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1 Introduction

Recently, there has been a growing interest in high energy muon colliders [1–3], inspired
by the physics potential in both precision measurement and resonance searches [4–46].
Recent encouraging developments include the demonstration of the cooling from MICE
collaboration [47], the establishment of the International Muon Collider Collaboration [48],
and the recent endorsement in the report of US Particle Physics Project Prioritization
Panel [49]. Detailed studies of the physics potential are ongoing. In this paper, we will study
the prospects of searching for the heavy resonances in composite Higgs models at a 10 TeV
high energy muon collider with an integrated luminosity up to 10 ab−1. We will focus on the
minimal composite Higgs model (MCHM) that is based on the global symmetry breaking
pattern of SO(5)/SO(4) to address the naturalness problem [50, 51]. We consider the spin-1
resonances of (3, 1) representation of the unbroken SO(4) ≃ SU(2)L × SU(2)R and fermionic
resonances (top partners) in the (2, 2) representation. Studying other representations and
taking into account the interplay between spin-1 and fermionic resonances is also interesting,
which we leave for future work.

This paper is organized as follows. In section 2, we will discuss the production and decay
channels of the spin-1 resonances, and present the expected reach on the masses and couplings.
Then we turn to the top partners in section 3, studying the phenomenology and presenting the
projected reach. The details of the model under consideration are described in appendix A.
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Figure 1. Feynamn diagrams for the single production of ρ-resonances through ρV associated
production (left) and VBF production (right). Other final states are obtained by the proper changes
of internal/final particles as required by electric charge conservation.

2 The spin-1 resonances ρ±,0 ∈ (3, 1)

In this section, we investigate the potential reach in mass scale and coupling for the (3, 1)
spin-1 ρ-resonances of the strong dynamics sector. For a comprehensive description of the
models, we refer to refs. [52–55]. A summary of the Lagrangian, relevant mass matrices,
and couplings can be found in appendix A.

2.1 Production and decay

The ρ resonances couple to the Standard Model (SM) bosons via the effective Lagrangian:

L ≈
m2

ρ

gρ
ρa

µ

(
gW a

µ − 1
f2 H†σa

2 i
↔
DµH

)
, (2.1)

where gρ ∼ 4π/
√

N with N the number of “hyper color” of the strong dynamics sector and f

is the decay constant of the Goldstone matrix defined in eq. (A.3). mρ is the Lagrangian mass
parameter as in eq. (A.6) and the physical mass of ρ is roughly given by Mρ ≈ mρgρ/

√
g2

ρ − g2

for small ξ = v2/f2. The first term in eq. (2.1) implies a mixing angle θ ≈ g/gρ between
ρa and W a, and hence ρ couples to the SM fermions with a strength of ≈ g2/gρ; and the
second term provides the ρV V (V = W±, Z) vertex through the Goldstone equivalence
theorem. As a result, the ρ±,0 resonances can be singly produced at a µ+µ− collider mainly
via two types of processes: the electroweak (EW) gauge boson associated production (denoted
as ρV production)1

µ+µ− → ρ±W∓, µ+µ− → ρ0Z, ρ0γ; (2.2)

and vector boson fusion (VBF), i.e.{
µ+µ− → ρ+µ−ν̄µ, ρ−µ+νµ, (W±Z fusion);
µ+µ− → ρ−νµν̄µ, ρ0µ+µ−, (W +W−/ZZ fusion).

(2.3)

The examples of Feynman diagrams of these processes are shown figure 1. The former
production mechanism was called “radiative return” in the literature [56]. Its cross section is

1Our model is the CCWZ effective field theory which works below the cutoff scale 4πf . The quadratic
energy-growing behaviors of the amplitudes occur in the longitudinal W , ρ scatterings. For the radiative return
processes µ+µ− → ρV considered in our paper, the possible energy-growing behaviors will have negligible
impact in our projection. We have verified the 1/s scaling of the 2 → 2 radiative return cross sections via
Monte Carlo simulation and analytical calculation.
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Figure 2. Illustrations for the ρ resonances pair production Feynman diagrams. Left panel: µ+µ−

annihilation; right panel: VBF production. Other final states are obtained by the proper changes of
labels of internal/final particles as required by electric charge conservation.

proportional to the square of the ρff̄ , thus scales as g4/g2
ρ at the leading order (LO). The rate

of VBF production can be estimated by using the effective W approximation [57–59], which
states that the total cross section can be written as the SM gauge boson PDFs convoluted
with the partonic cross sections. We expect that the cross section is dominated by the
longitudinal W±, Z gauge boson subprocesses as the ρ resonances couple strongly to the
longitudinal components. The ratio between the VBF production cross section and the
associated production ρV cross section will scale like g4

ρ at fixed mass Mρ.
In addition to the single production, the ρ resonances can also be produced in pairs at

the muon collider. They can be produced either by µ+µ− annihilation:

µ+µ− → ρ+ρ−, µ+µ− → ρ0ρ0, (2.4)

or by VBF:

µ+µ− → ρ+ρ−µ+µ−, ρ+ρ−νµν̄µ, µ+µ− → ρ0ρ0νµν̄µ. (2.5)

The relevant Feynman diagrams are shown in figure 2. Among the annihilation processes,
the cross section of ρ+ρ+ is mainly determined by their EW couplings to the Z and γ gauge
bosons, which are insensitive to the value of gρ, especially at large gρ. On the contrary, the
cross section of ρ0ρ0 is suppressed by their couplings to the muon and neutrino as g8/g4

ρ

and is negligible in most of the parameter space. For the W +W−/ZZ fusion processes,
we expect that their cross sections are mainly determined by their strong coupling to the
longitudinal components of the W±/Z-bosons and thus scale like g4

ρ. The γγ fusion process
is dominated by the electric coupling of the ρ±, while the Zγ fusion has a g2

ρ scaling between
the two extreme cases.

