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Figure 1.1: Quanta with a wavelength smaller that the physical size of the composite Higgs boson

interact directly with its constituents.

is di�cult to achieve first of all because of computational di�culties related to a strong coupling

regime. The first Composite Higgs models in their modern incarnation were indeed formulated in a

dual five-dimensional picture [16] dealing with weakly interacting states. Though the original idea

of composite Higgs was formulated in terms of pure four-dimensional strongly coupled theories [5],

it did not contain all the features of the modern formulation. Interesting attempts to construct a

realistic four-dimensional UV completion for CH models were recently made in Ref.s [17, 18]. An

alternative and most often used approach is not to try to build a relatively complete and consistent

UV description, but to describe the resulting e↵ective theory below the confinement scale based on

plausible and minimal assumptions about its behaviour.

The first assumption concerns the spectrum of the e↵ective theory, which should include at least

four Nambu-Goldstone bosons (NGb) – the Higgs and three bosons to be “eaten” by three G
SM

vectors, hence there must be at least four broken symmetry generators (dim[G/H] � 4). Evidently,

the NGb should transform non-trivially under the SM product group G
SM

⌘ SU(2)L ⇥ U(1)Y ,

therefore the two groups must intersect G \ G
SM

6= 0, but the strong sector can not break explicitly

G
SM

, hence G
SM

⇢ G.

Let us make some simple estimate of the dimensionality of the group G following from the

requirement dim[G/H] � 4. Taking for the G/H the simplest examples – SU(N)/SU(N �1)⇥U(1)

and SO(N)/SO(N�1) 7, we find that the minimal N must be 3 and 5 respectively, which corresponds

to the unbroken H being SU(2) ⇥ U(1) and SO(4). In both minimal cases (and consequently also

for N larger than the minimal one) G
SM

is entirely embeddable into H 8 which has important

consequences for the phenomenology of the models built upon these symmetry breaking patterns.

Namely, there exists a limit when G
SM

is aligned with H (G
SM

✓ H) and remains unbroken, and

consequently there is a possibility that G
SM

is just slightly misaligned with respect to the unbroken

H, therefore the e↵ects of the G
SM

breaking are weaker than those of the G breaking, allowing

for a separation of the mass scales of the SM particles and the new strong sector. Though this

feature came for granted in the considered types of groups, in general it can be singled out as a

7For N > 2 such breakings can be triggered by a VEV of some field respectively in the adjoint and fundamental

representations of the G.
8For the SU(2)⇥U(1) the embedding of the G

SM

is evident, for the SO(4) we can use the fact that it is isomorphic

to SU(2)
1

⇥ SU(2)
2

and embed the U(1)Y as one of the generators of the second SU(2).
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Figure 2: Scatter plots of the masses of the lightest T and e
T resonances for ⇠ = 0.2 (left panel)

and ⇠ = 0.1 (right panel) in the three-site DCHM model. The black dots denote the points for
which 115 GeV  mH  130 GeV, while the gray dots have mH > 130 GeV. The scans have been
obtained by varying all the composite sector masses in the range [�8f, 8f ] and keeping the top
mass fixed at the value mt = 150 GeV. The area between the solid red lines represents the range
obtained by applying the result in eq. (44) for 115 GeV  mH  130 GeV. The dashed blue line
corresponds to the estimate of the lower bound on mT� given in eq. (48).

masses of the lightest resonances T and e
T . In the case mT = meT the two expressions exactly

coincide, while, when a large hierarchy between the two light states T and e
T is present, they di↵er

by a coe�cient of O(1). This shows that the general analysis of section 2.1 correctly capture

the main connection between the Higgs and the top partners masses, both at a qualitative and

a quantitative level. Notice that also the logarithmic term, which originates from the one in the

Higgs mass (40), could have been computed within the general approach of section 2.1. It is indeed

an IR loop e↵ect associated to the light top partners.

