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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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Direct Production

G

G

with a top quark with a bottom

[Contino,Servant;Mrazek,Wulzer]
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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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Simplest realizations of CH with a moderate tuning (~10%) require a 
presence of 1-1.7 TeV composite fermions
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CH models naturalness
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[De Simone,OM,Rattazzi,Wulzer]
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Figure 3.10: Excluded (95%CL) regions in the (MX
5/3

, ⇠) plane for the models M4
5

and M4
14

,

using the searches [89, 90]. In red: c
1

= 0.3 and y = 3 (MB � MX
5/3

), in blue: c
1

= 3 and y = 3

(MB � MX
5/3

), in green: c
1

= 3 and y = 0.3 (MB & MX
5/3

for ⇠ & 0.1, MB � MX
5/3

for ⇠ ⌧ 0.1).

Implications for the Model M9
14

In the model M9
14

the 5/3 and 8/3 states decay almost exclusively to the Wt while decays of the

�1/3 states are significantly suppressed by a BR2. Given this, the signal is mostly determined

by the charge 5/3 and 8/3 states and therefore depends on the single parameter M defining their

masses. Moreover, given that the signal is mostly determined by the charge-8/3 state due to its

large cuts acceptance, we neglect the single production of the charge-5/3 states, which is suppressed

for the case of the analysis from the Ref. [90], which is optimal for constraining the signal from the

pair-produced X
8

/

3

. We will also neglect the single production of the X
8

/

3

with W+t ! X
8

/

3

W� or

W+W+ ! X
8

/

3

t̄ topologies, which is suppressed with respect to pair production by the scale M⇤
and by an additional power of the weak coupling 11. Using current data, we obtain a lower bound

for the model M9
14

M � 990 GeV @ 95% C.L. , (3.3.2)

which is marginally stronger than the bound obtained assuming that only the X
8/3 is present: M �

940 GeV.

3.3.2 Summary of Exclusions

The results of the searches described above can be conveniently summarized by scanning over the

values of the model parameters and selecting the most and the least stringent bounds on the top-

partners’ masses. The highest excluded masses of X
5/3 and X

2/3 correspond to the lowest value of y

and highest c
1

and ⇠, and the opposite for the lowest exclusion. For T and B the highest exclusion

11However at very high masses one can expect that the single production can become competitive with the pair

production due to the smaller kinematical threshold.

99

X 5/
3
+
BX 5/

3

c ⌧ 1

X5/3
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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 second scenario assumes e
single

= 0.5 e
pair

in analogy with the 8 TeV ATLAS search. As a
third possibility we consider the case e

single

= e
pair

which believe to be realistically achievable by a
dedicated search. The number of expected background event, with the cuts of Ref. [35], is B ' 10
for 300fb�1 of integrated luminosity. By rescaling we easily obtain the background for di↵erent
luminosities and thus we estimate the minimal number of signal events needed for exclusion. We
take S

exc.

= 3
p

B for B > 3 and S
exc.

= 3 if B < 1. This of course relies on the assumption that the
background cross–section will be approximately the same also for the single production dedicated
analyses.

The results are reported in Fig. 4. We see that 20 fb�1 of integrated luminosity could put, in
the absence of a signal, a coupling–independent limit M

X

> 1.2 TeV from QCD pair production.
The limit can reach 2 TeV for sizeable single production coupling strength. The figure also shows,
on the right panel, the projections for 100 fb�1, i.e. the final luminosity goal of Run–2, for 100,
300 and 3000 fb�1.

2.3 A slight refinement

In most cases the Simplest Simplified Model provides an accurate description of the X5/3 phe-
nomenology, however there are corners of the parameter space of explicit models where other
e↵ects should be taken into account. The most relevant one is the presence of a Left-Handed single
production coupling, which leads us to turn Eq. (2.1) into

L5/3 =
g
w

2
c
R

X5/3R

/Wt
R

+
g
w

2
c
L

X5/3L

/Wt
L

+ h.c. . (2.5)

As explained above, c
L

is structurally suppressed with respect to c
R

, however it can become com-
parable or even larger than the latter in some cases. Below we show how this new parameter can
be taken into account by setting limits in the 3-dimensional parameter space (m

X

, c
R

, c
L

) of this

12
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Figure 2: Bounds on the mass of a charge-5/3 state, decaying exclusively to Wt as a function of the single-
production coupling cR. The cR coupling is assumed to be the only relevant coupling of the resonance with
the SM quarks.

The QCD pair production cross section is clearly model independent and can be parametrized,
as we did in the previous subsections, by the function �

pair

(m
X

).
The expression for the single production cross section, on the other hand, needs to be slightly

modified with respect to Eqs. (2.3) and (2.4) due to the presence of additional contributions. It is
easy to check that the single production cross-sections can be expressed as quadratic polynomials
of the c

L,R

couplings. The coe�cients of the polynomial depend only on the resonance mass and
encode the e↵ect of the QCD interactions, the integration over the phase-space and the convolution
with the partition functions.

The single-production cross section is a sum of three independent pieces. They correspond to
the contributions proportional only to the left-handed or the right-handed couplings and to the
interference term. Notice that the latter contribution is absent in the limit of massless top quark
because the right and left chiralities of the top become physically distinguishable. Therefore the
interference term is always suppressed by m

t

divided by a characteristic energy of the process,
which is roughly given by sum of the mass of the top partner and the top mass.