In figure 3, we show the production cross sections of the ρ resonances as functions
of the mass Mρ by choosing gρ = 4 (8) at muon colliders with

√
s = 10TeV. The cross

sections are calculated at LO by using MadGraph5aMC@NLO [60]. For the µ+µ− → ρ0νµν̄µ

and µ+µ− → ρ±µ∓νµ processes, to select the VBF contribution, we have required the
recoil mass to be

Mrecoil =
√
(pµ+ + pµ− − pρ)2 > 1 TeV, (2.6)

to eliminate the contributions from ρ±W∓(→ µ±νµ) or ρ0Z(→ νµν̄µ). For the ρ0γ channel,
we have presented two lines: keeping the finite muon mass Mµ ≈ 105.7MeV or putting
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Figure 3. The ρ resonances production rates at muon colliders with
√

s = 10TeV for different
gρ (gρ = 4 for the left panel and gρ = 8 for the right panel). The ξ is derived by assuming
aρ = mρ/(gρf) = 1/

√
2, where mρ is the Lagrangian mass parameter as shown in eq. (A.6).

cuts |ηγ | < 2.5 on the photon to remove the collinear divergence.2 For the pair production,
due to their smallness, we only show the µ+µ− annihilation production of ρ+ρ− and will
not discuss them further.

We can see that while the VBF production cross section decreases as the mass Mρ

increases, the ρV associated production cross section increases as the mass Mρ increases
toward the center-of-mass energy of the muons. This behavior can be understood as the
infrared (IR) enhancement of t-channel processes [16, 56]. For example, the ρ0γ associated
production rate is

dσ(ρ0γ)
d cos θγ

≈
(
g2e/gρ

)2
256π2√sEγ sin2 θγ

(1 + M2
ρ

s

)2

+
(
1−

M2
ρ

s

)2

cos2 θγ

 , (2.7)

where Eγ = (s − M2
ρ )/(2

√
s) and θγ are the energy and polar angle of the final state photon,

respectively. The cross-section diverges for Eγ → 0 and sin θγ → 0, corresponding to the soft
and collinear IR divergence, respectively. For ρ±W∓ and ρ0Z associated productions, the final
state SM gauge boson can be treated as massless at a multi-TeV muon collider and hence the
cross sections show similar behavior at s ∼ M2

ρ . From the above equation, one also obtains the
logarithmic enhancement of the production rate at larger s by integrating over the angle θγ .
From the figures, we can infer that at 10 TeV muon collider for gρ = 4 (8), the VBF production
of neutral ρ resonance dominates over associated production for Mρ ≲ 4.2 (6.4)TeV, while
for the charged ρ resonance, VBF production dominates for Mρ ≲ 2 (4)TeV.

For the decay of the ρ resonances, we consider the decay channels into SM particles and
neglect the possible interactions between the ρ resonances and the top partners. The relevant
final states are di-boson (W±Z/W±h, W +W−/Zh), di-leptons (ℓ−ν̄ℓ/ℓ+νℓ, ℓ+ℓ−/νℓν̄ℓ) and
di-quarks (qq̄(′)). Neglecting the partial compositeness of the third generation quarks, the
SM fermions couple to ρ only via the gauge mixing, yielding a universal coupling g2/gρ.

2The results are quite different, demonstrating a significant contribution from the collinear radiation. A
proper treatment is needed to obtain an accurate cross section, which we will leave for future work. Due to its
smaller rate, we will not use this channel to set our projection.
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Figure 4. Illustrations for the ρ resonances decay branching ratios without top partners. Mρ = 4TeV
and aρ = mρ/(gρf) = 1/

√
2 are adopted as the benchmark.

On the other hand, the SM longitudinal gauge bosons and Higgs boson couple to ρ via the
Goldstone current, which is proportional to gρ. As a result, the decay branching ratios of
ρ have very clear scaling features, e.g.

Γ(ρ− → jj) ≈ Nc × Γ(ρ− → ℓ−ν̄ℓ) ≈ Nf Nc
g2Mρ

48πg2
ρ

,

Γ(ρ− → W−Z) ≈ Γ(ρ− → W−h) ≈
a4

ρg2
ρMρ

192π
,

(2.8)

where Nf = 3, Nc = 3, and the parameter aρ = mρ/(gρf). Similar results can be obtained in
the ρ0 decay. As illustrated in figure 4, this analytical approximation matches very well with
the full numerical result, which is obtained by diagonalizing the mass matrices numerically.
We have checked that the triple-boson channels, such as ρ+ → W +ZZ and W +hh, are around
one order of magnitude smaller than the di-boson channels (by taking Mρ = 4TeV and testing
different gρ values), thus we will not consider them in the following projected reach discussion.

2.2 Projected reach

Let’s now turn to the expected reach on the parameter space (Mρ, gρ) in our model at the
10 TeV high energy muon collider with an integrated luminosity up to 10 ab−1. According to
the decay branching ratio discussed above, we will consider the di-boson and di-lepton/lepton-
neutrino decay final states of ρ to probe the large and small gρ regions, respectively. For
the ρV production channels, we consider the two processes

µ+µ− → ρ±(→ W±Z)W∓, ρ0(→ W +W−)Z, (2.9)

which result in the same W +W−Z final state; and the leptonically decaying channel of
the charged ρ± resonance,

µ+µ− → ρ±(→ e±νe)W∓. (2.10)

The ρ± → µ±νµ decay channel has almost the same cross section as the electron channel, but
it suffers from extra SM backgrounds such as the VBF production of the W± boson, thus
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Figure 5. The pT and η distributions of the signal and main background process of the W +W −Z

channel for Mρ = 8TeV and gρ = 4, before applying any selection cuts. Vi labels the vector boson
fat-jets ordered by pT , where V1 is the leading jet.

we do not consider it here for simplicity. For the VBF production, we exploit the W +W−

decay channel of the neutral resonance:

µ+µ− → ρ0(→ W +W−)νµν̄µ, (2.11)

while the cross section of charged ones is a factor of ∼ 2 smaller, as illustrated in figure 3.
Since we are mainly interested in the regime of Mρ ≳ TeV, the final state vector bosons

from the ρ decay are highly boosted so that they can be treated as fat-jets. We perform the
event simulation at parton level with the MadGraph5aMC@NLO event generator [60]. Although
no decays of the W±, Z bosons are simulated, we consider the hadronically decaying channels
of the W±, Z bosons by simply multiplying the decay branch ratios, BR(W → jj) ≈ 67%
and BR(Z → jj) ≈ 70% [61], and applying tagging efficiencies. As a conservative estimate,
we only make use of the hadronic decay channels. The leptonic decay channels of the W±

and Z bosons can be combined to further improve the sensitivity. In figure 5, we have plotted
the event distributions for transverse momentum pT and the pseudorapidity η of the three
SM gauge bosons for the benchmark Mρ = 8TeV and gρ = 4. Here V1,2,3 are ordered by
their pT . We can see that the leading and sub-leading V ’s of the signal process are very
central, and show clear Jacobi peaks at pT ∼ Mρ/2 = 4TeV. The third V is softer, but
still harder than the SM background.