We checked numerically the validity of our results by a scan on the parameter space of the

model. In our numerical analysis we take the interval 115 GeV  mH  130 GeV as the range

of Higgs masses compatible with the current LHC exclusion bounds. This range has been chosen

slightly larger than the current exclusion for a SM-like Higgs to take into account the corrections

due to the composite nature of the Higgs [24]. In our analysis we also fix the top mass to the value

mt = m

MS
t (2 TeV) = 150 GeV, which corresponds to m

pole
t = 173 GeV.

The scatter plots of the masses of the T and e
T light resonances are shown in fig. 2. One can

see that eq. (44) describes accurately the relation between the Higgs and the resonance masses in

the regions in which one state is significantly lighter than the others. For a realistic Higgs mass

this happens only when the e
T� is much lighter than the other states. Instead, the situation of a

21
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Figure 2: The most relevant diagrams contributing to the t-associated single production of the X5/3.

to the same final state and it can be used to perform statistical combination of di↵erent channels.
In Section 5 we present our conclusions and we compare our method with other approaches to the
interpretation of new particles searches.

2 The charge-5/3 partner

Exotic X5/3 Partners are a generic signature of the CH scenario, where they emerge from the
combined need of SO(4) custodial symmetry and of P

LR

custodial parity [26]. The latter symmetries
are required in order to deal with the T parameter and the Zbb constraints respectively. Because
of their origin, the X5/3 partners are sometimes called “Custodians”. The X5/3 is systematically
among the lightest particles of the corresponding SO(4) multiplet. In particular it is lighter than
the ordinary charge states T and B because, di↵erently from the latter ones, it does not receive a
positive mass shift from the mixing with the (t

L

, b
L

) SM doublet. For this reason in many models
the X5/3 is the lightest new particle and thus the most easily accessible resonance in collider
experiments. Furthermore its decay produces a rather clear signal with two energetic same-sign
leptons (2ssl). Several experimental searches of the X5/3 have been performed by ATLAS [16] and
CMS [15] with the 7 and 8 TeV data. The 13 TeV reach on this kind of particles has been also
estimated [35]. We show below how to interpret these results in a suitable Simplified Model.

2.1 The simplest Simplified Model

Due to its peculiar properties, the X5/3 has an extremely simple phenomenology which is captured,
to a good approximation, by a simple phenomenological Lagrangian. Since it is often the lightest
non-SM particle and because of its exotic charge, it typically decays to Wt with unit Branching
Ratio (BR). It is produced in pair by the QCD interactions or singly by the same vertex responsible
for its decay through the diagrams in Fig. 2. The simplest Simplified Lagrangian for describing
the X5/3 dynamics contains only two free parameters, the mass M

X

and the strength of the single-
production interaction defined by

L5/3 =
g
w

2
c
R

X5/3R

/Wt
R

+ h.c. , (2.1)

where the weak-coupling factor g
w

/2 factor has been introduced for normalization. The only other
relevant coupling is the QCD one, which however is completely fixed. We remind the reader that
the X5/3 is a color triplet like all the other Top Partners. Other interactions like the photon or the

5
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Figure 4: Estimated exclusion reach for the mass of a charge-5/3 state decaying exclusively to Wt as a
function of the c

R

coupling. To obtain the excluded regions we assumed
p
s = 13 TeV collider energy and

L = 20 fb�1 integrated luminosity (left panel) and L = 100, 300, 3000 fb�1 integrated luminosity (right
panel). The dashed gray lines show the contours with �

X
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X

= 0.2, 0.3, 0.5.

more refined Simplified Model. This also allows us to assess the accuracy of the Simplest Simplified
Model and the robustness of the limits derived in the previous Section.

The first e↵ect of the new coupling is to modify the theoretical prediction of the single-
production cross-section. The Feynman amplitude of the process, in Figure 2, is now the sum
of two terms, proportional to c

R

and c
L

, respectively. The cross-section is thus the sum of three
terms scaling as c2

R

, c2
L

and c
L

c
R

from the interference. Given that the QCD interactions are
Left–Right symmetric, the c2

R

and c2
L

coe�cients are identical and can be parametrized by the
same coe�cient functions �

W

+
t

(M
X

) and �
W

�
t

(M
X

) introduced in Eq. (2.4) for X5/3 and X5/3,
respectively. The interference term is suppressed by the fact that it must vanish in the limit of zero
Top mass because in that limit the chirality of the Top quark or anti-quark produced in association
with the resonance becomes a physical observable and the two couplings can not interfere. Since
the center-of-mass energy of the W ⇤–gluon collision that produces the resonance is approximately
set by the production threshold m

t

+M
X

a suppression of order m
t

/(m
t

+M
X

) of the interference
is expected. We thus find convenient to parametrize

�sing(Xt) =
�
c2
R

+ c2
L

�
�
W

+
t

(M
X

) + c
R

c
L

✓
m

t

M
X

+m
t

◆
�0
W

+
t

(m
X

) ,

�sing(Xt) =
�
c2
R

+ c2
L

�
�
W

�
t

(M
X

) + c
R

c
L

✓
m

t

M
X

+m
t

◆
�0
W

�
t

(M
X

) . (2.6)

The interference coe�cient functions �0
W

+
t

(M
X

) and �0
W

�
t

(M
X

) can be extracted at each mass-

point by a pair of Monte Carlo simulations at {c
R

= c, c
L

= 0} and c
R

= c
L

= c/
p
2. However the

MCFM code does not allow to change the coupling chirality and we must content ourselves with
a LO estimate done with MadGraph [32]. It turns out that �0

V t

(M
X

) is very well approximated,
both at 8 and 13 TeV collider energy, by

�0
W

+
t

(M
X

) ' �5.2�
W

+
t

(M
X

) . (2.7)
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In Section 5 we present our conclusions and we compare our method with other approaches to the
interpretation of new particles searches.
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directly described by our Simplified Model.
The Simplified Model is defined by Eq. (3.1), which can be used to describe di↵erent Top

Partner species and di↵erent signal topologies. The theoretical tools which are needed to study the
model, namely the production rates and the Branching Ratios, are reported in Section 3.1 and in
Appendix B. A MadGraph implementation of the model, designed to simulate the Top Partners
signals and to extract the e�ciencies, is briefly described in Appendix A and publicly available.
As concrete applications of the method, we studied X5/3 and eT single and pair production, we
also studied the combined e↵ects of B and X5/3 Partners in 2ssl final states. In each case we
performed a theory recasting of the available 8 TeV Run-1 results and an estimate of the 13 TeV
Run-2 reach. We showed how the results, reported in Figures 3, 4 and 9, can be conveniently
expressed in a simple mass–coupling plane under minor and well-justified theoretical assumptions.
We also showed, in the case of the X5/3 Partner, how easily one can go beyond the two-parameter
interpretation by including the e↵ect of the single production coupling chirality on the production
rate and on the e�ciencies. The result is summarized in Figure 7. Finally, a rough estimate of the
reach at a hypothetical 100 TeV collider is performed in Section 4.

On top of serving as an illustration of the interpretation strategy, our result also provides an
assessment of the current Top Partner limits and of the future prospects. In order to evaluate them
quantitatively, in terms of a mass reach, we need an estimate of the cXV couplings to vector bosons
which control the single production rate. The size of the latter couplings can vary considerably in
di↵erent models, and even in the context of the CH scenario their parametric scaling is not fixed, it
depends on the Top Partner species and on the detailed implementation of Partial Compositeness
in the Top sector. A detailed estimate, and a quantitative assessment of the limits in explicit
CH models will be presented in Ref. [24]. However, a simple generic estimate goes as follows.
The single production couplings are necessarily proportional to the EWSB scale v because the
gauge interactions are flavor diagonal if the EW symmetry is unbroken. In CH any v insertion is

27
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more refined Simplified Model. This also allows us to assess the accuracy of the Simplest Simplified
Model and the robustness of the limits derived in the previous Section.

The first e↵ect of the new coupling is to modify the theoretical prediction of the single-
production cross-section. The Feynman amplitude of the process, in Figure 2, is now the sum
of two terms, proportional to c
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and c
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Figure 2: The most relevant diagrams contributing to the t-associated single production of the X5/3.

to the same final state and it can be used to perform statistical combination of di↵erent channels.
In Section 5 we present our conclusions and we compare our method with other approaches to the
interpretation of new particles searches.

