — — —
V2 2
o o o )\*’U y’U2 ~
D 73 o M
(yu)*vz Ay v M Y2’02 (yd)*vz Agv M Y2v2
o) T2 V2 - T4 T2 V2 o
*, 2 ~ 2
o _ . Yy Ay _ You
@s 5 % M-
*, 2 ~ 2
y'v Av, Yau~ — — —
Qr 5 % M+
D TR TGRS QR ¢ P . 71 M
1 VZ 2 V2 2
Av yuv? Y * yqv? 9 You?
15 72 5 M A*v NG M+ 2=
2 ~ 2
T, — — 0 v M-
V2 2
2 ~ 2
Yyv Ysu o o o
Ts 0 ol M+ 2=
*, 2 ~ 2 * .2 ~ 2
) 0 M- Xy 0 M+ X2
NG 4 V6 4
*, 2 ~ 2 * .2 ~ 2
L 0 M- i 0 M- 2
V2 4 V6 4
* 2 ~ 2 * 2 ~ 2
Yy You Yy 3Yov
Fy 76 0 M + == 7z 0 M + =5

Table 2. Mass matrix elements. We use the notation M = M + Yjv2/2. The 11 component is
always just the Standard Model contribution: m%y = Ag¥0/v/2.

quark eigenstates will be mostly chiral (especially in the b sector). For RVLQ, the dominant
mixing angle is 0y, for even isospin and 0g for those with odd isospin. For NRVLQ), instead,
the dominant mixing angle is #r for even isospin and 6, 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/A. 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 £, 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 M?2/A? or M/A relative
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Observable Coupling Loop order
S and T parameters Ay Y(t) one loop
EWPO 7 Ay Y(t) one loop
Abys Yv) tree level
H — bb Ab)s Ab)Y(v) tree level
Higgs ttH production A tree level
gg — H, H— gg Ay, Y1 one loop
double Higgs production Ay, Y1 one loop
top single production A Ww tree level
Top top pair production Aty Ap)WB tree level
tty and ttZ production Ay, Agyws, Agyww tree level
low-energy GP  electron/neutron EDM Ay Ae)Aw), Apywr  two loops

Table 3. Summary of indirect effects of heavy quarks. The subindex (¢) means that only the
couplings to the Standard Model quark ¢ 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 /A not small,
depending on the values of the couplings.” 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 R, A%B, Ay and
R, 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
Ogq-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

"This 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 A. In the presence of other light extra particles (including vector-like quarks) the
indirect bounds would need to be reevaluated.

- 12 —



[:nh Lh
U Awnlo,, 4 Awe) g, ((A’SM) L ) O ﬁsz(” mz(g(s)
A A A A K 1) K 3
D Ao, . uo +(OBPE Y0, —BEOW - LW
2wl 0, p 4 2w 0, Al 0,
2 2
0 +Ab(w3) O _|_ wW) Opw + )\b( G) Ove _|2>}\f,/[|2 Od)t + ‘;\]\b}? Od)b
1 *
+ <(/\sl\241)v[|2>\t| + )\r(yt ) O i +)\b](\/)[\;) O¢>tb
+ ((yghzlj)\;lz)\blz n Ap ( l/b ) Ob¢
b 2 2
Qs (7(AS§§\)4 A ) O —H O
2 2
Q7 (70 s+ ) Oto 317z Ot
(USM) I/\\ )
T 5 O + ( Oro I oM 4 BE 0@
! (ysm) ™ A Ay - 16M2 1602
+ (78M2 + W) Obg
Alww)” (NN
T w O+ ( S yb) Ors NG NE\OT)
? W)’ PP | Aw 16017 T6077 < dq
+ ( ne ot 7) Obe

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 £y, and L,;,. The complete effective Lagrangian is £y, + (L, +h.c.). The definitions
of the operators O; are given in table 5.