We select the events with boosted jets with

pT > 500 GeV, |η| < 2.44, (2.12)

separated by ∆R > 1.0, and adopt the tagging efficiencies listed in appendix B. The tagging
and mis-tagging rates are taken from ref. [62] from the simulations by the CMS collaboration
using the Boosted Event Shape Tagger (BEST) at the 13 TeV LHC. In addition, we have
applied 5% energy smearing on the momenta of the jets. We require three boosted V -jets
for the ρ±W∓/ρ0Z → W +W−Z channel, two boosted V -jets for the ρ0νµν̄µ → W +W−νµν̄µ

channel, and one boosted V -jet for the ρ±W∓ → e±νeW∓ channel. For the e±νeW∓ channel,
we also require the lepton to be within eq. (2.12). We denote those selection requirements
collectively as “basic cut”.
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Cross section

[ fb]

ρ±W∓/ρ0Z

Mρ = 6 TeV, gρ = 4
W +W−Z ZZZ V jj

Significance

at 100 fb−1

Before cuts 8.28 × 10−1 9.46 8.43 × 10−2 4.07 −

Basic cuts 5.49 × 10−2 2.16 × 10−1 9.81 × 10−4 6.31 × 10−3 1.12

Mass shell cuts 4.41 × 10−2 5.93 × 10−3 5.78 × 10−5 3.89 × 10−4 3.47

Table 1. The cut flow of the signal and background of the ρ±W ∓/ρ0Z → W +W −Z channel, where
“before cuts” denotes the cross sections after the generator-level cuts but before selection cuts. The
V jj process is calculated with pj

T > 400GeV and |ηj | < 2.5 to avoid IR divergence and improve event
generation efficiency.

To further suppress the background and enhance the signal significance, we try to
reconstruct the resonance and select events with fat-jet invariant mass or recoil mass within
the range of

M ∈ [Mρ − 2∆ρ, Mρ + 2∆ρ], (2.13)

where ∆ρ depends on the ρ decay width Γρ and is defined as follows

∆ρ =


0.05Mρ, Γρ < 0.05Mρ;

Γρ, 0.05Mρ < Γρ < 1.5 TeV;

1.5 TeV, Γρ > 1.5 TeV,

(2.14)

and the factor 0.05 is consistent with our jet energy smearing rate of 5%. For different
channels, we apply different event selection cuts to implement the above requirement.

1. The ρ±W∓/ρ0Z → W +W−Z channel. We require the final state to have three boosted
V -jets, at least one of the pair-combinations yields an invariant mass Mjj within
eq. (2.13). We further require the leading jet to have pT > Mρ/2 − 1 TeV and the
sub-leading jet to have pT > Mρ/2− 0.5 TeV.

2. The ρ±W∓ → e±νeW∓ channel. We require the final state to have exactly one electron
with pT > max {0.5 TeV, Mρ/2− 0.5 TeV} and |η| < 2.44, and one boosted V -jet. The
recoil mass Mrecoil =

√
(pµ+µ− − pV )2 should be in the range set by eq. (2.13).

3. The ρ0νµν̄µ → W +W−νµν̄µ VBF channel. In addition to the recoil mass cut in eq. (2.6),
we require the final state to have two boosted V -jets, and veto any other flavor-tagged
jets. The invariant mass of the two V -jets are required to be in the range of eq. (2.13);
and the leading jet should have pT > Mρ/2 − 1 TeV and the sub-leading jet should
have pT > Mρ/2− 0.5 TeV.

We collectively denote these cuts as “mass-shell” cuts.
The cross sections after the basic cuts and mass-shell cuts for different channels for

the signal with some benchmark values of (Mρ, gρ) and the leading backgrounds are listed
in table 1 for the W +W−Z channel, table 2 for the e±νeW∓ channel, and table 3 for the

– 7 –
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Cross section

[ fb]

ρ±W∓

Mρ = 8 TeV, gρ = 2
e±νeW∓ Ze+e−

Significance

at 100 fb−1

Before cuts 3.44 × 10−1 8.92 2.23 × 10−1 −

Basic cuts 1.11 × 10−1 1.36 2.71 × 10−3 0.94

Mass-shell cuts 9.08 × 10−2 4.16 × 10−3 0 6.42

Table 2. Cut flow of the ρ±W ∓ → e±νeW ∓ channel.

Cross section

[ fb]

ρ0νµν̄µ

Mρ = 4 TeV, gρ = 8
V V (VBF)

Significance

at 100 fb−1

Before cuts 5.48 × 10−1 1.15 × 103 −

Basic cuts 6.89 × 10−2 4.93 × 10−1 0.96

Mass-shell cuts 4.39 × 10−2 8.98 × 10−2 1.36

Table 3. Cut flow of the ρ0νµν̄µ → W +W −νµν̄µ channel.

W +W−νµν̄µ VBF channel. We can see that after the cuts the irreducible backgrounds are
always the dominant ones. In the W +W−Z and e±νeW∓ channels, the VBF productions
irreducible backgrounds are also considered. For example, the inclusion of VBF V V V

process (such as µ+µ− → W +W−Zµ+µ−/W +W−Zνµν̄µ) will slightly reduce the reach
for Mρ < 4TeV. However, we have checked that they can be reduced by one order of
magnitude by requiring the recoiled mass √pµ+µ− − pV V V < 1TeV, while the signal remains
almost unchanged. Therefore, the VBF V V V processes have a negligible impact on the
projected reach. On the other hand, the VBF e±νeW∓ process can be greatly removed by
the mass-shell cuts and hence is negligible. For the W +W−νµν̄µ VBF channel, the VBF
production of V V (such as µ+µ− → W +W−νµν̄µ/W +Zµ−ν̄µ) dominates the backgrounds,
and the charged-current fusion component can be efficiently removed by vetoing the charged
leptons within pT > 50GeV and |η| < 2.44. The signal significance Z0 is obtained by the
following formula [63]:

Z0 =
√
2
√
(S + B) log

(
1 + S

B

)
− S, (2.15)

which reduces to S/
√

B in the limit S ≪ B.
Based on the above analysis, we make the 5σ discovery projections on the (Mρ, gρ)

parameter space at the 10 TeV muon collider with integrated luminosity of 1 ab−1 and 10
ab−1 in figure 6.3 With 1 ab−1 integrated luminosity, the three channels studied above can
already cover a large part of the parameter space, up to the kinematical limit for mρ and a
large region of the coupling gρ. We also notice that due to the overall large cross section,