2 The charge-5/3 partner

Exotic X5/3 Partners are a generic signature of the CH scenario, where they emerge from the
combined need of SO(4) custodial symmetry and of P

LR

custodial parity [26]. The latter symmetries
are required in order to deal with the T parameter and the Zbb constraints respectively. Because
of their origin, the X5/3 partners are sometimes called “Custodians”. The X5/3 is systematically
among the lightest particles of the corresponding SO(4) multiplet. In particular it is lighter than
the ordinary charge states T and B because, di↵erently from the latter ones, it does not receive a
positive mass shift from the mixing with the (t

L

, b
L

) SM doublet. For this reason in many models
the X5/3 is the lightest new particle and thus the most easily accessible resonance in collider
experiments. Furthermore its decay produces a rather clear signal with two energetic same-sign
leptons (2ssl). Several experimental searches of the X5/3 have been performed by ATLAS [16] and
CMS [15] with the 7 and 8 TeV data. The 13 TeV reach on this kind of particles has been also
estimated [35]. We show below how to interpret these results in a suitable Simplified Model.

2.1 The simplest Simplified Model

Due to its peculiar properties, the X5/3 has an extremely simple phenomenology which is captured,
to a good approximation, by a simple phenomenological Lagrangian. Since it is often the lightest
non-SM particle and because of its exotic charge, it typically decays to Wt with unit Branching
Ratio (BR). It is produced in pair by the QCD interactions or singly by the same vertex responsible
for its decay through the diagrams in Fig. 2. The simplest Simplified Lagrangian for describing
the X5/3 dynamics contains only two free parameters, the mass M

X

and the strength of the single-
production interaction defined by

L5/3 =
g
w

2
c
R

X5/3R

/Wt
R

+ h.c. , (2.1)

where the weak-coupling factor g
w

/2 factor has been introduced for normalization. The only other
relevant coupling is the QCD one, which however is completely fixed. We remind the reader that
the X5/3 is a color triplet like all the other Top Partners. Other interactions like the photon or the
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Figure 11: Number of events for pair and single production of a charge-5/3 state (left panel) and a charge-2/3
state coupled to the b quark (right panel) as a function of the single production couplings. To obtain the
results we assumed

p
s = 100 TeV collider energy and L = 1000 fb�1 integrated luminosity. The dotted

gray lines show the typical size of the single production coupling for ⇠ = 0.05 and ⇠ = 0.01. The dash-dotted
blue line denotes the contour with �/M = 0.3.

directly described by our Simplified Model.
The Simplified Model is defined by Eq. (3.1), which can be used to describe di↵erent Top

Partner species and di↵erent signal topologies. The theoretical tools which are needed to study the
model, namely the production rates and the Branching Ratios, are reported in Section 3.1 and in
Appendix B. A MadGraph implementation of the model, designed to simulate the Top Partners
signals and to extract the e�ciencies, is briefly described in Appendix A and publicly available.
As concrete applications of the method, we studied X5/3 and eT single and pair production, we
also studied the combined e↵ects of B and X5/3 Partners in 2ssl final states. In each case we
performed a theory recasting of the available 8 TeV Run-1 results and an estimate of the 13 TeV
Run-2 reach. We showed how the results, reported in Figures 3, 4 and 9, can be conveniently
expressed in a simple mass–coupling plane under minor and well-justified theoretical assumptions.
We also showed, in the case of the X5/3 Partner, how easily one can go beyond the two-parameter
interpretation by including the e↵ect of the single production coupling chirality on the production
rate and on the e�ciencies. The result is summarized in Figure 7. Finally, a rough estimate of the
reach at a hypothetical 100 TeV collider is performed in Section 4.

