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Sorbonne Université et CNRS, 4 place Jussieu, 75252 Paris Cedex 05, France

(Received 6 July 2023; accepted 26 July 2023; published 14 August 2023)

Vectorial partners of the Standard Model quarks and leptons are predicted in many dynamical models of
electroweak symmetry breaking. The most easily accessible of these new particles, either due to mass or
couplings, are typically expected to be the partners of the third-generation fermions. It is therefore essential
to explore the signatures of these particles at future high-energy colliders. We study the potential of a high-
energy muon collider to singly produce a vectorlike top-quark partner via an electroweak dipole moment
operator, such an operator being typical of composite constructions beyond the Standard Model. We use a
phenomenological model for third-generation quarks and their partners that satisfies an extended custodial
symmetry. This automatically protects theW-boson and Z-boson masses from receiving large electroweak
corrections, and it allows the model to be viable given current electroweak data. We demonstrate that cross
sections associated with dipole-induced vectorlike quark production can easily exceed those inherent to
more conventional single-production modes via ordinary electroweak couplings. We then explore the
associated phenomenology, and we show that at least one (and often more than one) of the extra vectorlike
states can be studied at high-energy muon colliders. Typical accessible masses are found to range up to
close to the kinematic production threshold, when the vectorlike partners are produced in combination with
an ordinary top quark.

DOI: 10.1103/PhysRevD.108.035016

I. INTRODUCTION

Vectorial partners of the ordinary quarks and leptons are
naturally predicted in a variety of theories beyond the
Standard Model (SM) of particle physics [1–14]. In these
new physics models, the origin of the vectorlike states as
well as that of the Higgs boson can often be traced back to
a new fundamental strong dynamics of which they are
composite objects. Subsequently, the idea of partial
compositeness can be incorporated as a mechanism to
explain fermion masses [4,15,16]. In these models (see
Refs. [17–19] for recent reviews), the composite Higgs
boson couples typically with large Yukawa couplings to
massive composite vectorlike fermions charged under
the electroweak group. In addition, it also couples these
massive vectorlike fermions to “fundamental” chiral

fermions carrying Standard Model quantum numbers,
generally with small couplings arising from interactions
breaking the flavor symmetry. After electroweak sym-
metry breaking, e.g., once the Higgs-doublet gets a
vacuum expectation value, mass-mixing between the
“fundamental” and “composite” states is then expected
to yield the observed “small” masses of the ordinary
Standard Model fermions. The vectorlike quarks therefore
play a crucial role in transmitting electroweak symmetry
breaking to ordinary fermions. Since the top-quark is the
heaviest Standard Model fermion, the vectorlike quarks
associated with it are likely to be the most strongly
coupled partners of the theory, as well as the lightest of
new states by virtue of the necessarily larger mixing with
the Standard Model sector. Top-quark partners are there-
fore an important and promising target for searches for
new physics at present and future colliders.
The vectorlike partners of the top-quark carry the same

color and/or electroweak charges as the top quark. Their
most generic production mechanism at hadron colliders is
therefore their QCD-induced pair production [20,21],
provided they are not too heavy. Otherwise electroweak
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single production becomes relevant [22–26]. Consequently,
numerous searches for vectorlike quarks of various electric
charges have been carried out at the Large Hadron Collider
(LHC), the most recent bounds being available from the
ATLAS and CMS studies of [27–31]. Given the composite
nature of the vectorlike quarks, nonminimal couplings are
however expected to exist, and they could be relevant to
new production mechanisms and signals at the LHC. For
instance, the existence of chromomagnetic dipolelike and
dimension-five operators leads to important consequences
at colliders [32,33], like the predictions of new signatures
that have not yet been searched for experimentally. Unlike
minimal QCD gauge couplings that are always diagonal in
terms of mass eigenstates, the corresponding chromomag-
netic interactions give rise to off-diagonal couplings like
that of one gluon, one vectorlike quark and one ordinary
quark [34]. These transition moment operators therefore
imply new QCD-initiated modes for the production of a
single heavy partner, that could then be exploited to
significantly extend the LHC sensitivity to these states to
top-partner masses ranging up to 3 TeV.
Similar considerations should apply to electroweak

dipolelike interactions. Here, however, the situation is
more complicated. First, since the electroweak symmetry
group is broken, there are generically “off-diagonal”
dimension-four couplings between the Z boson, a top
quark, and a top partner [22,35–37]; these couplings are
suppressed by the top-quark mass since they must vanish
in the case of unbroken electroweak symmetry. In contrast,
the transition couplings arising from electroweak dipole-
like magnetic-moment interactions are proportional to the
independent left- and right-handed mixing angles and can
be potentially large. Second, since we are examining the
electroweak phenomenology of top partners, we must be
careful to incorporate existing electroweak precision con-
straints into the effective model being investigated, once
electroweak dipolelike operators are included. In particu-
lar, a simplified model similar to that used in [32,33]
typically features disallowed custodial symmetry viola-
tions, larger than in the Standard Model. Naively speaking,
this is equivalent to “adding” custodial-symmetry violation
in the heavy vector sector to that already present due to
the top-bottom mass splitting. For this reason we will
consider an extended vectorlike fermion sector in
which the custodial symmetry is embedded from the
beginning [38–40]. This extended model preserves the
custodial symmetry exactly in the heavy sector through
the inclusion of an additional fermionic weak doublet with
hypercharge þ7=6. This leads to an extra “top partner”
with an electric charge Q ¼ þ2=3 and weak isospin
quantum number T3 ¼ −1=2, as well as an “exotic”
fermion with an electric charge Q ¼ þ5=3 and weak
isospin quantum number T3 ¼ þ1=2. Thanks to the
embedded custodial symmetry, the model is generally safe
with respect to electroweak precision test constraints.

In this paper we assess the potential of high-energy muon
colliders to uncover the vectorlike sector of this extended
model, which features electroweak dipolelike interactions
relevant to novel new physics production mechanisms. We
explore the phenomenology of this extended model, and we
demonstrate that at least one (and often more than one) new
state can be reached for masses ranging up to the kinematic
threshold associated with its single production in associ-
ation with a Standard Model top quark.
This paper is organized as follows. In Sec. II we discuss

the details of the model considered, its mass spectrum and
vectorlike quark mixing, together with important aspects
related to electroweak precision observables. In Sec. III we
present our results on production rates and decay properties
of the vectorlike top-partners of the model, while in Sec. IV
we estimate the sensitivity of future muon colliders to top-
quark partner’s masses. We summarize our work and
conclude in Sec. V.

II. MODEL

In order to avoid large custodial symmetry violations,
we rely on a theoretical framework similar to that designed
in [38–40] which has an approximate custodial symmetry.
This model is presented in Sec. II A, in which we detail its
field content and the relevant part of the associated
Lagrangian. The model mass spectrum is next discussed
in Sec. II B, whereas Sec. II C is dedicated to electroweak
precision tests and how the related constraints are impacted
by the new physics degrees of freedom in the model
considered.