3In our study, we are working on the tree-level effects of the composite resonances. In order to have a
controlled loop-expansion, we require the loop-expansion parameter g2

ρ/16π2, y2
L/R/16π2 to be small. The

large values of gρ, yL/R (≳ 10) in the figure here or below are for illustration purpose only and we expect that
the loop correction can be significant in that regime.
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Figure 6. Projections for the reach of composite ρ resonance at a 10 TeV muon collider (left panel),
and the measurement accuracy of the gρ parameter, for different Mρ values (right panel). The limits
on ξ = v2/f2 from LHC Run 2, projected HL-LHC, CEPC and 10 TeV muon colliders (lines in the
left panel) are derived by assuming aρ = mρ/(gρf) = 1/

√
2.

despite the suppression of g4/g2
ρ, ρV production with the W +W−Z final state can cover

the largest bulk of the parameter space and the uncovered space can be probed by VBF
production with W +W−νµν̄µ final state (large gρ, small Mρ) and by the ρ±W∓ with leptonic
decay channel e±νeW∓ (very small gρ ≲ 1.5). The region covered by more than one color
can be probed by combining different channels. For comparison, we have also shown the
95% C.L. limit on the parameter ξ = v2/f2 ≈ a2

ρg2
ρv2/m2

ρ from LHC Run 2 [64], HL-LHC
(0.0784) [65–67], CEPC (0.00256) [68, 69] (see similar projection at FCC-ee [67, 70]) and
from a 10 TeV high energy muon collider (0.0015) [8, 12].4

In the right panel of figure 6, we show the expected precision of the measurement of the
coupling gρ for Mρ = 4, 6, and 8 TeV. As shown in the plot, we can achieve percent-level
precision for gρ ≲ 5 and 10% precision for large gρ ≳ 6. The uncertainty of measuring gρ is
mainly determined by the ρ±W∓/ρ0Z → W +W−Z channel. At the same time, the VBF
channels can also make important contributions. For Mρ = 4TeV, large gρ can be efficiently
measured by the VBF process, thus δgρ/gρ is constrained within ⩽ 10% even for gρ ≳ 8;
however, for Mρ = 6 and 8 TeV, the uncertainty for gρ becomes larger since the VBF channel
ρ0νµν̄µ → W +W−νµν̄µ has a negligible signal significance. On the other hand, in the large
Mρ region the leptonic decay channels ρ±W∓ → e±νeW∓ provide a good probe for small gρ.

3 The fermionic resonances (top partners)

In this section, we turn our discussion to the fermionic composite resonances. We will focus on
the resonances that mainly couple to the top sector (the top partners), as these are expected
to be the lightest ones under consideration of naturalness [72, 73]. We will only consider
the quartet of SO(4) and assume that the SM third generation quark doublet qL = (tL, bL)

4The bound from electroweak precision measurements depends on the choice of the parameters and from
one-loop analysis of ref. [71], we can obtain roughly mρ ≳ 3 − 4 TeV and ξ ≲ 0.1 − 0.05 though weaker bound
can be realized in some parameter space.

– 9 –



J
H
E
P
0
4
(
2
0
2
4
)
0
8
4

1

µ+

µ−

T

T̄

Z/γ

1

µ+
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T

t̄

Z
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X5/3

t̄

W+

W−

1

µ+

µ−

ν̄µ

µ−

X5/3

t̄
t

Figure 7. Feynman diagrams for the VLQ production Feynman.

and the right-handed top quark tR belong to the elementary sector and are embedded in
the 5 representation of SO(5). We refer to the appendix A.3 for the detailed description
of the effective Lagrangian under our consideration.

3.1 Production and decay

Let’s start from the mass spectrum of the top partners. The top partners in 42/3 representation
of SO(4)×U(1)X can be decomposed to two SU(2)L vector-like quark (VLQ) doublets,

Q = (T, B)T
1/6 , QX =

(
X5/3, X2/3

)T

7/6
, (3.1)

where the SM hypercharges in the subscripts are determined by the combination of the third
generator of SU(2)R and the U(1)X as Y = T 3

R + X. Before the EW symmetry breaking
(EWSB), there is a linear mixing between the left-handed components of the fermionic doublet,
QL, and the SM left-handed third generation quark doublet qL = (tL, bL)1/6. As a result,
the masses of the heavy VLQs Q are given by

MT = MB =
√

M2
Ψ + y2

Lf2, (3.2)

while the other doublet QX have the masses

MX2/3 = MX5/3 = MΨ. (3.3)

After the EWSB, there will be additional O(
√

ξ) mixing between the right-handed top quark
tR and the right-handed heavy charge-2/3 quarks TR, X2/3R. After diagonalizing the mass
matrix at O(ξ), the masses of the three charge-2/3 fermions can be written as

Mt =
yLyRf2√ξ

√
2
√

M2
Ψ + y2

Lf2
,

MT =
√

f2y2
L + M2

Ψ + M2
Ψy2

Rf2ξ

4
(
f2y2

L + M2
Ψ
)3/2 , MX2/3 = MΨ + y2

Rf2ξ

4MΨ
.

(3.4)

Therefore, there are positive O(ξ) corrections to the masses of T , X2/3, but the mass formulae
of X5/3, B remain the same as before the EWSB. In the limit of small ξ, we expect that
the charge-5/3 resonance X5/3 is the lightest particle in the quartet.

Because of their EW charges, all the VLQs can be produced in pairs by the s-channel
Z/γ exchange (see figure 7). In the limit of MΨ ≫ mZ , the rates are proportional to(

g2

2 T 3
L,VLQ + g′2

2 YVLQ

)2

, Y 2
VLQg′4, (3.5)
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Figure 8. Top partner production rates as functions of their masses at a 10 TeV muon collider, with
the pair (single) production channels shown in the top (bottom) row, respectively. In the plots, we
have fixed f = 2TeV. Note that the Lagrangian mass parameter MΨ is different for different top
partners. For all the single production modes, the charge-conjugate processes are also included. When
calculating the VBF cross sections, we require Mµ±νµ

> 1TeV to remove the contribution from tW

fusion and X5/3 pair production.

for the left-handed muon (right-handed anti-muon) initial states and the right-handed muon
(left-handed anti-muon) initial states respectively. Here T 3