On top of serving as an illustration of the interpretation strategy, our result also provides an
assessment of the current Top Partner limits and of the future prospects. In order to evaluate them
quantitatively, in terms of a mass reach, we need an estimate of the cXV couplings to vector bosons
which control the single production rate. The size of the latter couplings can vary considerably in
di↵erent models, and even in the context of the CH scenario their parametric scaling is not fixed, it
depends on the Top Partner species and on the detailed implementation of Partial Compositeness
in the Top sector. A detailed estimate, and a quantitative assessment of the limits in explicit
CH models will be presented in Ref. [24]. However, a simple generic estimate goes as follows.
The single production couplings are necessarily proportional to the EWSB scale v because the
gauge interactions are flavor diagonal if the EW symmetry is unbroken. In CH any v insertion is

27

mNP
= f

mNP
= 4⇡f

1 2 5 10 20 50 100
1

10

100

1000

104

105

mNPêTeV

1êx

2.5f

6f

4⇡f

lightest N
P sta

te

8



0.2

0.3

0.5

1200 1400 1600 1800 2000
0.0

0.2

0.4

0.6

0.8

1.0

MX @GeVD

c R

s = 13 TeV
L = 20 fb-1

es.p.=0.1 ep.p.

es.p.=0.5 ep.p.

es.p.=ep.p. 0.2

0.3

0.5

1400 1600 1800 2000 2200 2400 2600
0.0

0.2

0.4

0.6

0.8

1.0

MX @GeVD

c R

s = 13 TeV
es.p. = 0.5 ep.p.

L=3 ab-1
L=300 fb-1

L=100 fb-1

Figure 4: Estimated exclusion reach for the mass of a charge-5/3 state decaying exclusively to Wt as a
function of the c

R

coupling. To obtain the excluded regions we assumed
p
s = 13 TeV collider energy and

L = 20 fb�1 integrated luminosity (left panel) and L = 100, 300, 3000 fb�1 integrated luminosity (right
panel). The dashed gray lines show the contours with �

X

/M
X

= 0.2, 0.3, 0.5.

more refined Simplified Model. This also allows us to assess the accuracy of the Simplest Simplified
Model and the robustness of the limits derived in the previous Section.

The first e↵ect of the new coupling is to modify the theoretical prediction of the single-
production cross-section. The Feynman amplitude of the process, in Figure 2, is now the sum
of two terms, proportional to c
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with the resonance becomes a physical observable and the two couplings can not interfere. Since
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Figure 2: The most relevant diagrams contributing to the t-associated single production of the X5/3.

to the same final state and it can be used to perform statistical combination of di↵erent channels.
In Section 5 we present our conclusions and we compare our method with other approaches to the
interpretation of new particles searches.

2 The charge-5/3 partner

Exotic X5/3 Partners are a generic signature of the CH scenario, where they emerge from the
combined need of SO(4) custodial symmetry and of P

LR

custodial parity [26]. The latter symmetries
are required in order to deal with the T parameter and the Zbb constraints respectively. Because
of their origin, the X5/3 partners are sometimes called “Custodians”. The X5/3 is systematically
among the lightest particles of the corresponding SO(4) multiplet. In particular it is lighter than
the ordinary charge states T and B because, di↵erently from the latter ones, it does not receive a
positive mass shift from the mixing with the (t

L

, b
L

) SM doublet. For this reason in many models
the X5/3 is the lightest new particle and thus the most easily accessible resonance in collider
experiments. Furthermore its decay produces a rather clear signal with two energetic same-sign
leptons (2ssl). Several experimental searches of the X5/3 have been performed by ATLAS [16] and
CMS [15] with the 7 and 8 TeV data. The 13 TeV reach on this kind of particles has been also
estimated [35]. We show below how to interpret these results in a suitable Simplified Model.

2.1 The simplest Simplified Model

Due to its peculiar properties, the X5/3 has an extremely simple phenomenology which is captured,
to a good approximation, by a simple phenomenological Lagrangian. Since it is often the lightest
non-SM particle and because of its exotic charge, it typically decays to Wt with unit Branching
Ratio (BR). It is produced in pair by the QCD interactions or singly by the same vertex responsible
for its decay through the diagrams in Fig. 2. The simplest Simplified Lagrangian for describing
the X5/3 dynamics contains only two free parameters, the mass M

X

and the strength of the single-
production interaction defined by

L5/3 =
g
w

2
c
R

X5/3R

/Wt
R

+ h.c. , (2.1)

where the weak-coupling factor g
w

/2 factor has been introduced for normalization. The only other
relevant coupling is the QCD one, which however is completely fixed. We remind the reader that
the X5/3 is a color triplet like all the other Top Partners. Other interactions like the photon or the
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blue line denotes the contour with �/M = 0.3.