A. Field content and Lagrangian

The composite sector of the model includes a standard
electroweak Higgs doublet φ lying in the representation
21=2 of the electroweak group SUð2ÞL × Uð1ÞY ,

φ ¼
�
ϕþ

ϕ0

�
: ð2:1Þ

In the following, this doublet φ is written as a bidoublet H
of the SUð2ÞL × SUð2ÞR ×Uð1ÞX group [in its ð2; 2Þ0
representation], which is achieved after identifying the
hypercharge operator Y with the sum of the T3-component
of SUð2ÞR and the X-charge associated with the Uð1ÞX
subgroup. This gives the relationship

H ¼
�

ϕ0� ϕþ

−ϕ− ϕ0

�
; ð2:2Þ

showing that H is subject to the reality condition H ¼
σ2H�σ2 with σ2 being the second Pauli matrix. Writing the
field this way explicitly illustrates that the electroweak
vacuum hHi ¼ vI=

ffiffiffi
2

p
(with v being the vacuum expect-

ation value of the neutral component of the Higgs field and
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I the 2 × 2 identity matrix) preserves a custodial symmetry
SUð2ÞV ¼ SUð2ÞLþR. This subsequently protects the
model against large contributions to electroweak precision
observables, provided that the composite sector preserves
the SUð2ÞL × SUð2ÞR symmetry [41].
The effective model considered is an extension of the

model of color-triplet top-partner fermions introduced
in [36]. Here we incorporate a custodial symmetry in the
vectorlike fermion sector, which is achieved by taking as
top-partners a bidoublet state Q0 and a singlet state T̃0 that
respectively lie in the ð2; 2Þ2=3 and ð1; 1Þ2=3 representation
of SUð2ÞL × SUð2ÞR ×Uð1ÞX [38–40],

Q0 ¼ ðQ0
1 Q0

2 Þ ¼
 
T0 T0

5=3

B0 T0
2=3

!
and T̃0: ð2:3Þ

The strongly interacting Higgs-fermion sector is corre-
spondingly assumed to be custodially invariant, allowing
for the following mass and Yukawa coupling Lagrangian,

Lmass ¼ −MQTrfQ̄0Q0g −MT̃
¯̃T0T̃0

− y�TrfQ̄0HgT̃0 þ H:c: ð2:4Þ

In this expression, MQ and MT̃ stand for the bidoublet
and singlet masses respectively, and their values are
expected to be of order the scale of the new strong
interactions responsible for compositeness. In addition,
the Yukawa coupling y� is expected to be large, typically
of Oð4πÞ.
The composite-fermion sector interacts with the SM-like

elementary fields q0L and t0R, which have the conventional
color and electroweak charges of the SM top-sector fields.
They therefore respectively lie in the ð3; 2Þ1=6 and ð3; 1Þ2=3
representations of SUð3ÞC × SUð2ÞL ×Uð1ÞY ,

q0L ¼
 

t0L
b0L

!
and t0R: ð2:5Þ

The masses for the light fields (which will be identified
with the physical top and bottom quarks) originate from
mass mixing terms involving the components Q0

1 of the
vectorlike bidoublet and the singlet state T̃0. The mass
mixings take the form [16,36]

Lmixing ¼ −ΔLq̄0LQ
0
1 − ΔRt̄0RT̃

0 þ H:c:; ð2:6Þ

in which the size of the mixing is parametrized by the
dimensionful quantities ΔL and ΔR. Finally, our model
includes some mass-splitting of the vectorlike bidoublet
fields, that we model through the Lagrangian term

Lsplitting ¼ −ΔMQQ̄0
2Q

0
2; ð2:7Þ

that involves the ΔMQ parameter. In the limit of
ΔMQ → ∞, Q0

2 decouples and the model reduces to that
considered previously in [32]. In contrast, our extended
model that incorporates the mass-splitting term (2.7) for the
second component of the vectorlike bidoublet field has a
richer phenomenology, which we further explore below.
Both ΔMQ and ΔL (softly) violate SUð2ÞR invariance,

and they therefore violate the custodial symmetry. We show
in Sec. II C that precision electroweak constraints, and in
particular these related to the T-parameter [42], require that
these custodial-symmetry violations are small.
Another sector of the model which is essential to our

study is the set of dimension-five dipole operators asso-
ciated with the SM gauge interactions; these are typically
generated at the electroweak scale through partial com-
positeness. The corresponding Lagrangian has the form

Ldipole ¼ μB
gY
Λ
TrfQLσ

μνBμνQRg

þ μW
gW
Λ

TrfQLσ
μνWμνQRg

þ μg
gS
Λ
TrfQLσ

μνGμνQRg þ H:c:; ð2:8Þ

where σμν ¼ iðγμγν − γνγμÞ=2, and QL and QR denote any
of the considered left-handed and right-handed new physics
gauge eigenstates (Q ¼ Q0, T̃0). The Uð1ÞY , SUð2ÞL, and
SUð3ÞC field strength tensors read Bμν, Wμν ¼ WA

μντA and
Gμν ¼ GA

μνTA respectively, with the matrices τA and TA

being fundamental representation matrices of SUð2Þ (the
second term being absent for the weak singlet T̃0) and
SUð3Þ (all considered states being color triplets).
Moreover, μB, μW , and μg stand for the corresponding
dipole moments, and we have assumed that the compos-
iteness scale Λ is the same for all considered vectorlike
quarks, which is a natural simplifying assumption.
In this work we focus on a simplified scenario in which

μB ¼ μg, and equal to 1 by convention, and μW ¼ 0. In the
case of μW ≠ 0, there would be new dipole interactions
involving charged W bosons. However, such interactions
significantly contribute to the production of top-partners
only through vector-boson-fusion processes,1 which are
subdominant when the vectorlike quark masses are close to
the collider center-of-mass energy

ffiffiffi
s

p
as in the scenarios

considered. In addition, these weak dipole terms also affect
the vectorlike fermion decay patterns very minimally, due
to the fact that the top-partners predominately decay into
longitudinal W=Z bosons while dipole interactions are
purely transverse. They can thus be safely neglected.
As a result of the mixing of the SM quarks with their

composite partners given by Eq. (2.6), the Lagrangian (2.8)

1We neglect the small mixing in the bottom-quark sector which
could give rise to production of a vectorlike top in conjunction
with a bottom-quark.
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gives rise to “off-diagonal” magnetic-type interactions
involving a single third-generation SM quark and a single
vectorlike quark. We will explore below the impact of
these interactions for single vectorlike quark production in
association with a SM third-generation quark at a future
muon collider.

B. Mass spectrum and field mixing

After electroweak symmetry breaking, the Lagrangian
(2.3) leads to several mass terms for the different quarks of
the theory. The terms mixing the bidoublet and singlet
states turn out to be more easily written after the intro-
duction of a mass parameter m that is defined by

m ¼ y�vffiffiffi
2

p ; ð2:9Þ

where the SM Higgs vacuum expectation value
v ≈ 246 GeV. This parameter m is connected to the mass
of the top quarkmt so that for viable benchmark scenarios it
is much smaller than the other mass parameters MQ

and MT̃ . Including additionally the contributions to the
mass Lagrangian that originate from (2.6) and (2.7), all
fermionic mass terms can be conveniently written as

Lmass ¼ ð t̄0L T̄0
L

¯̃T0
L T̄0

2=3L Þ ·Mt ·

0
BBBBB@

t0R
T0
R

T̃0
R

T0
2=3R

1
CCCCCA

þ ð b̄0L B0
L Þ ·Mb ·

 
b0R
B0
R

!
; ð2:10Þ

where the fermion mass matrices are given by

Mt ¼

0
BBB@

0 ΔL 0 0

0 MQ m 0

ΔR m MT̃ m

0 0 m M0
Q

1
CCCA and

Mb ¼
�
0 ΔL

0 MQ

�
; ð2:11Þ

with M0
Q ¼ MQ þ ΔMQ. The corresponding mass eigen-

states are determined after introducing two 4 × 4 rotation
matrices Ot

L and Ot
R for the top sector, and one 2 × 2

rotation matrixOb
L for the bottom sector. There is indeed no

need to introduce a second bottom mixing matrix by virtue
of the structure of the Mb mass matrix. Mass and gauge
eigenstates are then related through

0
BBB@

tL
T1L

T2L

T3L

1
CCCA ¼ Ot

L

0
BBB@

t0L
T0
L

T̃0
L

T0
2=3L

1
CCCA;

0
BBB@

tR
T1R

T2R

T3R

1
CCCA ¼ Ot

R

0
BBB@

t0R
T0
R

T̃0
R

T0
2=3R

1
CCCA;

 
bL
BL

!
¼ Ob

L

 
b0L
B0
L

!
;

�
bR
BR

�
¼
�
b0R
B0
R

�
: ð2:12Þ

While the two 4 × 4 mixing matrices Ot
L and Ot

R can be
calculated numerically, it is intuitive to first understand
their qualitative features using a perturbative expansion that
assumes m ≪ MQ;MT̃;M