L,VLQ, YVLQ represents the charge
of SU(2)L isospin and the hypercharge for the heavy VLQs. Note that although the cross
sections of the heavy quarks T , B are dominated by the left-handed muon production, there
are significant contributions from right-handed muon production for the X5/3, X2/3 because
of their large hyper-charges. This explains the larger production cross sections for X5/3, X2/3
in comparison with those of T , B in the upper panels of figure 8. Note that for different top
partners, the Lagrangian mass parameter MΨ corresponding to the same physical mass is
different. In the top-left panel, we have fixed yL = 1, and derived yR by the requirement
of reproducing the top running quark mass Mt = 150GeV. Hence,

yR ≈ yt

yL

√
M2

Ψ + y2
Lf2

f
, (3.6)

whose values is ∼ 1.2− 2.3 for MΨ ∼ 2− 5TeV. In the top-right panel of figure 8, we have
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fixed yR = 1 and yL is fixed by the top quark mass requirement as

yL ≈ yt√
y2

R − y2
t

MΨ
f

, (3.7)

whose values is ∼ 1.8−4.2 for MΨ ∼ 2−5TeV. Here, the top Yukawa coupling is yt =
√
2Mt/v,

and we have chosen f = 2TeV. We find that eq. (3.6) and eq. (3.7) match the numerical
results very well.

For the pair production, near the kinematical threshold MVLQ ∼
√

s/2, there is a
two-body phase space suppression [74], which depends on the velocity of the heavy VLQ

βVLQ =

√
1−

4M2
VLQ
s

. (3.8)

This explains the sharp falling of the cross sections when MΨ approaches the kinematic
limit of 5 TeV. The top partners can also be produced in pairs from VBF processes. Due
to their smallness, we will not pursue it further.

In addition to the EW pair production, the VLQs can also be singly produced in
association with one or two SM particles. As shown in figure 7, the charge-2/3 VLQs can be
produced together with one top/anti-top quark via Drell-Yan-like processes

µ+µ− → T t̄, X2/3t̄ + h.c. . (3.9)

For the charge-5/3 and −1/3 VLQs, an extra W± radiation is needed to conserve the electric
charge. We have

µ+µ− → X5/3t̄W−, Bt̄W + + h.c. . (3.10)

The lack of Bb̄ production is due to the PLR parity in the embedding of SM left-handed qL

doublet [75]. As shown in the bottom panels of figure 8 for the 10 TeV muon collider, although
single production can potentially be used to get closer to the kinematic limit MVLQ ∼

√
s,

the rates are rather small. This is due to the smallness of the coupling ZTt, ZX2/3t, X5/3tW ,
and BtW (arising after the EWSB as O(g

√
ξ) [55]), and phase space suppression for the

three-body X5/3tW and BtW processes. Note that in our study, we work at the LO matrix
element level. More accurate predictions require resumming the leading logs [7, 26, 76].
Similar to the pair production, in the bottom-left panel, we have fixed yL = 1 and derived
yR ∼ 1.2− 4.2 by the requirement of reproducing the correct top quark mass; while in the
bottom-right panel, we have fixed yR = 1 and derived yL ∼ 1.8 − 8.2 in a similar way. In
addition, for the X5/3 and B production channels, to remove the on-shell pair production
contribution to the cross section, we require the invariant mass of the final state t and W

to be outside of a 10% window around the VLQ mass.
The decays of VLQs can be understood by the Goldstone equivalence theorem with

the interaction terms in eq. (A.25) [77]. Among the two-body decaying channels of the
VLQs, the decays X5/3 → tW + and B → tW− have around 100% branching ratios. For
the charge-2/3 VLQs, when MΨ, yLf ≫ yRv, we can apply the perturbative calculation
as in eq. (3.4), which implies

Br(T → tZ) ≈ Br(T → th) ≈ Br(X2/3 → tZ) ≈ Br(X2/3 → th) ≈ 50%. (3.11)
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Cross section

[ fb]

X5/3X̄5/3

MΨ = 4.95 TeV
tt̄V V V V jj tt̄jj

Significance

at 100 fb−1

Before cuts 1.32 1.94 × 10−1 3.25 2.72 −

Basic cuts 8.65 × 10−2 2.33 × 10−3 6.56 × 10−4 4.23 × 10−4 6.45

Mass shell cuts 3.66 × 10−2 1.64 × 10−5 0 0 7.01

Table 4. Cut flow of the X5/3X̄5/3 → tW +t̄W − channel. The V V jj and tt̄jj cross section are
computed with pj

T > 400GeV and |ηj | < 3 to avoid IR divergence.

Cross section

[ fb]

X5/3 t̄W − + h.c.

MΨ = 5.5 TeV, yL = 1
tt̄V V V V jj tt̄jj V V V V V jj V V V

Significance

at 100 fb−1

Before cuts 2.39 × 10−1 1.94 × 10−1 3.25 2.72 1.88 4.07 9.55 −

Basic cuts 1.68 × 10−2 1.12 × 10−2 1.66 × 10−3 2.26 × 10−2 3.64 × 10−6 1.12 × 10−3 3.01 × 10−5 0.82

Mass shell cuts 9.59 × 10−3 2.18 × 10−3 7.95 × 10−5 2.54 × 10−3 1.55 × 10−6 2.49 × 10−4 0 1.09

Table 5. Cut flow of the X5/3t̄W − +h.c. → tW +t̄W − channel. The V V jj and tt̄jj cross section are
computed with pj

T > 400GeV and |ηj | < 3 to avoid IR divergence.

3.2 Projected reach

In this subsection, we report the projected reach on the top partners at a 10 TeV muon
collider with 10 ab−1 integrated luminosity. We will focus on the charge-5/3 resonance, X5/3,
as it is usually the lightest top partner and decay exclusively into tW + final state. When its
mass MX5/3 = MΨ is smaller than half of the center-of-mass energy of the muon pair

√
s/2,

we will consider the pair production which leads to tt̄W +W− final state

µ+µ− → X5/3X̄5/3 → tW +t̄W−. (3.12)

For MΨ >
√

s/2, we will need the single production which also ends in the tt̄W +W− final state

µ+µ− → X5/3t̄W−, X̄5/3tW + → tW +t̄W−. (3.13)

We will consider the fully hadronic decaying channel of the tt̄W +W−, which has a branching
ratio of ≈ 20%. Similar to our study of the spin-1 resonances, we perform a parton-level
analysis by MadGraph5 simulation and using the boosted jet tagging efficiencies given in
appendix B.