Name Operator Name Operator

Ovg (¢70)(qr3ddrs) O (¢70)(qrsdurs)
Op (619D (dpy*drs) O (61iD,0)(arsy urs)
O (¢'iDud)a@srars)  OP  (61iD26)(Grsr"oudrs)
Oy (¢11D,,0) (ursy" drs)

OB (qr3o"dr3)¢ B, OB (q30"" uR3)d B,
Oww  (qrso"’dps)oo W, Ow  (GLso* ugs)o®oW,
Ove  5(qr3ot™ A\dgrs)d Gi, Owe  (Gr3o™ M ups)¢ G,

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 Ry,
AII’;B, Ay and R, to obtain the following bounds: s; < 0.13 for the triplet T}, de < 0.02 for

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

0 ~ yva < 0.02 (4.1)

M~ 5

for y < (3 TeV)_l, M > 1TeV. The quadruplet F; produces a Zbb coupling with an extra
suppression of my /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)fQ, this multiplet satisfies
these constraints.

Higgs physics. The O,y 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 Oy to be relevant. The situation could improve in future experiments [42].
The presence of Oy4 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 ¢ loops with insertions of Oy (such
cancellation does not happen for B loops) [19]. In the presence of Qq¢¢ operators the
cancellation is spoiled by the contributions to O.4 proportional to Ay. However, this
contribution is suppressed not only by M /A but also by the small mixing. The dimension-
5 interactions with Y] 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
(2T + 1)as Re(Y7)
120 M

where Oy = oo GﬁVGA’W. As we can see, the coefficient of the induced operator is not

El—loop D)

Oscs (4.2)

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)| 1
< 55
M (2T + 1)(1.25 TeV)

(4.3)

where T' is the isospin of the corresponding multiplet. Of course, both Oyg and Oy
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 Ops. 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 Oy from ref. [43] (with milder flavour assumptions),
we find the bound |y |/M < (0.2 TeV) 2.
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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 ¢ = ¢, b.

Top physics. Several of the dimension-6 SMEFT operators generated at tree level are
relevant for the production of the top quark. Oy and (’)éi;) contribute to single production,
whereas O, 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)_Q.
Again, the natural values of these coefficients in our case, which are given by ~ \2/2M
and ~ \w/M, already satisfy these limits. The same happens for the operators Op, Oy

and (’)((;q), which contribute to t¢y and ¢tZ production, and have even weaker limits.

Low-energy CP violation. The imaginary part of the coefficients of the operators Oy,
Ogtv, Opw, O, Oy and Oy 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 Aw*/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 ay 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 ¢, 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 A > 2TeV does not
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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 T} 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 A > 2TeV, 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 Qo qF},, open new single production channels, which are suppressed
by (M/A)? instead of sin? . 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 7" 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 1/1672 in weakly coupled UV completions.
Including this suppression gives cross sections that are smaller than pair production.

A concrete model with Qo qF},, operators has been tested experimentally, as pre-
sented in ref. [51], for the case of the multiplet ;. This analysis focuses on a particular
direction in parameter space, which in our notation corresponds to: g,w® = gw" =
—g'wB /6, with the coefficients of all the other operators set to zero. The search is for
the decay into yb. Under these conditions, M-dependent limits over the coefficients of
the operators have been obtained, for masses between M = 1TeV and M = 1.8TeV.
Translated into our notation, the bounds for these two masses are w® < (7 TeV)f1 and

wE < (5TeV) ™, respectively.

~16 —



u,d Q

9,7, 4, W

g b u,d &b

Figure 5. Single production with Qo"¥¢F, w-type operators.
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Figure 6. Cross section for different processes involving Qo*" qF, v, 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, Wb
and Hb, Zb, Wb, respectively. They can also decay into tvy, tg and by, bg, respectively,
in the presence of w couplings. The X and Y states decay via mixing mainly into Wt
and Wb, 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 A. 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 Aqcp, non-perturbative effects,
including hadronization, will be significant before the quarks have time to decay. One pos-
sibility is the formation near threshold of QQ 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 v for quarks with masses above 1TeV is below 0.01fb. In fact,
most of the time the heavy quarks will fragment independently forming ()g 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 > Aqcp, 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~ s).