0
Q. To the first order in the m

parameter, we obtain

Ot
L ≃

0
BBBBBBBBB@

cL −sL m
MT̃

sLc2R Oðm2=M2Þ

Oðm2=M2Þ Oðm2=M2Þ − mðMT̃þM0
QÞc2R

M2
T̃
−M02

Qc
2
R

1

sL cL
mðMQþMT̃c

2
LÞcLc2R

M2
Qc

2
R−M

2
T̃
c2L

Oðm2=M2Þ

− mðMQc2RþMT̃ ÞsLcLc2R
MT̃ ðM2

Qc
2
R−M

2
T̃
c2LÞ

mðM2
Qs

2
Lc

4
R−MT̃ðMQþMT̃ Þc2Lc2RÞ

MT̃ðM2
Qc

2
R−M

2
T̃
c2LÞ

1
mðMT̃þM0

QÞc2R
M2

T̃
−M02

Qc
2
R

1
CCCCCCCCCA
; ð2:13Þ

Ot
R ≃

0
BBBBBBBBB@

cR
m
MQ

sRc2L −sR m
M0

Q
sR

− mMT̃ðMT̃þM0
QÞsRcR

M0
QðM2

T̃
−M02

Qc
2
RÞ

Oðm2=M2Þ mðM2
T̃
s2L−M

0
QðMT̃þM0

QÞc2RÞ
M0

QðM2
T̃
−M02

Qc
2
RÞ

1

mMT̃ ðMQþMT̃c
2
LÞc2LcR

MQðM2
Qc

2
R−M

2
T̃
c2LÞ

1 −
mðM2

T̃
s2Rc

4
L−MQðMQþMT̃ Þc2Lc2RÞ

MQðM2
Qc

2
R−M

2
T̃
c2LÞ

Oðm2=M2Þ

sR − mðMQc2RþMT̃ Þc2LcR
M2

Qc
2
R−M

2
T̃
c2L

cR
mðMT̃þM0

Qc
2
RÞcR

M2
T̃
−M02

Qc
2
R

1
CCCCCCCCCA
; ð2:14Þ
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in which we have introduced the sine and cosine of two
mixing angles θL and θR that are defined by

cL ≡ cos θL ¼ MQffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Q þ Δ2
L

q ;

sL ≡ sin θL ¼ ΔLffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Q þ Δ2
L

q ;

cR ≡ cos θR ¼ MT̃ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

T̃
þ Δ2

R

q ;

sR ≡ sin θR ¼ ΔRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

T̃
þ Δ2

R

q : ð2:15Þ

Moreover, the mass scale M appearing in (2.13) and (2.14)
denotes either MQ, MT̃ , or M

0
Q.

The corresponding mass eigenvalues are given, in the
same limit, by

Ot
L ·Mt · ðOt

RÞT

≃ diag
�
msLsR;M0

Q;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Q þ Δ2
L

q
;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

T̃
þ Δ2

R

q �
þOðm2Þ≡ diagðmt;M2=3;MD;MSÞ: ð2:16Þ

In the last equivalence, we explicitly expressed that the
lightest mass eigenstate is the top quark. Since the top
quark mass is identified by

mt ≃msLsR; ð2:17Þ
the mixing angles θL;R can not be too small. The results in
Eqs. (2.13) and (2.14) also show that the next-to-lightest
eigenstate T2, which we will denote by T2=3, is mostly
made of the exotic gauge eigenstate T0

2=3, and that the third
and fourth states T3 and T4 mostly originate from the
doublet (T0, which we will denote by TD) and singlet (T̃0,
which we denote by TS) gauge eigenstates, respectively.
We however emphasize that the perturbation expansion
used to derive the above conclusions is only valid when the
mass differences appearing in the denominators of the
various elements of the matrices shown in (2.13) and (2.14)
are much larger than m, i.e., when T1, T2 and T3 are not
(nearly) degenerate.
In the sector of the bottom quark and its partners, the two

mass eigenvalues are given by

mb ≃ 0 and mB ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Q þ Δ2
L

q
; ð2:18Þ

for the SM bottom quark b and its vectorlike partner B, and
the associated mixing matrix reads

Ob
L ¼

�
cL −sL
sL cL

�
: ð2:19Þ

Using as a constraint the measured value of the top quark
mass, the parameter space of our model becomes six
dimensional. We opt to define it from the following six
independent free parameters:�

ϵL ≡ ΔL

MQ
; ϵR ≡ ΔR

MT̃
;mT1

;
MQ

MT̃
;
MQ

MQ0
;Λ
�
: ð2:20Þ

From these inputs and the well-measured mass of the
SM top quark, we may derive the Yukawa coupling y�
appearing in (2.6), as well as the five physical masses
of the vectorlike quarks T1, T2, T3, T5=3 and B.
Equivalently, we could have chosen as free parameters
the masses of the five composite quarks, together with
the composite scale Λ; this alternative option to
describe the model’s parameter space will not be used
in this work.

C. Electroweak precision observables

As discussed in the previous section, the introduction of
the ΔL and ΔMQ terms in (2.6) and (2.7) breaks the
custodial symmetry. It is well-known that such an effect can
be quantified by using the oblique T-parameter [42]; in
Fig. 1 we show isocontours in the value of the T-parameter
for different classes of scenarios. The results are presented
in the ðϵL; ϵRÞ plane, for a composite scale Λ ¼ 20 TeV, a
lightest vectorlike quark massmT1

¼ 5 TeV and for bench-
marks featuring MQ ¼ MT̃ . We consider three scenarios
respectively satisfying M0

Q ¼ MQ (upper-left panel of the
figure),M0

Q ¼ 2.5MQ (upper-right panel of the figure), and
M0

Q ¼ 25MQ (lower panel of the figure). We recall that the
T-parameter is constrained to satisfy the bound [43]

jΔTj < 0.1: ð2:21Þ

In the case where M0
Q ¼ MQ, ΔL is the only Lagrangian

parameter controlling the breaking of the custodial sym-
metry. This yields a less constrained parameter space
(especially at low ϵL) compared to setups in which
M0

Q ¼ 2.5MQ or M0
Q ¼ 25MQ. As ΔMQ increases (or

equivalently as M0
Q increases relative to MQ), the contours

gradually shift towards larger values of ϵL and ϵR, as
illustrated by the upper right and lower panels of Fig. 1. The
parameter space regions that are excluded by such a
constraint will be indicated through cyan areas in the rest
of this paper.
In order to understand the dependence of the

T-parameter on the model’s parameters, we describe its
leading-logarithmic approximation as obtained in an effec-
tive field theory approach [39], considering the limit of
mt ≪ MQ;MT̃;M

0
Q. Starting from the Lagrangian intro-

duced in Sec. II A, we integrate out the heavy top and
bottom partners through their equations of motion. We then
obtain new physics dimension-six Lagrangian terms in the
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low-energy effective theory, that all depend on the
SM fields,

Leff ¼ c1i=Dðφ̃t̄RÞφ̃tR þ c2ðq̄Lφ̃Þi=Dðφ̃†qLÞ

þ c3i=Dðφt̄RÞφtR þO
��

v
M

�
4
�
; ð2:22Þ

where

c1 ¼
2

v2
m2

t

M2
Q

1

ϵ2L

1

1þ ϵ2L
; c2 ¼

2

v2
m2

t

M2
T̃

1

ϵ2R

1

1þ ϵ2R
and

c3 ¼
2

v2
m2

t

M02
Q

�
1þ 1

ϵ2L

�
: ð2:23Þ

These terms give rise to “anomalous” gauge couplings of
the top and bottom quarks, that can be written as