directly described by our Simplified Model.
The Simplified Model is defined by Eq. (3.1), which can be used to describe di↵erent Top

Partner species and di↵erent signal topologies. The theoretical tools which are needed to study the
model, namely the production rates and the Branching Ratios, are reported in Section 3.1 and in
Appendix B. A MadGraph implementation of the model, designed to simulate the Top Partners
signals and to extract the e�ciencies, is briefly described in Appendix A and publicly available.
As concrete applications of the method, we studied X5/3 and eT single and pair production, we
also studied the combined e↵ects of B and X5/3 Partners in 2ssl final states. In each case we
performed a theory recasting of the available 8 TeV Run-1 results and an estimate of the 13 TeV
Run-2 reach. We showed how the results, reported in Figures 3, 4 and 9, can be conveniently
expressed in a simple mass–coupling plane under minor and well-justified theoretical assumptions.
We also showed, in the case of the X5/3 Partner, how easily one can go beyond the two-parameter
interpretation by including the e↵ect of the single production coupling chirality on the production
rate and on the e�ciencies. The result is summarized in Figure 7. Finally, a rough estimate of the
reach at a hypothetical 100 TeV collider is performed in Section 4.

On top of serving as an illustration of the interpretation strategy, our result also provides an
assessment of the current Top Partner limits and of the future prospects. In order to evaluate them
quantitatively, in terms of a mass reach, we need an estimate of the cXV couplings to vector bosons
which control the single production rate. The size of the latter couplings can vary considerably in
di↵erent models, and even in the context of the CH scenario their parametric scaling is not fixed, it
depends on the Top Partner species and on the detailed implementation of Partial Compositeness
in the Top sector. A detailed estimate, and a quantitative assessment of the limits in explicit
CH models will be presented in Ref. [24]. However, a simple generic estimate goes as follows.
The single production couplings are necessarily proportional to the EWSB scale v because the
gauge interactions are flavor diagonal if the EW symmetry is unbroken. In CH any v insertion is
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more refined Simplified Model. This also allows us to assess the accuracy of the Simplest Simplified
Model and the robustness of the limits derived in the previous Section.

The first e↵ect of the new coupling is to modify the theoretical prediction of the single-
production cross-section. The Feynman amplitude of the process, in Figure 2, is now the sum
of two terms, proportional to c
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Figure 2: The most relevant diagrams contributing to the t-associated single production of the X5/3.

to the same final state and it can be used to perform statistical combination of di↵erent channels.
In Section 5 we present our conclusions and we compare our method with other approaches to the
interpretation of new particles searches.

2 The charge-5/3 partner

Exotic X5/3 Partners are a generic signature of the CH scenario, where they emerge from the
combined need of SO(4) custodial symmetry and of P

LR

custodial parity [26]. The latter symmetries
are required in order to deal with the T parameter and the Zbb constraints respectively. Because
of their origin, the X5/3 partners are sometimes called “Custodians”. The X5/3 is systematically
among the lightest particles of the corresponding SO(4) multiplet. In particular it is lighter than
the ordinary charge states T and B because, di↵erently from the latter ones, it does not receive a
positive mass shift from the mixing with the (t

L

, b
L

) SM doublet. For this reason in many models
the X5/3 is the lightest new particle and thus the most easily accessible resonance in collider
experiments. Furthermore its decay produces a rather clear signal with two energetic same-sign
leptons (2ssl). Several experimental searches of the X5/3 have been performed by ATLAS [16] and
CMS [15] with the 7 and 8 TeV data. The 13 TeV reach on this kind of particles has been also
estimated [35]. We show below how to interpret these results in a suitable Simplified Model.

