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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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‣ Higgs realized as a Goldstone boson can be naturally light
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• strong sector doesn’t break custodial symmetry

Introduction: Composite Higgs

SO(5) → SO(4) at a scale f

minimal spontaneous symmetry breaking pattern in the 
strong sector:

2

• 4 Goldstone bosons in the 4 of SO(4) ~ Higgs doublet

• SO(4)~SU(2)L SU(2)R of the SM

‣ Higgs realized as a Goldstone boson can be naturally light
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3

explicit SO(5) breaking via interactions with SM fermions 
and gauge bosons

• Higgs acquires potential which fixes its VEV                                   
and provides a mass

• Higgs mass is proportional to the strength of external 
perturbations

‣ Higgs realized as a Goldstone boson can be naturally light

v < f
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‣ explicit breaking & partial compositeness
•elementary and composite sector communicate via  linear mixing	

of elementary and composite states

Partial Compositeness

massless SM fields
tRtL

�L t̄L T
�R t̄R eT

composite resonances

T eT H

[Kaplan’91;Agashe,Contino,Pomarol’05]
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 SM fermions become “partially composite”

tL = cos�L tL + sin�L TL

sin�L ' �L

MT

with a degree of compositeness
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Figure 3: Scatter plots of the masses of the lightest exotic state of charge 5/3 and of the lightest
e
T resonance 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.

T much lighter than the e
T can not happen for a light Higgs due to the presence of a lower bound

on the mT� , which will be discussed in details in the next section. In the region of comparable T�

and e
T� masses sizable deviations from eq. (44) can occur. These are due to the possible presence

of a relatively light second level of resonances, as already discussed.

The numerical results clearly show that resonances with a mass of the order or below 1.5 TeV

are needed in order to get a realistic Higgs mass both in the case ⇠ = 0.2 and ⇠ = 0.1. The

prediction is even sharper for the cases in which only one state, namely the e
T�, is light. In these

regions of the parameter space a light Higgs requires states with masses around 400 GeV for the

⇠ = 0.2 case and around 600 GeV for ⇠ = 0.1.

The situation becomes even more interesting if we also consider the masses of the other com-

posite resonances. As we already discussed, the first level of resonances contains, in addition to

the T� and e
T�, three other states: a top-like state, the T

2/3�, a bottom-like state, the B�, and an

exotic state with charge 5/3, the X

5/3�. These three states together with the T� form a fourplet

of SO(4). Obviously the X

5/3� cannot mix with any other state even after EWSB, and therefore

it remains always lighter than the other particles in the fourplet. In particular (see fig. 9 for a

schematic picture of the spectrum), it is significantly lighter than the T� . In fig. 3 we show the

scatter plots of the masses of the lightest exotic charge 5/3 state and of the e
T . In the parameter

space region in which the Higgs is light the X

5/3� resonance can be much lighter than the other
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‣ Results in concrete calculable models:

mh ' 125GeV

Higgs is too heavy

10% tuning20% tuning
m < 1.2 TeV m < 1.7 TeV

[OM,Panico,Wulzer]



Testing CH 

• Higgs partial widths

5

• Longitudinal gauge boson scattering

• Searches for SM fermion compositeness

• Flavour

• Electroweak precision tests

• Direct searches

• …



 4-plet       4

 1

X2/3B

T

eT singlet

X5/3

Fermionic Top Partners

•                                                     symmetry -> composite resonances 
are SO(4) multiplets
SO(4) ⇠ SU(2)L ⇥ SU(2)R

6

 9 9-plet      X8/3 … Z�4/3

 …



Mass spectrum

X5/3

X2/3

B

T

eT

t

mass

7
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 Top partners are charged under SM gauge groups:
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quarks 
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Production mechanisms

W,Z

q q0

 
t b

G t

W,Z

q q0

 

G b
G

G  

 

pair production single production

with a top quark with a bottom

[Contino,Servant;Mrazek,Wulzer] 9



Production mechanisms

W,Z

q q0

 
t b

G t

W,Z

q q0

 