For widths smaller than ~ 1072 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):

e Tracks with anomalous ionization, from the slower speed of the heavy quarks in
comparison to SM particles and/or non-standard charges. Note that Q¢ mesons
formed with X, X', Y or Y’ will always be charged, while those with 7" 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.

e 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.

e 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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Aqcp

N B R B Adisp  Along lived
X — 10 — — 10 5x10° 5x107
X — 46 31 — 39 108 108
T — 53 37 57 56 106 108
B 5.3 3.7 57 5.7 106 108
Y 46 31 39 — 106 108
Y’ 1.1 — 1.1 — 5x10° 5x107

Table 6. Value of 1/y (in TeV) at which the total width reaches the scales Aqcp = 0.2GeV,
Adisp = 10712 GeV and Along lived = 10~16 GeV. For Adisp and Ajong lived Only an estimate of the
order of magnitude is provided, obtained by extrapolation of the results above Aqcp.

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
(Aqcp), ii) displaced vertices can be observed (Agisp) and iii) the heavy quark is stable
within detector distances (Aiong 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 Wb, 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*¢) =1, (6.1)

(with @ =T, B and ¢,¢ = t,b) it suffices to know two branching ratios of @ to be able to
know the third. Any two branching ratios BR; and BRy of @) form a point in the triangle
BRy+ BR3; <1, BR; 3 > 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

~19 —



a point p in the multi-dimensional simplex determined by BR; < 1, Y . BR; = 1. In
particular, the branching ratios into Ht, Zt and Wb define a point that falls inside the
tetrahedron

Y := BR(Q — Hq) + BR(Q — Zq) + BR(Q — W*¢) < 1, (6.2)
BR(Q — Hq), BR(Q — Zq), BR(Q — W*¢') > 0. (6.3)

For their graphical representation, we have chosen to plot the projections of p into the
BR(Q — Zq)-BR(Q — Hgq) plane and into the BR(Q — W*¢')-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 = 1TeV and at M = 2TeV while keeping all the other parameters fixed.
The value of the coefficients of dimension-5 operators is chosen to be (2TeV)~'. 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 (2TeV) ' down to the values in which the total width equals Aqcp. 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 Qa“”qu/-type operators vanish, except for the F} 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 W¢q', Zq and Hgq [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:

My = (MY? 4 V2108 %), (6.4)
It gives a lower bound My on the mass of any heavy quark as a function of the lower bound
M; it would have if its branching ratios into Ht, Zq and W*¢' were rescaled by the same
factor 1/, 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 M; 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 ¥ = 1/2.

—90 —



U~y Ty ~3_13
Only dim. 4 1300 Only dim. 4 1220
Y 1310 Yt 1250
wB 1010 Yo 1200
wa < 800 w 970
D ~1y3 Ty ~ 393
Only dim. 4 1200 Only dim. 4 1130
Y 1190 Yt 1130
wR < 800 Yb 1130
we < 800 w 1260
Q1 ~ 216 Ty~ 3_4/3
Only dim. 4 1340 Y 1130
Yt 1340
Up 1120 T5 ~ 353
wp 830 Y 1360
wy 1250
we < 800 Fy ~ 46
y 1030
Qs ~ 2 56 w 1010
Only dim. 4 1130
y 1130 Fy~d_g
Y 1200
Q7 ~ 276
Only dim. 4 1360 o~ 47/6
Yy 1350 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 A 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 = 2TeV and
w,y = (2TeV)~!, 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 A are chosen to
approximately saturate the electroweak limits. For smaller values of A, 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/A)?, in comparison with the (v/M)? suppression of the decay widths of
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Multiplet Decay products Maximum BR Coupling
bbt 0.02 Ay
- ttt 0.01 Ay
vt 0.71 wp
gt 0.93 wa
tWHw-= 0.08 Aty Up
ttt 0.01 At Yts Yo
bHW* 0.11 Yp
@ bZW+ 0.04 X, Ut Ub
vt 0.77 wp
gt 0.99 wg
Q7 tW+TWw= 0.08 A
bHW+ 0.10 Up
tWHWw= 0.07 A, Yty Yo
Ty bZW 0.83 w
ttt 0.01 A, Yty Yb
byW+ 0.01 w
bHW™* 0.17 Yp
tWrWw— 0.25 w
Ty bZW+ 0.06 A, Ui, Yp
tbb 0.01 A, Yes Wb
vyt 0.21 w
Ts tWHWw = 0.08 Y
bHW+ 0.30 Y
P bZW+ 0.23 w
tW+rWw= 0.66 w
vyt 0.09 w
P bHW* 0.10 Y
tWrWw— 0.07 Y
bHW+ 0.28 y
Fr bZW+ 0.10 Y
tWTWw= 0.09 Y