For basic selection cuts, we require two boosted top-tagged jets and two boosted W -tagged
jet for the pair production channel, and two boosted top-tagged jets and at least one boosted
W -tagged jet for the single production channel. The boosted jets are required to satisfy

pT > 500GeV, |η| < 2.44, (3.14)

and separated by an angular distance of ∆R > 1.0. The cross sections for the signal and
main backgrounds before any cuts and after the basic cuts are presented in table 4 for pair
production with MΨ = 4.95TeV, and in table 5 for single production with MΨ = 5.5TeV.
To further improve the sensitivity, for the pair (single) production, we require two pairs
(one pair) of top-W boosted jets to have invariant mass within [MΨ − 2∆Ψ, MΨ + 2∆Ψ],
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Figure 9. Projections for 5σ discovery reach (colored contours) of composite top partner, X5/3, at a
10 TeV muon collider. Both the pair production and single production are included. Through the pair
production channel, we can reach the kinematical limit MΨ < 5TeV. The single production channel
can extend the reach to about 6 TeV. The black lines show the reach with 20 signal events.

where ∆Ψ is defined the same way as in eq. (2.14) with ρ → Ψ. The cross sections after
this mass-shell cut are also listed in table 4 and table 5. In addition, we have also shown
the expected discovery significance Z0 for the integrated luminosity of 100 fb−1 in the last
column of the table 4 and table 5. The results show that, even for MΨ = 4.95TeV, which
is very close to the pair production kinematical limit, the signal significance Z0 could be
as large as 7.0 for L = 100 fb−1. Therefore, we expect the MΨ < 5TeV region can be well
probed by the pair production of X5/3.

Based on the above analysis, we present the expected 5σ discovery reach on the MX5/3−yL

plane in figure 9, where the coupling yR is determined by the running top quark mass
requirement Mt = 150GeV and f is fixed to 2 TeV as usual. For a broad range of couplings,
yL, we can cover almost all the parameter space for MΨ < 5TeV, up to the kinematical limit
of this channel. Beyond the kinematical reach of the pair production channel, we can use the
single production processes to extend the reach to about MΨ ∼ 6TeV. The limitation on the
potential of the single production channel mainly comes from the smallness of the production
cross sections. This is partially due to our choice of small ξ as 0.015 (f = 2TeV), because
of the cross-section of the single production scales like ξ. We expect that the sensitivity
can be enhanced if a larger value of ξ is chosen, but we won’t pursue it further here. In
addition, we have only focused on a limited set of signals, and a combination of additional
channels can certainly enhance the reach. In figure 9, we also show the potential reach with
20 signal events, which covers a much larger mass region.

Before concluding this section, we would like to comment on the possibility of measuring
the yL,R coupling once a discovery is made. In our model, the couplings yL,R are related
to each other by the top quark mass, and we will focus on yR. As shown explicitly in
figure 10, the cross sections of single production of X5/3tW scale as y2

R due to the mixing
between X2/3R and tR at O(

√
ξ). This behavior should also hold for the VBF production

of X5/3t. In combination with other measurements, including the top partner mass, we can
use the information of the production rate as a probe for coupling. We leave the prospect
of measuring this coupling to future possible studies.
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Figure 10. The dependence of X5/3 single production on yR.

4 Conclusion

The physics potential at multi-TeV muon colliders is under active study. In this paper, we
make a projection for the reach of the composite resonance searches at a 10 TeV muon collider
with an integrated luminosity up to 10 ab−1. We have focused on composite vector resonances
in the (3, 1) of SO(4), and fermionic resonances (2, 2) of SO(4) in the MCHM, with the
third-generation SM elementary quarks embedded in the 5 representation of SO(5). The heavy
resonances can be paired or singly produced in the µ+µ− annihilation and VBF channels.
After presenting the cross sections of different production channels, we make projections for the
discovery reach on the parameter space by focusing on the W +W−Z, e±νeW∓, W +W−νµν̄µ

final states with hadronically decaying gauge bosons, resulting from µ+µ− annihilation
production of ρ±W∓/ρ0Z, ρ±W∓ → e±νeW∓ and VBF production of ρ0νµν̄µ respectively.
For the fermionic resonances, we have considered the X5/3t̄W− + h.c. → tW +t̄W− channels
with hadronically decaying top quarks. Our study shows that a 10 TeV muon collider with 10
ab−1 luminosity can cover most of the kinematically allowed masses and a broad range of
couplings of the vector resonances. It can also measure the new strong coupling gρ to a few-
percent level for small gρ and tens of percent level for large gρ. For the fermionic resonances,
we can easily cover the parameter space below 5 TeV through the pair production channel.
The single production can further extend the reach to 6 TeV top partners for a small ξ = 0.015.

Our work can be extended in several directions. Firstly, in this work, we considered
vectorial resonances and fermionic resonances separately. However, in a realistic model, both
of these resonances should be present. As already pointed out in the literature, this can
affect phenomenology significantly. For example, one kind of resonances can decay to the
other, and vice versa. It would be valuable to take this into account to arrive at a more
complete picture. Secondly, we have studied several leading discovery channels in different
sectors and it is certainly helpful to consider other production channels and decay modes.
For example, by studying all the top partners, one can in principle infer the value of yLf

from their mass measurement and by comparing their pair-production cross sections, we
can confirm their EW quantum numbers. Lastly, in this paper, we have worked at the LO
matrix element level to perform the simulation. At the same time, there has been a lot of
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progress toward developing the EW parton distributions at the high energy lepton collider.
It is necessary to compare the results of fixed-order calculation to the results with resummed
logarithms. We hope to address these issues in future work.

Acknowledgments

We would like to thank Tao Han, Andrea Wulzer, and Keping Xie for useful discussions. We
also thank Samantha Abbott, and Robin Erbacher for bringing ref. [62] to our attention.
The work of DL was supported in part by the U.S. Department of Energy under grant
No. DE-SC0007914, in part by the PITT PACC, and was also supported by DOE Grant
Number DE-SC-0009999. The work of L.T.W. was supported by DOE grant DE-SC-0013642.

A The minimal composite Higgs model

In this appendix, we quote the main formulae of the MCHM. More details can be found in
ref. [54] and the references therein, or in the appendix of ref. [55].