Lanomalous ¼ ðc1 − c3Þ
ev2

4swcw
t̄R=ZtR − c2

ev2

4swcw
t̄L=ZtL

− c2
ev2

2
ffiffiffi
2

p
sw

t̄L=WþbL þ H:c: ð2:24Þ

In this expression, e is the electromagnetic gauge coupling,
and sw and cw stand for the sine and cosine of the
electroweak mixing angle. We finally make use of this
anomalous coupling Lagrangian to compute the associated
contributions to the T-parameter, up to the leading loga-
rithmic terms proportional to lnðM2=m2

t Þ,

ΔT ¼ 3

8π2α

�
c1 þ

1

2
c2 − c3

�
m2

t ln
M2

m2
t
þ � � � ; ð2:25Þ

FIG. 1. Isocontours in the oblique T-parameter. The results are presented in the ðϵL; ϵRÞ plane, for mT1
¼ 5 TeV and MQ ¼ MT̃ , and

in three different scenarios; M0
Q ¼ MQ (upper left), M0

Q ¼ 2.5MQ (upper right), and M0
Q ¼ 25MQ (lower). Configurations for which

ΔT > 0.1 are experimentally excluded. While most of the parameter space is allowed in the more custodially symmetric case shown in
the upper left panel, only the regions up and to the right of the green line of the two other classes of models are allowed.
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with M representing the relevant vectorlike-quark mass
parameter and with α ¼ e2=ð4πÞ. For scenarios in which
M0

Q ≫ MQ ¼ MT̃ , this expression reduces to

ΔT ≃
3

4π2α

m2
t

M2
Q

m2
t

v2
ln
M2

Q

m2
t

�
1

ϵ2L

1

1þ ϵ2L
þ 1

2

1

ϵ2R

1

1þ ϵ2R

�
;

ð2:26Þ
whereas for more custodially symmetric scenarios in which
M0

Q ¼ MQ ¼ MT̃ , we get

ΔT ≃
3

4π2α

m2
t

M2
Q

m2
t

v2
ln
M2

Q

m2
t

�
−1 −

1

1þ ϵ2L
þ 1

2

1

ϵ2R

1

1þ ϵ2R

�
:

ð2:27Þ
The above expressions are useful in gaining a conceptual

understanding of the shape of the parameter space regions
excluded by constraints on the T parameter that will be
represented (through cyan regions) in the rest of this paper.
Yet their validity relies on the assumption that the large
logarithmic contributions in lnðM2=m2

t Þ dominate over any
other nonlogarithmic term. The latter could, however, be
enhanced for small values of ϵL and ϵR, due to the fact that
the top quark mass is fixed by

m2 ≃m2
t
1þ ϵ2L
ϵ2L

1þ ϵ2R
ϵ2R

: ð2:28Þ

Therefore in the phenomenological analyses in the rest of
the paper, we use the full expressions for the one-loop
contribution to the T-parameter. These expressions can be
written as

ΔT ¼ 3

4π2α

m2
t

v2

	X
n¼1

�
αn þ βn ln

M2
Q

m2
t

��
m2

t

M2
Q

�
n


: ð2:29Þ

In the above formula (2.29), the leading logarithmic term
proportional to β1 can be obtained from (2.25). While the
exact form of the nonlogarithmic coefficient α1 is rather
complicated, it turns out to be comparable to β1 lnðM2

Q=m
2
t Þ

when ϵL; ϵR ≪ 1.
As already mentioned, when M0

Q ¼ MQ ¼ MT̃ the only
parameter that violates the custodial symmetry is ϵL. We
should therefore expect that ΔT → 0 as ϵL → 0. Taking into
account the fact that m4

t ∼ ϵ4L for ϵL ≪ 1, the first-order
nonlogarithmic coefficient α1 cannot be more singular than
ϵ−2L . In contrast, we cannot apply a similar argument to the
behavior of ϵR as the corresponding Lagrangian term in (2.6)
only involves weak singlets and therefore does not violate
the custodial symmetry. In the limit where both ϵL; ϵR ≪ 1,
we find that we can numerically approximate α1 by

α1 ≃ −
0.264
ϵ4R

−
2.70
ϵ2R

−
0.0286ϵ2L

ϵ4R
þOðϵ0Þ: ð2:30Þ

For scenarios in which M0
Q ≫ MQ ¼ MT̃ , the custodial

symmetry is always broken by M0
Q ≠ MQ, and the

T-parameter does not necessarily vanish when ϵL → 0.
Therefore, the nonlogarithmic coefficient α1 can be as
singular as ϵ−4L . In these scenarios, when taking the limit
ϵL; ϵR ≪ 1, we find that we can instead numerically
approximate α1 by

α1 ≃
2

5

1

ϵ4Lϵ
4
R
þ 0.683

ϵ4Lϵ
2
R
þ 0.967

ϵ2Lϵ
4
R
þOðϵ−4Þ: ð2:31Þ

The dominant term in (2.31) always yields a finite con-
tribution to the T-parameter, even in the limit where
ϵL; ϵR → 0.2

III. VECTORLIKE QUARK PRODUCTION AND
DECAY AT MUON COLLIDERS

In this section, we explore the consequences of our
model at future muon colliders. We focus mostly on the
production of vectorlike top partners, and explain briefly
why the signatures of vectorlike bottom partner inherent to
our model will be quite different. Several mass hierarchies
are explored; these correspond to scenarios that differ by
the nature of the lightest vectorlike top quark. The latter is
respectively taken as approximately a weak singlet
(T1 ≃ TS), a weak doublet (T1 ≃ TD) or an exotic state
(T1 ≃ T2=3).
At muon colliders, top partners can be produced either

by pairs (μþμ− → TT̄), or singly (μþμ− → Tt̄þ Tt̄). In
order to determine the maximal mass reach of these
machines in our model, we focus on the more energy-
efficient single production mode for these top partners, i.e.,
when they are produced in association with a top quark or
antiquark,

μþμ− → Tt̄þ tT̄: ð3:1Þ

We note that, while the top-partners can also be produced
singly through vector-boson-scattering (VBS) processes,
such production modes become significant only when
the top partner masses are much smaller than the collider
energy

ffiffiffi
s

p
, due to the nature of theW=Z boson luminosities

which fall very steeply with the energy. As shown in the
next section, the projected sensitivities on the s-channel top
partner production mechanism studied here go up very
close to the kinematical threshold where VBS processes are
subdominant. We thus only focus on the processes with

2In such a limit, the elementary quarks do not mix with the
composite quarks, and the mixing matricesOt

L andO
t
R effectively

reduce to 2 × 2 mixing matrices. Moreover, the top quark
becomes massless. This leading contribution to α1 can therefore
be derived from a simple one-loop calculation of the contribution
to the T-parameter originating from the mass splitting between
the components of a heavy weak doublet of vectorlike quarks.
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annihilation of μþμ− in this work. Depending on the mass
of the lightest top-partner state and on its nature in terms of
the model’s gauge eigenstates, the resulting phenomenol-
ogy could then be very different.
Among the six parameters characterizing the model

parameter space and given in (2.20), five of them are
sufficient to completely define the mass spectrum and the
nature of the new physics states; these consist of ϵL, ϵR,mT1

,
and the ratiosMQ=MT̃ andMQ=MQ0 . The last parameter, Λ,
controls the overall size of the signal considered here. As
mentioned above, we consider three classes of scenarios in
which the physical massesMD,MS, andM2=3 introduced in
Eq. (2.4) follow different hierarchies.
First, in Sec. III Awe explore the two cases that can arise

when MQ ≃MT̃ ≲M0
Q. For ϵL < ϵR one finds MD <

MS;M2=3 so that the lightest state T1 is mostly a weak
doublet (case A). If ϵL > ϵR one instead finds MS <
MD;M2=3 and the lightest state is mostly a weak singlet
(case B). Then, in Sec. III B we study case C, in which the
lightest state is mostly an exotic state as M2=3 < MS;MD.
The hierarchy of the ϵL and ϵR parameters then defines
whether the next-to-lightest top partner is mostly a weak
doublet (case C1 with ϵR > ϵL) or a weak singlet (case C2
with ϵL > ϵR).

A. Cases A (MD < MS;M2=3) and B (MS < MD;M2=3)

The process (3.1) is described by Feynman diagrams
containing s-channel virtual photon and Z-boson exchanges.