Table 8. Extra decay channels of T" with branching ratio larger than 0.01 for M = 2TeV, when
the couplings A are fixed to the values that saturate electroweak precision limits. The last column
displays the coupling constant which, when set to (2 TeV)~!, gives the maximum BR in the corre-
sponding channel. The appearance of ) 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 vb 0.77 wp
gb 0.99 wa
tHW— 0.12 Yt
tZW— 0.04 Ats Yts Yb
bWHW - 0.08 Abs Yt Ub
o bt 0.02 Ay Ytr U
~vb 0.77 wp
gb 0.99 wa
bW W~ 0.08 Ay
Qs ~
btt 0.01 Ay
tHW~ 0.19 Yt
tZW— 0.06 A, Yty Yo
T btt 0.01 A, Yty Yo
bW W~ 0.90 w
vb 0.13 w
tHW ~ 0.10 A
7 bW W~ 0.07 A Ye, YUp
tZW = 0.12 w
btt 0.02 A, Yty b
T, bW W~ 0.08 y
tHW— 0.30 Y
P bW W~ 0.69 w
vb 0.09 w
tZW~— 0.20 w
tHW = 0.28 Y
Fy tZW— 0.10 Y
bW W~ 0.09 Yy
) tHW ~ 0.10 y
bW W~ 0.07 Yy

Table 9. Extra decay channels of B with branching ratio larger than 0.01 for M = 2TeV, when
the couplings A are fixed to the values that saturate electroweak precision limits. The last column
displays the coupling constant which, when set to (2 TeV) ™!, gives the maximum BR in the corre-
sponding channel. The appearance of \ 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
0 tHW+ 0.12 Y
T tZW+ 0.04 Ay
tHW+ 0.10 A, Yd
bW+W+ 0.04 >\7 Yus Yd
T
tZW+ 0.12 w
tth 0.02 A, Yus Yd
tHW 0.29 Y
15
tZW+ 0.11 Y
tHW+ 0.32 Y
Iy
tZW+ 0.82 w
Fy tHW+ 0.32 y

Table 10. Decay channels of X other than W™t with branching ratio larger than 0.01 for M =
2TeV, when the couplings A are fixed to the values that saturate electroweak precision limits. The
last column displays the coupling constant which, when set to (2 TeV) ™!, gives the maximum BR
in the corresponding channel. The appearance of A indicates that the channel in question is present
already in the case with dimension-4 interactions only.

Multiplet Decay products Maximum BR Coupling
bHW— 0.10 Ay
Qs bZW~— 0.04 Ay
bbt 0.02 Ay
bHW ~ 0.10 Ay Yuy Yd
T bZW— 0.83 w
tW-W~= 0.04 Ay Yus Yd
bHW = 0.29 Y
Ty
bZW~ 0.11 y
bHW ~ 0.32 y
Iy
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 =
2TeV, when the couplings A are fixed to the values that saturate electroweak precision limits. The
last column displays the coupling constant which, when set to (2 TeV)~!, gives the maximum BR
in the corresponding channel. The appearance of A 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 ~ 1672 times too high in
weakly coupled completions. A detailed analysis of the decays of a U vector-like quark into
ty and tg at the LHC has been performed in ref. [60].