A.1 Symmetry breaking pattern and the Goldstone fields

The global symmetry breaking of the strong dynamics sector is SO(5)/SO(4), and the
four components of the SM Higgs doublet are embedded into the coset space. The SO(5)
generators are

[T a
L]IJ = − i

2

[1
2ϵabc

(
δbIδcJ − δbJδcI

)
+
(
δaIδ4J − δaJδ4I

)]
,

[T a
R]IJ = − i

2

[1
2ϵabc

(
δbIδcJ − δbJδcI

)
−
(
δaIδ4J − δaJδ4I

)]
,

[T̂ i]IJ = − i√
2

(
δâIδ5J − δâJδ5I

)
,

(A.1)

where I, J = 1, · · · , 5. The normalization is tr[T AT B] = δAB. The unbroken SO(4) ≃
SU(2)L × SU(2)R generators can be expressed as

T a
L/R =

(
ta
L/R 0
0 0

)
, (A.2)

where a = 1, 2, 3, and ta
L/R are 4 × 4 matrices.

T̂ i denote the four broken generators of SO(5)/SO(4) with i = 1, · · · , 4, and the
corresponding Goldstone degrees of freedom form a quartet of SO(4), dubbed as h⃗ =
(h1, h2, h3, h4)T , and the Goldstone matrix is

U(⃗h) = e
i
√

2
f

hiT̂
i

=

I4×4 −
(
1− cos h

f

)
h⃗(⃗hT )

h2
h⃗
h sin h

f

− h⃗T

h sin h
f cos h

f

 , (A.3)

where h =
√
|⃗h|2. Under the transformation G ∈ SO(5), the Goldstone matrix transforms as

U(⃗h) → GU(⃗h)H−1(⃗h;G), where H ∈ SO(4). Based on this non-linear realization of SO(5),
we can define the Maurer-Cartan form as

U †
(
g0W a

µ T a
L + g′0BµT 3

R + i∂µ

)
U = di

µT̂ i + ea
LµT a

L + ea
RµT a

R ≡ dµ + eµ, (A.4)
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i.e. only a subgroup SU(2)L × U(1)Y ⊂ SO(4) is gauged. The d and e symbols transform
as dµ → HdµH−1 and eµ → H(eµ + i∂µ)H−1, and they can be used to build up the CCWZ
Lagrangian [78, 79] of the MCHM. For example, the Goldstone kinetic term is

f2

4 di
µdiµ = f2

2|H|2
sin2

√
2|H|
f

DµH†DµH+ f2

8|H|4

(
2|H|2

f2 −sin2
√
2|H|
f

)
(∂µ|H|2)2, (A.5)

with H = (h2 + ih1, h4 − ih3)T /
√
2 being the Higgs doublet, |H| =

√
|H|2, and Dµ is the

normal SU(2)L × U(1)Y covariant derivative. Eq. (A.5) can be expressed as DµH†DµH+
higher dimensional operators.

A.2 Vector sector: the ρ±,0 resonances

We consider vector resonance ρµ in (3, 1) of SO(4) ≃ SU(2)L × SU(2)R. The relevant
Lagrangian is [80]

Lρ = −1
4ρa

µνρaµν +
m2

ρ

2g2
ρ

(
gρρa

µ − ea
Lµ

)2
, (A.6)

where gρ is the strong dynamics coupling, mρ is the mass parameter (not the mass eigenvalue),
and the field strength tensor is

ρa
µν = ∂µρa

ν − ∂νρa
µ + gρϵabcρb

µρc
ν . (A.7)

The Lagrangian eq. (A.6) can be expanded as

Lρ = −1
4ρa

µνρaµν +
a2

ρ

2 f2
(

gρρa
µ − g0W a

µ + 1
f2 H†σa

2 i
↔
DµH

)2
+ · · · (A.8)

where aρ = mρ/(gρf) and “· · · ” denotes higher order terms in |H|2/f2.
After the EWSB, the mass term of eq. (A.6) becomes

Lρ ⊃
(
W−

µ ρ−µ

)
M2

±

(
W +µ

ρ+µ

)
+ 1

2
(
Bµ W 3

µ ρ3
µ

)
M2

0

 Bµ

W 3µ

ρ3µ

 , (A.9)

where ρ∓ = (ρ1 ± iρ2)/
√
2, and

M2
± =

(
1
4g2

0f2
[
a2

ρ

(
1 +

√
1− ξ

)2 + ξ
]
−1

2a2
ρgρg0f2 (√1− ξ + 1

)
−1

2a2
ρgρg0f2 (√1− ξ + 1

)
a2

ρg2
ρf2

)
, (A.10)

and

M2
0 =
1
4 g′2

0 f2
[
ξ+a2

ρ

(
1−

√
1−ξ

)2
]

1
4 (a2

ρ−1)g0g′
0f2ξ 1

2 a2
ρgρg′

0f2 (√1−ξ−1
)

1
4 (a2

ρ−1)g0g′
0f2ξ 1

4 g2
0f2
[
a2

ρ

(
1+

√
1−ξ

)2+ξ
]
− 1

2 a2
ρgρg0f2 (√1−ξ+1

)
1
2 a2

ρgρg′
0f2 (√1−ξ−1

)
− 1

2 a2
ρgρg0f2 (√1−ξ+1

)
a2

ρg2
ρf2

.
(A.11)

Here ξ = v2/f2, and v ≡ f sin(⟨h⟩ /f).
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By diagonalizing the mass matrices in eq. (A.10) and eq. (A.11) we get the mass
eigenstates of the vector bosons as well as their mixings, i.e.

(
W±

µ

ρ±µ

)
To mass−−−−−−→

eigenstates
U±

(
W±

µ

ρ±µ

)
,

Bµ

W 3
µ

ρ3
µ

 To mass−−−−−−→
eigenstates

U0

Aµ

Zµ

ρ3
µ

 , (A.12)

such that U †
±M2

±U± = diag{M2
W , M2

ρ±} and U †
0M2

0 U0 = diag{0, M2
Z , M2

ρ0}. The U± and U0
matrices can be analytically solved. Defining

g = g0gρ√
g2

ρ + g2
0

, g′ = g′0, e = gg′√
g2 + g′2

, (A.13)

the mass eigenvalues of the spin-1 resonances are

M2
ρ± ≈ M2

ρ0 =
g2

ρ

g2
ρ − g2 m2

ρ −
g2ξ

4

(
2m2

ρ − g2f2

g2
ρ − g2

)
+O(ξ2), (A.14)

and the ρ-W mixing angle is sin θ ≈ g0/gρ ≈ g/gρ. Note that the mass eigenvalues Mρ±,0 ≈ mρ

if gρ ≫ g.
The EW observables are affected by the mixing between SM sector and the strong

dynamics sector. For the SM gauge bosons, the masses are

M2
W = g2

4 v2
[
1 + g2ξ

2g2
ρ

(
1− g2

2a2
ρg2

ρ

)
+O(ξ2)