While the photon-mediated diagrams are only induced by
the photonic dipole operators originating from the
Lagrangian (2.8), the Z-boson-mediated ones receive con-
tributions from both off-diagonal dimension-four gauge
interactions (stemming from gauge-invariant kinetic terms
and fermion mixings) and off-diagonal dimension-five
dipole interactions induced by the Lagrangian (2.8) and
fermion mixings. The relevant interactions are however all
flavor diagonal before electroweak symmetry breaking (i.e.,
they induce a coupling of a SM boson with a pair of identical
vectorlike quarks or top quarks) so that the resulting off-
diagonal couplings (involving, in contrast, a vectorlike
partner and the SM top quark) are suppressed by mixing
angles. As we discuss below, the dimension-four off-diago-
nal Z-boson couplings are suppressed by mt=M, and there-
fore the product of left- and right-handed mixing angles (see
also [36]), and they are typically less important than the
dimension-five dipole interactions (so long as Λ is not too
large) which are suppressed by only one factor of the left- or
right-handed mixing angles of the model.
In scenarios of case A, the lightest top partner T1 ≃ TD is

doubletlike. The particle mixings defined by Eqs. (2.13)
and (2.14), namely

TDL ≃ sLt0L þ cLT0
L; TDR ≃ T0

R;

tL ≃ cLt0L − sLT0
L and tR ≃ cRt0R − sRT̃0

R; ð3:2Þ

then lead to off-diagonal dipole operators in the form of

gY
Λ
½ðOt

LÞ12ðOt
RÞ32 þ ðOt

LÞ13ðOt
RÞ33 þ ðOt

LÞ14ðOt
RÞ34�t̄LσμνTDBμν þ H:c: ð3:3Þ

The mixing prefactor in the square brackets can be simplified to

ðOt
LÞ12ðOt

RÞ32 þ ðOt
LÞ13ðOt

RÞ33 þ ðOt
LÞ14ðOt

RÞ34 ≃ −sL þOðmÞ; ð3:4Þ

so that the expected suppression factor in (3.3) is not as small as the product of the mixing angles sLsR ≃mt=M
[see Eq. (2.17)].
In scenarios typical of case B, the lightest top partner T1 ≃ TS is this time singletlike. Once again, dipole interactions are

found not to suffer from any mt=M suppression. The relevant operator is indeed given by

gY
Λ
½ðOt

LÞ42ðOt
RÞ12 þ ðOt

LÞ43ðOt
RÞ13 þ ðOt

LÞ44ðOt
RÞ14�T̄Sσ

μνtRBμν þ H:c:; ð3:5Þ

and the mixing prefactor is reduced to

ðOt
LÞ42ðOt

RÞ12 þ ðOt
LÞ43ðOt

RÞ13 þ ðOt
LÞ44ðOt

RÞ14 ≃ −sR þOðmÞ: ð3:6Þ

For the similar reason of (2.17), this expression may not be
small, which hence renders off-diagonal dipole interactions
phenomenologically relevant.
In order to assess the production rates of such doublet

and singlet vectorlike partners at future muon colliders, we

present in Fig. 2(a) the production cross sections associated
with the process (3.1) in the case of scenarios of case A for
the lightest vectorlike quark T1 ≃ TD, together with that
relevant for the production of the next-to-lightest partner
T2 ≃ TS. Figure 2(b) is dedicated to scenarios of case B and
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includes cross sections for the two same processes, the
nature of the two lightest top partner eigenstates being
swapped relative to case A (T1 ≃ TS and T2 ≃ TD). Here,
predictions are shown as a function of the partner mass and
for a center-of-mass energy

ffiffiffi
s

p ¼ 10 TeV, and have been
computed at leading order with MadGraph5_aMC@NLO [44],
together with a UFO [45,46] model generated from an
implementation in FeynRules [47,48].
Interestingly, the cross section associated with the single

production of the next-to-lightest top-partner T2 is higher
than that associated with the single production of the
lightest partner T1 in a significant part of the parameter
space. This originates from the ϵL < ϵR condition inherent
to scenarios of case A, and the ϵR < ϵL condition inherent
to scenarios of case B. Such conditions respectively enforce
that the lightest partner is mostly a weak doublet or a weak
singlet. They however also impact the nature of the next-to-
lightest state. In scenarios of case A, their SM and singlet
components are both non-negligible (T2L ≃ T̃0

L and T2R ≃
sRt0R þ cRT̃0

R). Moreover, the condition ϵL < ϵR leads to
sL < sR as follows from (2.15), which in its turn provides
larger T2 dipole couplings. Single vectorlike quark pro-
duction cross sections are consequently larger for the next-
to-lightest singlet state than for the lightest doublet state, at
least before phase space suppression becomes unavoidable
for mT2

≳ 8 TeV. An analogous effect can observed for
scenarios of case B. In this scenario the SM and doublet
components of the next-to-lightest top partner are both
non-negligible (T2L ≃ sLt0Lbþ cLT0

L and T2R ≃ T0
R). The

condition ϵR < ϵL then leads to sR < sL so that the T2

dipole couplings are larger than the T1 ones. Thus, single
T2 production is associated with larger rates than single T1

production (until the kinematic limit is reached).
In Fig. 3 we present isocontours in the ðϵL; ϵRÞ plane for

the mass differences between the lightest top partner and all
other top partners, in the case of a scenario in which
Λ ¼ 20 TeV,mT1

¼ 5 TeV,MQ ¼ MT̃ andM
0
Q ¼ 2.5MQ.

Scenarios of case A correspond to the bottom right regions
of the different subfigures, i.e., where ϵL < ϵR. Conversely,
scenarios of case B are related to the regions in which
ϵR < ϵL, or in other words to the upper-left part of all
subfigures. Our calculations illustrate that the mass differ-
ence between the lightest top partner and the other (up-
type) top partners is small only when both ϵL and ϵR are
relatively large. Indeed, in the regions corresponding to our
cases A and B, the T2 state tends to be significantly heavier
than the T1 state. However, as demonstrated in Fig. 2, this
larger mass difference between the T1 and T2 states is
compensated within the production cross sections by the
patterns of the dipole coupling factors.
The last subpanel of Fig. 3 shows the bottom partner B

and the top partner T1 are generally quite close in mass.
At first glance, this would seem to suggest that single
production of bottom partners could be an interesting
discovery channel. However, the process μþμ− →
B̄bþ b̄B does not give rise to an enhanced production
of final-state top quarks. Although the difference in terms
of production cross section is small, bottom-partner

(a) (b)

FIG. 2. Total production cross section for the processes μþμ− → T1;2 t̄ðþH:c:Þ as a function of the top partner mass and for a center-of-
mass energy

ffiffiffi
s

p ¼ 10 TeV.We consider (a) scenarios of case AwithMD < MS;M2=3 and (b) scenarios of case B withMS < MD;M2=3.
The reason why the production of the second-lightest partner dominates at low masses is discussed in the narrative. (Note that these two
sets of curves are very similar, a reflection of the near symmetry of the parameter-space region shown the upper right panel of Fig. 1
under ϵL ↔ ϵR.).
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production leads to a different signature that is expected to
be less easily observable than when top quarks are involved
and thus less suitable as a discovery channel. This will be
explored in a future study.
Finally, the exotic state T5=3 is often very heavy, with a

mass similar to that of the T3 state. Being much heavier
than the T1 and T2 states, the T3 and T5=3 states are only
expected to mildly contribute to the signal considered, and
their impact is therefore ignored below.
In Fig. 4, we focus on the branching fractions relevant

for the signatures originating from the production of the
lightest top-partner T1. Predictions are shown in the
ðϵL; ϵRÞ plane, for the same parameters as in Fig. 3 so
that scenarios of case A and B are again those realized in

the bottom-right and upper-left regions of the planes
respectively. The leading decay channels of the doubletlike
vectorlike quark TD are the two modes TD → th and
TD → tZ, the two branching ratios being equal for large
values ofMD ≫ mW according to the equivalence theorem.
In addition, the chromomagnetic dipole-induced channel
TD → tg is associated with a sizable branching fraction
when sL is large. On the other hand, the leading decay
channels of the singletlike vectorlike quark TS are the
modes TS → th, TS → tZ and TS → bWþ, the relation
BrðTS → thÞ ¼ BrðTS → tZÞ ¼ 2×BrðTS → bWþÞ being
satisfied at large values of MS ≫ mW according to the
equivalence theorem. Similarly to the doublet case, the
dipole induced decay mode TS → tg has a sizable