The cross-sections of a single top partner production can be parametrized as

�sing(Xt) =
�
c2
R

+ c2
L

�
�

Wt

(m
X

) + 2 c
R

c
L

✓
m

t

m
X

+ m
t

◆
�0

Wt

(m
X

) , (2.7)

in terms of two functions, �
Wt

(m
X

) and �0
Wt

(m
X

), that are independent of the couplings. In
Eq. (2.7) we used the fact that the coe�cients of the c2

L

and c2
R

terms are equal because the
QCD interactions are invariant under parity. The production of top partner antiparticles can be
parametrized in a similar way:

�sing(Xt) =
�
c2
R

+ c2
L

�
�̄

Wt

(m
X

) + 2 c
R

c
L

✓
m

t

m
X

+ m
t

◆
�̄0

Wt

(m
X

) , (2.8)
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Growth of single production at 13TeV 
requires a universal parametrization of 
experimental analyses output 

[OM,Panico,Wulzer]
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•  one expects NP in higher order operators

Higgs Couplings Deformation

•  Higgs as NGb generically induces non-renormalizable interactions  

H ! f exp i
H

f
= f + iH � H2

2f
� iH3

6f2
+ · · ·

•  e.g. HVV coupling 

g2⇢ v
2

m2
⇢

⇠ ⇠

•  this is generic to strongly coupled resonances, but the Goldstone 
symmetry imposes additional constraints on the deviations

gSM ! gSM(1 + c ⇠)

g2 vSM hW 2 ! g2
✓
1� 1

2
⇠ + · · ·

◆
vSM hW 2

6



strong constraints on NP scenarios by LEP measurements:
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by integrating out ⇢ and X bosons (all the c-coe�cients are equal to one in this case). For the
on-shell Z the e↵ect of the couplings of Eq. (3.25) is
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where sbR is the bR degree of compositeness and the numerical estimates were made assuming
m⇢,X = 3 TeV. After accounting for one-loop fermionic corrections, the coe�cients of the opera-

tors (3.25) can be enhanced in analogy with the Ŝ parameter. Notice, however, that the two e↵ects,
though having the same origin, are not correlated. Indeed, the one-loop correction to Ŝ is related
to the di↵erence between the SO(4) and SO(5)/SO(4) form-factors, while the correction to Zb̄b
comes mostly from a combination of the SO(4) and X-charge ones.

From the point of view of the EFT below the scale of composite vectors, the dominant corrections
to the coe�cients of the operators (3.25) come from the diagram depicted on Fig. 4 with one four-
fermion vertex, containing a flavour- and color-disconnected loop. We will consider the following
four-fermion interactions

L4f = � 1

f2
⇡

X

p1,p2

C⇢J
(p1)
⇢ µ J (p2) µ

⇢ � 1

f2
⇡

X

p1,p2

C
(p1,p2)
X J

(p1)
X µ J

(p2) µ
X (3.28)

where p1, p2 = {t, b} and J
(p)
⇢,X µ are respectively the SO(4) and U(1)X currents of composite p

partners. The coe�cients C are expected to be of the order one, we will take C
(p1p2)
X symmetric in

p1, p2. If the operators of Eq. (3.28) were obtained by integrating out one layer of SO(4) and U(1)X
resonances, one would obtain C⇢ = 1 and C

(p1,p2)
X = qp1

X qp2
X where qX = 2/3,�1/3 for the top and

bottom partners respectively. This set of values will be called a benchmark set in the following.
With the four-fermion operators (3.28), assuming the equal number Nf of the top and bottom
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Figure 12: Schematic summary plot showing the allowed space of the 5L+5R model in the plane of top
partner masses mT � meT , preferred by U(3)2 LC (green), U(3)2 RC (orange) and U(2)2 RC (yellow).
The other considered flavour patterns can be allowed for any combination of mT and meT . The blue area
approximately corresponds to the region of the 3-site model parameter space where one can reproduce the
correct Higgs mass, assuming that it is dominated by the top sector and taking mT and meT as the masses
of the lightest tL and tR partners. Grey dashed area is excluded by direct searches.

depends on the details of the down-type quark sector, whose parameters were chosen to minimize
the FCNC constraints. The least constrained U(2)-symmetric scenario is the one with the totally
composite tR, in which the top mass is not related to the mixings of tL with other composite
multiplets. On Fig. 12 we present the areas preferred by di↵erent flavour realizations in the 5L+5R

scenario, in the plane of masses of the top partners.
Despite the fact that we preferred not to use the constraints imposed by Zb̄b couplings due to a

large ambiguity and UV-dependence, we have identified the e↵ect that can potentially allow for siz-
able deviations of the Z couplings measured in Z ! b̄b decays, without a↵ecting the measurements
at lower energies, such as meson properties. This can be important since, for instance, for certain
flavour patterns the new data on BR(Bs ! µµ) prefers no deviations from the SM predictions in
Zb̄LbL coupling, while the Z ! b̄b decays measurements can point towards certain distortions with
respect to the Standard Model.
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Summary

CH can address both large and (with ~10% tuning in the 
simplest models) little hierarchy problems 

Besides that, deviations from the SM can show up in many 
other observables

The simplest CH realizations require 1-2TeV composite 
resonances 