In the case of X and Y, the decays into Wt and Wb, respectively, have branching
ratios in the range 60-90%. The remaining decays are into three particles, two of which
are always Wt 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
WHW Tt 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 Mg = 2TeV.
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Figure 8. Representation of the (BR(Q — Zq), BR(Q — W*¢'), BR(Q — Hgq)) point as its pro-
jections into the BR(Q — Zq)-BR(Q — Hq) plane and into the BR(Q — W*¢)-BR(Q — Hgq)
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 ¥ = 1. Right plots: corrected lower
bounds for the case in which ¥ = 0.5.
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Figure 10. Branching ratios of 7" into Ht, Zt and Wb for various values of the parameters
in the U, Q7 and @1 models. The dimensionless couplings A\ are always chosen to saturate the
corresponding electroweak precision bounds.
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Figure 11. Branching ratios of 7" into Ht, Zt and Wb for various values of the parameters
in the @1, T5 and 77 models. The dimensionless couplings A\ are always chosen to saturate the
corresponding electroweak precision bounds.
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Figure 12. Branching ratios of B into Hb, Zb and Wt for various values of the parameters in the
D and @)1 models. The dimensionless couplings A 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 @5, T5 and 77 models. The dimensionless couplings A\ are always chosen to saturate the
corresponding electroweak precision bounds.

— 30 —



10 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
I 1r e y=(Q2TeV) ! rest=0
L | Ts5~ 253 1l ]
0.8 1+ -
- 0.6 1F -
]1; L 4} 4
e 1 /
oc
@ 04F 1+ g
0.2 F 1F -
00 L n n n 1 n n n 1 n n n 1 n n n 1 n n n n n n 1 n PR 1 n n n 1 n n n 1 n n n
1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0
BR(T-W *b) BR(T-Zt)
10 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
- e y=(2TeV) ! rest=0 A
[ Fl ~ 21/6 1 A w=(2TeV) L, rest=0 1
0.8 1F .
= 0.6 1F .
]1; L 4 4
L L ]
= L ] |
K 04fF 4L 4
0.2 F 1F .
00 i n n n 1 n n n 1 n n n 1 n n e 1 e | o 1 ;e 1 n n n 1 n n n 1 n n n
1.0 0.8 0.6 0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0
BR(T-W *b) BR(T-Zt)

Figure 14. Branching ratios of T into Ht, Zt and Wb for various values of the parameters in the
Ts and F7 models.
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Figure 15. Branching ratios of T into Ht, Zt and Wb for various values of the parameters in the
Fi and F5 models.
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Figure 16. Branching ratios of B into Hb, Zb and Wt for various values of the parameters in

the Ty and F7 models.
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Figure 17. Branching ratios of T" into Ht, Zt and Wt for various values of the parameters in the
F 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 A 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 A. In particular, the effective theory describes
well the case of additional particles when they are heavier than A. As usual, the effective
Lagrangian is defined by its expansion in inverse powers of A. 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 u/A, with u = 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 Qqo¢ and QQ¢¢ and the “magnetic” operators Qo™ ¢F, w and
Q0w QF,,. 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 A 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 A. Pair production is still possible and the decay
(possibly after hadronization) will be prompt if A 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 A > 105 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/A
expansion. At dimension 6 one should include four fermion operators [67]. In particular,
the interactions of the form ggqQ@Q will give rise to new single production mechanisms, which
can have observable cross sections at the LHC for A 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/A. Finally, in principle it is also possible that new vector-like quarks exist
in gauge representations with 7'+ Y + 1/3 ¢ 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) x SU(2) x U(1) is
denoted by (p,0,Y), where p is the representation under SU(3), o is the representation
under SU(2) and Y is the hypercharge. We define

N(p,0,Y) = A(p) + B(o) +Y, (A1)
with 0 < A(p), B(o) < 1 satisfying the equations

p(ezm/?,_,) — 2mAP) ] o(—1) = p2imB(o) 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(p) € {0,1/3,2/3} and B(o) € {0,1/2}. The
set representations of SU(3) is split into three classes by A:

0= A(1) = A(8) = A(10) = A(T0) = A(27) = ... (A.3)
1/3 = A(3) = A®B) = A(15) = A(15') = A(24) = ... (A.4)
2/3 = A(3) = A(6) = A(T5) = A(T5) = 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(p1 ® p2) = A(p1) + A(p2) (mod 1), (A.6)
B0 ® 02) = B(o1) + B(o) (mod 1). (A7)

We will prove now that if (po,op, Yo) is the representation of some operator O con-
structed with the Standard Model fields, then N(pop, 00, Yo) is an integer. First, it can be
directly checked that N(py,04,Yy) is an integer for any Standard Model field ¢. 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(pog,000,Yoo) = [A(po) + A(po)] + [B(oo) + B(og)] + [Yo + Yg] (mod 1)
= [A(po) + B(oo) + Yol + [A(pg) + B(og) + Yg] (mod 1)
= N(p(97 00, YO) + N(pQ’ UQ7YQ) (mOdl)a

Therefore, if N(po,c0,Yo) and N(pg,09,Yo) are integers, then N(pog, oo, Yoo) 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 Ly, 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]):
Tpps00(M) D €jBRiBR; < Lexp, (B.1)
ij
where M is the mass of the heavy quark, ¢ and j run over all the decay channels, and ¢;;
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 > = 1.
We consider now the case ¥ < 1. We will obtain a lower limit on the mass of some
heavy quark with branching ratios BR;. Some assumption has to be made about the
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efficiency €, = €4; for the channels a that are not Hq, Zq or W*¢'. We adopt here the
conservative choice ¢, = 0. Let M; be the lower limit on the mass for the branching ratios
BRZ-Z = BR;/%, whose sum is 1, so that M; is known from experimental analyses. We
define the mass Msx by the equation

ZZO’ppﬁQQ(ME) = O-ppﬁ\QQ(Ml)' (B2)
Then, we have the identity
Opps00(Ms) Y €ijBRiBR; = 0,, ,0q(M1)> €i;BR;BR}. (B.3)
ij ij

Because M is the limit obtained from eq. (B.1) for branching ratios BRY, it follows from
this identity that My is the limit for BR;. We now proceed to find an analytic solution
to eq. (B.2). The production cross-section Tpp _,QQ(M ) can be approximated, for masses

around M = 1.1 TeV by an exponential:

— M2 _ ppl/2
Upp%QQ(M) ~ pp—)QQ(M) exp <_fl/2/2> , (B.4)

where f = 20.5GeV. 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

My = (M} + f1/210g )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
@ =T, B with only Yukawa-type couplings (Q¢q and Q¢¢q) into Zt and Ht are approxi-
mately equal, for @) in any multiplet except F;. We define XéZIR and YQL (}R as the following
coefficients in the Lagrangian:

Ly = —ﬁq (X Pr + X2 Pr) Q + hc,
m,
Li =~ L GH (VioPr + Y} Pr) Q.

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

L,R . L.R
XQq and the dominant YQq .

The weak eigenstates qO, QO couple to the Z boson as
L,=-2 % (qo Q0 ) 7 2T3(qy) — 2Qc(a})siy 0 ¢
2ew SN 0 275(Q%) — 2Qc(Q%)s%, | \ QY )

where T3 denotes the third component of isospin and Q. denotes electric charge. After the
unitary transformation in equations (3.9) and (3.10), we get

Xt =2sprerr [T5(a2 5) — T5(Q) R)] -
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On the other hand, the quark gauge eigenstates ¢°, Q° couple to the Higgs as

_ b A Y11 Y12 %
L= ﬂ((j%Q%>H<y21 0 ) (Q%>'

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 y;;
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 6;, rp dominates. For multiplets with dimension-
4 couplings, the chirality with the dominant mixing angle 6p 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 yp is related to the corresponding mixing angle as
Yp =~ x\/iszD /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 Hq(@ coupling
is, then

Yéjq ~ rSpcp.

For Xg ¢ = Y& it is necessary and sufficient that

| T5(ap) — T5(Qp)| = =/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(q%) — TS(Q%)’ =0.
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