(a) (b)

(c) (d)

FIG. 3. Isocontours for the differences between the mass of the T1 quark and that of (a) the T2 quark, (b) the T3 quark, (c) the T5=3
quark, and (d) the B1 quark. Predictions are presented in the ðϵL; ϵRÞ plane, for Λ ¼ 20 TeV, mT1

¼ 5 TeV, MQ ¼ MT̃ , and
M0

Q ¼ 2.5MQ. Parameter space regions leading to incompatibilities with constraints originating from electroweak precision tests are
shown as cyan areas. (In panels (b) and (c) we see that in this region T3 and T5=3, which are approximately the two members of the exotic
weak doublet, are nearly degenerate.).
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branching fraction when sR is large. Consequently, the
muon-collider signatures inherent to the single production
of the two lightest vectorlike quarks when they are made of
weak doublet or singlet components can be associated with
a copious production of top quarks, often together
with either Higgs bosons or weak bosons, and sometimes
with jets. This feature is crucial to our analysis in Sec. IV.

B. Case C: M2=3 < MD;MS

When M0
Q ≲MQ ≃MT̃ , the T1 ≃ T2=3 state is the light-

est top partner. In contrast with the scenarios studied in
Sec. III A, the single production cross section associated
with the process (3.1) is suppressed by an Oðmt=MÞ factor
stemming from the elements of the top partner mixing
matrices. The relevant dipole interactions are given by

gY
Λ
½ðOt

LÞ22ðOt
RÞ12 þ ðOt

LÞ23ðOt
RÞ13 þ ðOt

LÞ24ðOt
RÞ14�T̄2=3σ

μνtRBμν þ H:c:; ð3:7Þ

(a) (b)

(c) (d)

FIG. 4. Isocontours for the branching ratios associated with T1 quark decays. Predictions are shown in the ðϵL; ϵRÞ plane, for
Λ ¼ 20 TeV, mT1

¼ 5 TeV,MQ ¼ MT̃ , andM
0
Q ¼ 2.5MQ. We consider decays into (a) a th system, (b) a bW system, (c) a tZ system,

and (d) a tg system. Parameter space regions leading to incompatibilities with constraints originating from electroweak precision tests
are shown as cyan areas.
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with the prefactor in the square brackets getting reduced to
a quantity of Oðmt=MÞ by virtue of (2.13) and (2.14),

ðOt
LÞ22ðOt

RÞ12 þ ðOt
LÞ23ðOt

RÞ13 þ ðOt
LÞ24ðOt

RÞ14
∼Oðmt=MÞ: ð3:8Þ

The single production rate of the process pp → tT̄1 þ t̄T1

is therefore expected to be smaller than for the scenarios of
cases A and B treated in Sec. III A.
This is illustrated in Fig. 5, in which we present the

dependence of the total cross section as a function of the
top-partner mass for a muon-collider center-of-mass energy
of 10 TeV. We consider here a new physics configuration
in which Λ ¼ 20 TeV, mT1

¼ 5 TeV, MQ ¼ MT̃ ¼ M0
Q,

and which then leads to scenarios of case C in which
M2=3 < MD < MS or M2=3 < MS < MD. The T1 single
production rate (shown in red) is indeed seen to be smaller
than what we showed for cases A and B in Fig. 2 for similar
mT1

values, due to the presence of the Oðmt=MÞ suppres-
sion inherent to case C.
The next-to-lightest state, whether doubletlike (case C1)

or singletlike (case C2), is therefore expected to have a
larger cross section than T1, despite the fact that T2 is
heavier than T1. These expectations are all confirmed in the
production cross sections presented in Figs. 5(a) and 5(b)
for the cases C1 and C2, respectively. As in cases A and B,
the heavier states’ production rates dramatically drop once
we approach the kinematic production threshold; here,
however the rates related to T1 single production also fall
too low to yield any observable signal.
In Fig. 6, we present isocontours in the ðϵL; ϵRÞ plane for

the mass differences between the lightest exotic T1 quark

and all other top and bottom partners. We consider
again scenarios in which Λ ¼ 20 TeV, mT1

¼ 5 TeV,
MQ ¼ MT̃ ¼ M0

Q. Scenarios of case C1 can be found in
the bottom-right part of each subfigure, whereas scenarios
of case C2 correspond to configurations from the upper-left
part of the subfigures. The latter are thus subject to (mild)
constraints related to electroweak precision tests. The
parameter ϵR must, due to weak isospin constraints, indeed
be larger than about 0.3 regardless of the value of ϵL, as
depicted by the cyan areas on the subfigures.
In scenarios of type C1 featuring both a large ϵR value

and a small ϵL value, the lighter two states T1 and T2 are
often close enough in mass to both contribute to the
associated new physics signal at muon colliders, as
demonstrated in Fig. 5 in which the associated production
rates are analyzed. Similarly, the bottom partner and the
exotic T5=3 state are found not to be too much heavier
(by construction). Consequently, the bottom partner
induces new physics signals that are potentially observ-
able at muon colliders; as discussed previously and
further below, because these result in far more complex
final states we defer their study to future work. In
contrast, the T5=3 state can only be produced either in
pairs, or singly with several additional final-state par-
ticles. Since both T5=3 production mechanisms are less
phase-space efficient than that of (3.1), we will not
considered these modes further in this work.
On the other hand, for smaller ϵR values and/or larger ϵL

values (and thus for scenarios of case C2), the T1 and T5=3

states are the only light new physics degrees of freedom.
Whereas the T2 state is heavier, its associated production
rate with a top quark is large enough for a potential
contribution to the signal, as shown in Fig. 5(b).

(a) (b)

FIG. 5. Same as in Fig. 2, but for scenarios featuring (a) M2=3 < MD < MS (case C1) and (b) M2=3 < MS < MD (case C2).
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Figure 7 is dedicated, for these scenarios of case C, to
the branching fractions of the lightest top-partner
T1 ≃ T2=3. Results are again presented in the ðϵL; ϵRÞ
plane. The leading decay channels consists of the proc-
esses T2=3 → th, T2=3 → tZ and T2=3 → bWþ. For mod-
erate and large ϵR values (ϵR < 0.5), neutral decay modes
dominate, whereas the charged channel T2=3 → bWþ is
also significant in other regions. The single production of
the lightest T2=3 quark therefore leads to final states
enriched in top quarks. However, this process turns to
be suppressed relative to the production of the next-to-
lightest state T2, as shown in Fig. 5. It is therefore
important to additionally consider the production of the
second lightest top partners T2 ≃ TD or T2 ≃ TS in
scenarios of case C1 and C2 respectively, as well as that
of the bottom partner B.

Let us next consider B production briefly, by contrasting
the muon collider situation with the more familiar case at
the LHC. The gb → B production mode that is relevant for
proton-proton collisions is enhanced by the partonic
luminosity associated with the bottom quark and the gluon
[32,33]. This channel could therefore be a discovery mode
at proton-proton colliders, even if the B quark is (moder-
ately) heavier than the T quarks of the model. Several
cascade decay modes that would be important in LHC
searches are typical of scenarios of case C2, and could lead
to an enhancement of top production; for instance the decay
B → T2W− followed by T2 → T2=3h, T2=3Z or T5=3W−. At
a muon collider, the bottom partner B could also be singly
produced through the process μþμ− → b̄Bþ B̄b, and then
dominantly decay via the two channels B → tW− and
B → bg. The first contributes to additional top quark

(a) (b)

(c) (d)

FIG. 6. Same as in Fig. 3 but for the scenarios in which Λ ¼ 20 TeV, mT1
¼ 5 TeV, and MQ ¼ MT̃ ¼ M0

Q.
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production induced by new physics, but with a smaller top
quark multiplicity than for vectorlike top production; the
second does not involve final state top quarks and, as such,
lies beyond the scope of this paper. Overall, then, we will
focus on the production of the top partners only, the main
and most straightforward probe of the model.
In order to assess the full new physics signatures relevant

for scenarios of cases C1 and C2, we will now investigate
the prospects for discovering the next-to-lightest state T2.
When T2 ≃ TD (which occurs for ϵL < ϵR), then the
condition M2=3 < MD < MS is realized. In this setup,
the decay pattern of the doublet state TD is similar to
what we described in Sec. III A. The main decay modes of
this state are, again, TD → th, TD → tZ, and TD → tg, as
illustrated in Fig. 8 where scenarios of case C1 are reflected
in the bottom-right parts of the different subfigures.