G b
G

G  

 

with a top quark with a bottom

• a lot of high-pt final 
states

• only one heavy state

• only QCD • involves weak coupling 

• two heavy states

• less final states

• model independent • additional test of a 
model structure

9

pair production single production
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Figure 3.5: Comparison of the production cross sections for 8 TeV LHC. In red: the cross sections

of pair production. In dashed green and blue the single production of the eT (in association with a b)

and of the X
5/3(in association with a t), respectively in model M1

5

and M4
5

. The point chosen in

the parameter space is ⇠ = 0.2, c
1

= 1 and y = 1. The value of c
2

is fixed, at each value of M
 

, in

order to reproduce the top quark mass.

for the various production mechanisms in our models as a function of the mass of the partners and

for a typical choice of parameters. We see that the single production rate can be very sizeable and

that it dominates over the QCD pair production already at moderately high mass. This is again

due to the more favorable lower kinematical threshold, as carefully discussed in Ref. [55].

Let us finally discuss the decays of the top partners. The main channels are two-body decays to

vector bosons and third-family quarks, mediated by the couplings in eq. (3.2.2). The only exception

is X
8

/

3

which can only have three-body decays to WWt. For the partners of charge 2/3 and �1/3 also

the decay to the Higgs boson is allowed, and competitive with the others in some cases. The relevant

couplings can be computed analytically similarly to the gtL,RX and gbLX . Thus we easily obtain

analytical tree-level expressions for the partial widths and eventually for the branching fractions. In

principle cascade decays X ! X 0V or X 0H are also allowed, however these are never sizable in our

model as we will discuss in sect. 3.2.3.

3.2.2 Couplings to Goldstone Bosons

Let us now turn to classify the relative importance of the various production mechanisms and decay

channels described in the previous section. Since the partners are much heavier than the EW bosons,

mX � mW , their dynamics is conveniently studied by using the Equivalence Theorem, which applies

at energies E � mW . To this end, we will momentarily abandon the unitary gauge and describe

our model in the R⇠-gauge where the Goldstone degrees of freedom associated with the unphysical

Higgs components are reintroduced. The Higgs field is now parameterized as 7

H =

 
hu

hd

!
=

 
�+

1p
2

�hhi + ⇢ + i�0

�
!

. (3.2.6)

7Notice that the Goldstone fields �±,0 in eq. (3.2.6) are not canonically normalized. Indeed the non-linearities in

the Higgs kinetic term lead to a kinetic coe�cient equal to sin ✏/✏, with ✏ = hhi/f . However this is irrelevant for the

purpose of the present discussion.

86

10

7 TeV 

pair production single production
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Connecting theory and experiment

11

Th:

preferred types of top partners single production 
decay channels

coupling strength is model dependent

particles come in multiplets increasing the number of 
signal events

mass splitting is model dependent

…
…



most universal thing: test the typical channels and provide 
maximum of information needed for recast:	

!

simple parametrization for the signal to account for BR’s, 
different production channels and a pile-up from different 
partners

�signal =
X

 i

br ✏ �pair + br ✏ ↵ �0
single

Exp

Th

12

Connecting theory and experiment

level 1

Exp:

bound on
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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)

9

exclusion in terms of parameters of a simplified model 	

(such as http://hepmdb.soton.ac.uk/hepmdb:0214.0153)

recast of [ATLAS-CONF-2013-051,CMS PAS B2G-12-012]

one 5/3  charge state

http://hepmdb.soton.ac.uk/hepmdb:0214.0153
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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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exclusion in terms of parameters of a simplified model 	

(such as http://hepmdb.soton.ac.uk/hepmdb:0214.0153)

recast of [Avetisyan,Bose arXiv:1309.2234v1 [hep-ex] 	

]

800 900 1000 1100 1200
0.0

0.2

0.4

0.6

0.8

1.0

MX @GeVD

c R

s =8 TeV
Ld20 fb-1

D=
0

D=
0.1

D=
0.5

1300 1400 1500 1600 1700 1800 1900 2000
0.0

0.1

0.2

0.3

0.4

0.5

MX @GeVD

c R

s =13 TeV
L=100 fb-1

D=
0

D=
0.1

D=
0.5

es.p.=0.1 ep.p.

es.p.=0.5 ep.p.