2.1 The simplest Simplified Model

Due to its peculiar properties, the X5/3 has an extremely simple phenomenology which is captured,
to a good approximation, by a simple phenomenological Lagrangian. Since it is often the lightest
non-SM particle and because of its exotic charge, it typically decays to Wt with unit Branching
Ratio (BR). It is produced in pair by the QCD interactions or singly by the same vertex responsible
for its decay through the diagrams in Fig. 2. The simplest Simplified Lagrangian for describing
the X5/3 dynamics contains only two free parameters, the mass M

X

and the strength of the single-
production interaction defined by

L5/3 =
g
w

2
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X5/3R

/Wt
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+ h.c. , (2.1)

where the weak-coupling factor g
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/2 factor has been introduced for normalization. The only other
relevant coupling is the QCD one, which however is completely fixed. We remind the reader that
the X5/3 is a color triplet like all the other Top Partners. Other interactions like the photon or the
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gray lines show the typical size of the single production coupling for ⇠ = 0.05 and ⇠ = 0.01. The dash-dotted
blue line denotes the contour with �/M = 0.3.

directly described by our Simplified Model.
The Simplified Model is defined by Eq. (3.1), which can be used to describe di↵erent Top

Partner species and di↵erent signal topologies. The theoretical tools which are needed to study the
model, namely the production rates and the Branching Ratios, are reported in Section 3.1 and in
Appendix B. A MadGraph implementation of the model, designed to simulate the Top Partners
signals and to extract the e�ciencies, is briefly described in Appendix A and publicly available.
As concrete applications of the method, we studied X5/3 and eT single and pair production, we
also studied the combined e↵ects of B and X5/3 Partners in 2ssl final states. In each case we
performed a theory recasting of the available 8 TeV Run-1 results and an estimate of the 13 TeV
Run-2 reach. We showed how the results, reported in Figures 3, 4 and 9, can be conveniently
expressed in a simple mass–coupling plane under minor and well-justified theoretical assumptions.
We also showed, in the case of the X5/3 Partner, how easily one can go beyond the two-parameter
interpretation by including the e↵ect of the single production coupling chirality on the production
rate and on the e�ciencies. The result is summarized in Figure 7. Finally, a rough estimate of the
reach at a hypothetical 100 TeV collider is performed in Section 4.

On top of serving as an illustration of the interpretation strategy, our result also provides an
assessment of the current Top Partner limits and of the future prospects. In order to evaluate them
quantitatively, in terms of a mass reach, we need an estimate of the cXV couplings to vector bosons
which control the single production rate. The size of the latter couplings can vary considerably in
di↵erent models, and even in the context of the CH scenario their parametric scaling is not fixed, it
depends on the Top Partner species and on the detailed implementation of Partial Compositeness
in the Top sector. A detailed estimate, and a quantitative assessment of the limits in explicit
CH models will be presented in Ref. [24]. However, a simple generic estimate goes as follows.
The single production couplings are necessarily proportional to the EWSB scale v because the
gauge interactions are flavor diagonal if the EW symmetry is unbroken. In CH any v insertion is
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1

3. Precision Physics Constraints

1. whether TLEP will be able to see composite NP signals 
after the LHC 13 without signs of NP

2. improvements in the bounds on CH naturalness in case 
of negative signal
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Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 40], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

CEPC

↵s(M2

Z) ±1.0⇥ 10�4 [35]

�↵
(5)

had

(M2

Z) ±4.7⇥ 10�5

mZ [GeV] ±(0.0005� 0.001) [41]

mt [GeV] (pole) ±0.6
exp

± 0.25
th

[23]

mh [GeV] < ±0.1

mW [GeV] (±(3� 5)
exp

± 1
th

)⇥ 10�3 [24, 38, 41]

sin2 ✓`
e↵

(±(4.6� 5.1)
exp

± 1.5
th

)⇥ 10�5 [25, 38, 41]

�Z [GeV] (±(5� 10)
exp

± 0.8
th

)⇥ 10�4 [26, 41]

Table 3. The precisions of electroweak observables in the simplified electroweak fit at CEPC. The experimental

uncertainties are mostly taken from [41]. Entries that do not display a theory uncertainty either incorporate it

into the experimental error bar or have a small enough theoretical uncertainty that it can be neglected. Similar

to ILC and TLEP, the non-negligible theory uncertainties of the derived observables mW , sin2 ✓`
eft

and �Z come

from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will

be computed. For �Z , we assumed that it has the same experimental uncertainty as mZ .