When T2 ≃ TS is the second lightest state the situation is
largely different. In this case, M2=3 < MS < MD, or equiv-
alently ϵL > ϵR. In the usual ðϵL; ϵRÞ planes displayed in the
figures, this corresponds to the upper-left regions. Figure 8,
reveals that T2 decays rates into SM final states are quite
suppressed; each individual branching ratio associated with
any of the decays T2 → th, bW, tZ and tg being below a few
percent. The singlet state TS instead preferably decays into a
SM boson plus one of the lighter T2=3 and T5=3 exotic states,
as illustrated in Fig. 9. Those decays originate from the
Yukawa coupling of the exotic quark doublet Q0

2 to the T̃
state given in (2.4). The results presented in the various
subfigures also depict that, in agreement with the equiv-
alence theorem, BrðTS → T2=3hÞ ¼ BrðTS → T2=3ZÞ ¼
2BrðTS → T5=3W−Þ for the regions of the parameter space
that feature large mass splitting MS −M2=3 ≫ mW .

(a) (b)

(c) (d)

FIG. 7. Same as in Fig. 4 but for the scenarios in which Λ ¼ 20 TeV, mT1
¼ 5 TeV, and MQ ¼ MT̃ ¼ M0

Q.

BELYAEV, CHIVUKULA, FUKS, SIMMONS, and WANG PHYS. REV. D 108, 035016 (2023)

035016-14



IV. PROJECTED SENSITIVITY AT FUTURE
MUON COLLIDERS

On the basis of the findings of the previous section, we
now estimate the projected sensitivities of several future
muon colliders, exploring different benchmark choices of
the collider energies and the corresponding integrated
luminosities. We consider

ffiffiffi
s

p ¼ 3; 6; 10; 14 and 30 TeV; for

L ¼ 1; 4; 10; 20 and 90 ab−1; ð4:1Þ

together with the signal processes

μþμ− → T1;2t̄þ tT̄1;2: ð4:2Þ

As shown in the previous section, for all classes of
scenarios investigated it is crucial to consider the pro-
duction of the two lightest top partners as the rate
associated with T2 single production is often larger than
that corresponding to T1 single production (see Figs. 2
and 5). In our analysis, we include all non-negligible
decay channels of the top partners discussed in the
previous section, even those that would be omitted at
hadron colliders due to the large associated SM back-
ground. Due to the clean environment at any future muon
collider machine currently discussed within the commu-
nity, any signal has the potential to be observed. As a
consequence of the varied set of signal signatures
explored, we account for the following ensemble of
irreducible SM background processes:

(a) (b)

(c) (d)

FIG. 8. Same as in Fig. 7, but for the next-to-lightest state T2 and the decay modes (a) T2 → th, (b) T2 → bW, (c) T2 → tZ, and
(d) T2 → tg.
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μþμ− → tt̄h; μþμ− → tt̄Z; μþμ− → tt̄g;

μþμ− → bt̄Wþ þ tb̄W−;

μþμ− → tt̄hh; μþμ− → tt̄hZ;

μþμ− → tt̄ZZ; μþμ− → tt̄WþW−: ð4:3Þ

In order to design and conduct our analysis, we then
generate leading-order events for all background and
signal processes by means of MadGraph5_aMC@NLO [44].
For the signal, as in Sec. III we make use of an
implementation of our model in FeynRules [47,48] to
generate a UFO model [45,46] that can be employed
within MadGraph5_aMC@NLO.
Final-state configurations typical of our signal imply

that the decay products of the top-partner are boosted.

Moreover, the top quark produced in association with the
vectorlike quark may or may not be boosted, depending on
the available energy budget. While boosted objects can
generally be reconstructed by means of various techniques
from their collimated decay products (see Ref. [49] for an
overview of recent machine-learning-based methods, for
instance), we do not further model the decay of the heavy
SM particles (top, Z, W, and Higgs bosons) in our
simulation chain for simplicity. We instead assume that
these particles can be reconstructed with certain efficiencies
and resolutions [50–52]. Our choices are listed in Table I
for objects produced with a pseudorapidity jηj < 1.5 (our
analysis focusing on the central region of the detector).
The most powerful selection cut that suppresses all

contributions to the irreducible background exploits the
reconstruction of the invariant mass of the top partners

(a) (b)

(c) (d)

FIG. 9. Same as in Fig. 8, but for T2 decays into a (a) T1h system, (b) a T1Z system, (c) a T1g system (note the extremely small
branching ratios), and (d) a T5=3W system.

BELYAEV, CHIVUKULA, FUKS, SIMMONS, and WANG PHYS. REV. D 108, 035016 (2023)

035016-16



produced in the processes (4.2). In this analysis, we
require that the reconstructed top-partner invariant mass
mTi;reco (for i ¼ 1, 2) lies within 15% of the top-partner
target mass mTi

,

jmTi;reco −mTi
j

mTi

< 0.15; ð4:4Þ

such a cut being motivated by the adopted detector
energy resolution. To estimate quantitatively the sensitivity
of the future muon colliders considered to the signals
considered (T1 and T2 single production, followed by their
decay in a specific channel), we estimate their statistical
significance Z [53,54]

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

�
ðSþ BÞ ln Sþ B

B
− S

�s
; ð4:5Þ

where S and B are the numbers of signal and background
events surviving after all selection cuts respectively. In our
analysis, we compute the sensitivity associated with each
possible decay of the two top partners considered, in order
to assess the most impactful channels at future muon
collider projects.
In Fig. 10, we display estimated sensitivities to the model

considered for a muon collider expected to operate at a
center-of-mass energy

ffiffiffi
s

p ¼ 10 TeV. The results for the
collider sensitivity, computed at 95% confidence level
(corresponding to Z ¼ 1.96), are shown for the four classes
of benchmark scenarios adopted, namely for scenarios of
case A (upper-left), case B (upper-right), case C1 (lower-
left), and case C2 (lower-right). Our predictions are
provided in the ðmT1

;ΛÞ plane for new physics configu-
rations in which MQ ¼ MT̃ and M0

Q ¼ 2.5MQ for cases A
and B, and for configurations in which MQ ¼ MT̃ ¼ MQ

for cases C1 and C2. In addition, the values of the ϵ
parameters are chosen to be either ϵL ¼ 0.6 and ϵR ¼ 1.5
(cases A and C1) or ϵL ¼ 1.5 and ϵR ¼ 0.6 (cases B
and C2). As already mentioned above, we independently
assess the sensitivity as would be obtained by considering
one specific signal of the model. We hence focus on single

T1 production followed by a decay into a th system (solid
green), a tZ system (solid red), a bW system (solid blue),
and a tg system (solid magenta), as well as T2 single
production followed by a decay into a thZ system (dashed
red), a tZZ system (dashed green), and tWW system
(dashed blue).
In the context of scenarios of case A (upper left panel of

Fig. 10), the lightest top-partner is doubletlike so that the
most promising channels involve the decays T1 → th
and tZ (green and red solid lines, respectively). For
Λ ≃ 20 TeV, top-partner masses up to mT1