]
,

M2
Z = g2 + g′2

4 v2
[
1 + g2ξ

2g2
ρ

(
1− g2

2a2
ρg2

ρ

)
+O(ξ2)

]
,

(A.15)

and the photon is massless due to the residual U(1)em invariance. The weak coupling is

gW = g

[
1 + g2ξ

4g2
ρ

(
1− g2

a2
ρg2

ρ

)
+O(ξ2)

]
, (A.16)

and the Fermi constant is

GF = 1√
2v2

(
1− g4ξ

4a2
ρg4

ρ

+O(ξ2)
)

. (A.17)

Using eq. (A.13), eq. (A.15) and eq. (A.17), we can change the input parameters as

{gρ, f, aρ, g0, g′0, v} → {gρ, f, aρ, αEW, MZ , GF }, (A.18)

where the last three are fixed by the experiment

αEW = 1
127.9 , MZ = 91.188 GeV, GF = 1.16637× 10−5 GeV−2. (A.19)
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A.3 Fermion sector: the charge-5/3, 2/3 and −1/3 top partners

The global SO(5) symmetry is extended to SO(5)×U(1)X to give the correct hypercharge
to the fermions, and the gauged subgroup is SU(2)L × U(1)Y that Y = T 3

R + X. The
relevant Lagrangian is

LΨ = Ψ̄
(

i /∇+ 2
3g′0 /B

)
Ψ− M4Ψ̄Ψ + yLf q̄5I

L UIjΨj + yRf t̄5I
R UIjΨj + h.c., (A.20)

where the fermion resonances

Ψ = 1√
2

(
iB − iX5/3, B + X5/3, iT + iX2/3, −T + X2/3

)T
, (A.21)

is the 42/3 multiplet under SO(4)×U(1)X , ∇µ = ∂µ − iea
Lµta

L − iea
Rµta

R is the SO(5)/SO(4)
covariant derivative, and

q5
L = 1√

2

(
ibL, bL, itL, −tL, 0

)T
, t5

R =
(
0, 0, 0, 0, tR

)
, (A.22)

are the 52/3 embeddings of the elementary quark doublet qL = (tL, bL)T and singlet tR in
SO(5) × U(1)X . The yL,R Yukawa terms in eq. (A.20) are called “partial compositeness”,
which are crucial in generating SM top quark mass and the Higgs potential. The fermion
resonances can couple to the vector resonances via

LρΨ = c1Ψ̄γµta
LΨ

(
gρρa

µ − ea
µ

)
, (A.23)

where c1 is an O(1) number.
Under the SO(4)×U(1)X → SU(2)L ×U(1)Y decomposition, 42/3 → 27/6 ⊕ 21/6, thus

the Ψ quartet can be decomposed into two SM doublets, i.e.

QX =
(

X5/3
X2/3

)
, Q =

(
T

B

)
; (A.24)

and correspondingly, the Lagrangian can be expanded as

LΨ = Q̄(i /D−M4)Q+Q̄X(i /D−M4)QX− 1
f2

(
Q̄Xγµ σa

2 QX+Q̄γµ σa

2 Q

)
H†σa

2 i
↔
DµH

− 1
4f2

(
Q̄XγµQX−Q̄γµQ

)
H†i

↔
DµH+

( 1
4f2 Q̄γµQXH†i

↔
DµH̃+h.c.

)
(A.25)

+yLf

[
q̄LQR+ 1

2f2 q̄LH̃
(
H†QXR−H̃†QR

)]
+yR

(
Q̄LH̃−Q̄XLH

)
tR+h.c.+· · ·

and

LρΨ = c1

(
Q̄γµ σa

2 Q + Q̄Xγµ σa

2 QX

)(
gρρa

µ − g0W a
µ + 1

f2 H†σa

2 i
↔
DµH

)
+ · · · (A.26)

where “· · · ” denotes the higher order terms in |H|2/f2.
After the EWSB, eq. (A.20) yields the fermion mass term

LΨ ⊃−
(
b̄ B̄

)
L

M−1/3

(
b

B

)
R

−
(
t̄ T̄ X̄2/3

)
L

M2/3

 t

T

X2/3


R

+ h.c.

− M4X̄5/3X5/3,

(A.27)
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Truth

Tagged
W Z Higgs Top Bottom QCD

W 0.73 0.17 0.01 0.03 0.02 0.04

Z 0.22 0.64 0.05 0.03 0.03 0.04

Higgs 0.02 0.08 0.75 0.05 0.08 0.03

Top 0.04 0.03 0.04 0.81 0.04 0.04

Bottom 0.02 0.02 0.04 0.06 0.68 0.17

QCD 0.05 0.03 0.02 0.05 0.19 0.66

Table 6. Tagging and mistagging efficiencies of the boosted jets Taken from ref. [62].

where the charge-5/3 resonance has a mass M4, and the charge-2/3 and −1/3 fermions mix
with the following mass matrices

M−1/3 =
(
0 −yLf

0 M4

)
, M2/3 =


0 −yLf

2
(
1 +

√
1− ξ

)
−yLf

2
(
1−

√
1− ξ

)
−yRf√

2
√

ξ M4 0
yRf√

2
√

ξ 0 M4

 .

(A.28)
For the charge-−1/3 fermions, the mass matrix can be analytically diagonalized by

(
b

B

)
L

To mass−−−−−−→
eigenstates

Ub

(
b

B

)
L

, Ub =

 M4√
M2

4+y2
Lf2

−yLf√
M2

4+y2
Lf2

yLf√
M2

4+y2
Lf2

M4√
M2

4+y2
Lf2

 , (A.29)

yielding a massless b quark (because we haven’t include a bR in eq. (A.20)) and a vector-like
quark with mass MB =

√
M2

4 + y2
Lf2. The mass eigenstates for the charge-2/3 fermions can

be obtained via the singularity value decomposition, t

T

X2/3


L

→ Ut

 t

T

X2/3


L

,

 t

T

X2/3


R

= Vt

 t

T

X2/3


R

, (A.30)

with U †
t M2/3Vt = diag{Mt, MT , MX2/3}, where MT > MX2/3 .

B Tagging and mistagging rates

The tagging and mistaggin rates are taken from ref. [62] from the simulations by the CMS
collaboration using the Boosted Event Shape Tagger (BEST) at 13 TeV LHC, and listed
in table 6. Each horizontal row is normalized such that the efficiencies in the horizontal
rows will sum to 1.

Open Access. This article is distributed under the terms of the Creative Commons
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