– 6 –

T ⇠ ⇧W±(0)�⇧W3(0)

S ⇠ ⇧0
BW3

(0)

[Fan,Reece ,Wang,1411.1054]

~  x10 
improvement at 
TLEP 
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Indirect Signals
‣EWPT: 

S and T receive contributions from different sectors:

test new physics in self-energies of SM gauge bosons

1)  universal modifications of HVV couplings:  

ghV V !
p
1� ⇠ ghV V

�

ˆTh
= � 3g02

64⇡2
⇠ log

 
m2

⇢

m2
h

!

The scalar contribution

The deviations from the SM Higgs couplings (a =
p

1� ⇠) are
fixed by the low-energy �-model structure

�S =
1

12⇡
⇠ log

 
m2

⇢

m2

h

!
W 3 B

h

⇡3

aa

�T = � 3

16⇡ cos2 ✓W
⇠ log

 
m2

⇢

m2

h

!
W 3 W 3

h

B aa

I The logarithmic divergence cancels only for the SM (a = 1)

I For a 6= 1 logarithmic sensitivity to new physics scale m⇢

[Barbieri, Bellazzini, Rychkov, Varagnolo 2007]

2)  positive UV contribution to S

�Ŝ ' m2
W

m2
⇢

10



Indirect Signals
‣EWPT: 

S and T receive contributions from different sectors:

test new physics in self-energies of SM gauge bosons

c=1

3) model-dependent fermionic contributions

0.00 0.05 0.10 0.15 0.20 0.25 0.30
2

4

6

8

10

x

m
rêTe

V

0.1

0

-0.1
-0.2

S parameter
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Indirect Signals
‣EWPT: 

S and T receive contributions from different sectors:

test new physics in self-energies of SM gauge bosons

c=-1.5

c=1.5

m4 m1mh fixed

⇠ = 0.05

m⇢ = 6TeV

current

x10

m partners> 1.7 TeV
4+1 partners in DCHM5

3) model-dependent fermionic contributions
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Indirect Signals

estimate of tuning needed to pass EWPT for no signal case

‣EWPT: test new physics in self-energies of SM gauge bosons

�

ˆTh
= � 3g02

64⇡2
⇠ log

 
m2

⇢

m2
h

!
using the largest model-independent contribution

LHC

x 10
x 30

0.001 0.005 0.01 0.05 0.1 0.2

0.5

0.2
0.1
0.05

0.01
0.005

dT

x

�T
=
�T

h
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Indirect Signals

• tree-level

HFF

HVV

deviations are rather insensitive to model parameters 
‣Higgs couplings

• loop-level

HGG

1� 1/2 ⇠

1� 3/2 ⇠

kV =

kF =

kG =1� 1/2 ⇠

0.05%

0.19%

0.79%

[JHEP01(2014)164]
FCCee sensitive to      ⇠

but can discriminate the symmetry properties

0.003

0.004

0.02

14

3�

universal

non-universal



Indirect Signals
‣Fermions-vectors 

Ztt

Vtb

Zbb

⇠

from

from

Z-decays

???%

0.37%

0.02%

FCCee

15

•  as any distortion with respect to SM are controlled by 

•  particularly sensitive to the symmetry structure of the model:
    e.g. Zbb can change by an order of magnitude depending on the     
    bottom quantum numbers

•  sensitive to the mixings and strong sector parameters

�t

�tt

good test of top partial 
compositeness



Indirect Signals
‣Fermions-vectors 

�Vtb = �gtL as a consequence of ZbLbL suppression
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é êTeV

c = �1/
p
2

⇠ = 0.05

EWPT(current)

DS
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Indirect Signals
‣Fermions-vectors 

�Vtb = �gtL as a consequence of ZbLbL suppression
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Conclusions

TLEP can be a major step forward in testing the Natural 
Composite Higgs, allowing to test the very concept of it 
and not just some particular models.

In case of positive signal a lot of useful information can be 
extracted about the general symmetry structure of the 
theory, as well as particular values of its parameters.