¼ 9.3 TeV
can be probed, that turn out to be very close to the
kinematic threshold thanks to the advantage of single
production with respect to pair production modes.
On the other hand, the sensitivity originating from the
T1 → tg channel, shown through the magenta contour, is
negligible due to the suppression of the corresponding
interaction strengths at Λ values greater than 20 TeV. The
decrease of the corresponding sensitivity for lower masses
mT1

additionally stems from the chirality flip inherent to
the corresponding decay amplitude. This implies that the
partial width has a much stronger dependence on mT1

.
The cross section associated with the single production of
the singletlike T2 state in case A is larger than that of the
heavier doubletlike T1 states for mT1

≲ 5.25 TeV (see
Fig. 2). It however only plays a role in a region of the
parameter space in which the sensitivity of T1 production is
already very significant, scales larger than about 70 TeV
being reachable. The corresponding results are thus omitted
for simplicity, as T1 production alone is sufficient to fully
probe the model.
Swapping the values of the ϵL and ϵR parameters (with

all other parameters unchanged), we obtain scenarios of
case B in which the lightest top-partner is singletlike (upper
right panel of Fig. 10). The decay mode T1 → bWþ yields
the most sensitive channel due to the large associated
branching fraction (blue solid line). However, T1 decays
into a th and tZ system also contribute, to a small extent.
As for scenarios of case A, for a new physics scale of
Λ ≃ 20 TeV top partners with masses ranging up to mT1

¼
9.2 TeV can be probed. In case B the production of a single
doubletlike T2 state is as large as that of a T1 state (see
Fig. 2). Yet, as for scenarios of case A, the associated
bounds are omitted from the figure as T1 production alone
suffices to probe the model.
We now move on with scenarios in which MQ ¼ MT̃ ¼

MQ, and that represent models of cases C1 and C2. Here,
the lightest top-partner is of an exotic nature. Consequently,
the sensitivity of a future muon collider operating at

ffiffiffi
s

p ¼
10 TeV is not as good as for scenarios A and B, if one is
solely focused on T1 ≃ T2=3 production and decay (solid
lines on the two lower panels of Fig. 10). The production
cross sections are smaller (see Fig. 5), and the decay
patterns are different. However, in these cases, the next-to-
lightest state T2 is either doubletlike (case C1) or singletlike

TABLE I. Adopted reconstruction efficiencies and energy
resolution for the reconstruction of boosted W and Z bosons,
Higgs bosons and top quarks. Those values refer to objects
produced in the central region of the detector, with a pseudor-
apidity satisfying jηj < 1.5.

Final-state
object

Reconstruction
efficiency

Energy
resolution

W=Z boson 80% 8%
h boson 50% 10%
Top quark 70% 8%
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(case C2), and often not much heavier than T1. Its single
production cross section exceeds that for T1 states in a large
part of the parameter space, and it could thus be used as a
second handle on the model (dashed lines in the figures). As
depicted in Fig. 9, the T2 state cascade decays into other top
partners that themselves give rise to a final state composed of
SM particles. The most relevant signatures stemming from
T2 single production are thus one top quark plus a pair of
weak or Higgs boson. The dominant channel turns out to be
tWW (dashed blue), followed by the roughly equal thZ and
tZZ modes (dashed green and red, respectively). For an

effective scale of 20 TeV, T2 states with masses ranging up to
mT2

¼ 9.2 TeV (and thus very close to the kinematic
production threshold) can be probed for case C1, which
corresponds to exotic T1 quarks of masses mT1

¼ 8 TeV.
For scenarios of case C2 (again with an effective scale
Λ ≃ 20 TeV), the limits are slightly degraded due to the
more complex decay paths of the singletlike T2 states, which
can only be probed for mT2

values ranging up to 9.2 TeV.
Here, this corresponds to mT1

¼ 7.8 TeV.
In Fig. 11, we extend our findings to the different muon

collider options of (4.1). We focus on the same classes of

(a) (b)

(c) (d)

FIG. 10. Sensitivity of a muon collider operating at
ffiffiffi
s

p ¼ 10 TeV to our model from various top-partner single production and decay
channels. Predictions are provided at 95% confidence level for the decays T1 → th (solid green), T1 → tZ (solid red), T1 → bW (solid
blue), T1 → tg (solid magenta), T2 → thZ (dashed red), T2 → tZZ (dashed green), and T2 → tWW (dashed blue), and for scenarios of
case (a) A, (b) B, (c) C1, and (d) C2. We use the same parameter values as in Figs. 2 and 5.
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scenarios as before, but instead of displaying the bounds
relevant for a specific production and decay mode we
combine them in quadrature for a given top partner. The T2

and T1 channels are thus displayed separately for scenarios
within cases C1 and C2. We observe that for all collider
configurations considered, T1 masses very close to the
kinematic threshold can be reached, for very large effective
scales of several dozens of TeV. For smaller masses, scales
up to 100 TeV can sometimes even be probed. This further
justifies our neglect of the T2 contributions to the sensitivity
for scenarios of case A and B. Muon collider machines

currently scrutinized by the community are therefore
perfect projects for an optimal coverage of the simplified
(and realistic) parametrization of composite theories that
we have studied in this work.

V. CONCLUSIONS

In this work, we explored how future muon collider
projects under discussion within the high-energy physics
community could be sensitive to top partners typical of
dynamical models of electroweak symmetry breaking.

(a) (b)

(c) (d)

FIG. 11. Sensitivity of several potential future muon colliders to the model considered. We focus on center-of-mass energies
ffiffiffi
s

p ¼ 3

(green), 6 (red), 10 (blue), 14 (magenta), and 30 TeV (brown), and respective luminosities of L ¼ 1, 4, 10, 20, and 90 ab−1. We display
the sensitivity at 95% confidence level after a combination (in quadrature) of all relevant channels for scenarios of case (a) A, (b) B,
(c) C1, and (d) C2. T1 and T2 single production contributions are shown separately.
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Such new physics constructions must include several weak
multiplets of top partners in order to provide an explanation
for the mass of the top quark, while not yielding phenom-
enologically unacceptable new contributions to electro-
weak precision observables. Moreover, magnetic dipole
operators are usually predicted in addition to the usual
minimal gauge interactions. After the diagonalization of the
fermionic sector and electroweak symmetry breaking, off-
diagonal dimension-four and dimension-five operators are
generated by the mixing structure of the various top
partners with the SM quarks. These operators, which
feature the coupling of one top partner to the SM top
quark plus an electroweak gauge boson, could be exploited
to test the model at future high-energy colliders.
More precisely, we investigated to which extent potential

future muon colliders could be sensitive to some of the
model’s signatures. The signal considered assumes that the
top partner is singly produced in association with a SM top
quark, such a process being followed by a top partner decay
into (at least) one SM weak boson and a second top quark.
This production mode is phase-space enhanced relative to
top-partner pair production, and it features a larger asso-
ciated cross section by virtue of the presence of transition
magnetic operators in the theory. In order to assess the
sensitivity of the future machines considered (with center-
of-mass energies ranging from 3 TeV to 30 TeV and
integrated luminosities lying between 1 ab−1 and 90 ab−1),
we construct a phenomenological model for third-
generation quarks and their partners. The model is enforced
to satisfy an extended custodial symmetry so that both
the W-boson and Z-boson masses are protected from
receiving large quantum corrections, which renders the
model viable in light of current electroweak data.

The obtained parameter space has six degrees of freedom
that we vary freely, which allows us to define four classes
of representative scenarios. These scenarios feature similar
top partner masses, but differ by the nature of the
predominant SUð2ÞL representation of the partner mass
eigenstates. We demonstrate that at least one (and often
more than one) of the extra vectorlike states can be studied
at high-energy muon colliders in any given scenario, and
therefore potentially discovered. For a few representative
benchmark scenarios, we then determine the typical acces-
sible masses by means of an analysis exploiting the boosted
nature of the produced final-state objects (after the decay of
the top partners). The bounds on the top partners are found
to range up to almost the kinematic production threshold,
especially once all decay modes of the extra quarks are
combined. Moreover, this statement is found to hold
regardless of the composite scale, that could be as large
as about 100 TeV.
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