Figure 10: Bounds on the mass and couplings of a charge-5/3 state, decaying exclusively to Wt, in a presence
of an additional state (B1/3) with a mass equal to the mass of X5/3 (red area) or higher by 10% (yellow area)
or by 50% (green area) contributing to the same final states. Left panel: bounds obtained using

p
s = 8 TeV

data. Right panel: expected exclusion for
p

s = 13 TeV and integrated luminosity 100 fb�1, assuming that
the single production acceptance is 10 times lower than the one of the pair production (colored regions), or
2 times lower (red dashed lines).

b) (less universal, but in particular useful in the case of a not cut-and-count analysis) the
plots in M-c plane, for 4 benchmark relation between L and R couplings (L=0, R=0, L=+-
R, for which we discovered a big interference). For the case of more d.o.f. becomes more
complicated and less universal for presenting, one needs to account for BR’s, mass splitting
in case of several resonances etc. Therefore it might be good if experimentalists by themselves
at this stage do also the test of some concrete CH scenario.

• discussed some of the features of the 5/3 production (may be not to be put here)

• reinterpreted current bounds, showed what can be in the future depending on how careful
the s.p. is looked for

• provided a MG model

Acknowledgments

A Appendix: MadGraph Model for the Top Partners Searches

In this section we present a description of the MadGraph model designed to simulate the signal from
the top partners. It incorporates the top partners which most often appear in the composite Higgs
models, but can also be used to describe any other type of heavy composite fermions interacting
predominantly with the third family of SM quarks, since we imposed the electric charge conservation
as the only restriction on the interactions. The model is available at http://hepmdb.soton.ac.uk
under a name “Simplified Model of Composite Top Partners (STP)”. The top partners, their
charges and conventions for their couplings are listed in Table 7.
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Figure 3.11: Excluded (95%CL) regions in the (MX5/3
, c1) plane for ⇠ = 0.2 for the models M45 and M414,

using the searches [89, 90]. In blue: y = 3 (MB � MX5/3
), in green: y = 0.3 (MB & MX5/3

). Black dashed
lines correspond to the exclusions with ⇠ = 0.1.
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Figure 3.12: Maxmal and minimal bounds on the masses of top partners for y 2 [0.3, 3], c
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and ⇠ 2 [0.1, 0.3] for the models M9
14

, M4
5

, M4
14

, M1
5

and M1
14

. Grey regions are excluded

for all the considered range of parameters while blue can be allowed depending on which values are

taken by y, c
1

and ⇠. Red lines correspond to the exclusions for the reference values ⇠ = 0.1, c
1

= 1,

y = 1. For the states T and B upper and lower lines correspond to the exclusions obtained in the

models M4
5

and M4
14

respectively, while for the X
5/3, X

2/3 and eT the di↵erence between di↵erent

models is insignificant.

corresponds to the highest y, c
1

and 1/⇠ and the opposite for the lowest exclusion. In Fig. 3.12, we

show our results for the maximal and minimal exclusions obtained by varying the parameters in the
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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.
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 bounds on a parameter space of some more complete model 
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Summary

!
!
 Hierarchy problem motivates searches for the Higgs compositeness.	


!
 Observed value of the Higgs mass implies a presence of composite 

fermionic resonances lighter than ~1.5 TeV.	

!

 LHC has already started probing a natural region of the CH parameter 
space. 13 TeV LHC will be sensitive to new production channels important for 
the full exploration of the natural region of parameters.
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Figure 1.13: Fits of the modifications of the Higgs couplings based on 7 and 8 TeV data presented

by the CMS (left panel) and the ATLAS (right panel) collaborations. For the left plot contours

correspond to 68%, 95% and 99% CL. Red trajectories correspond to the CH model with elementary

quarks embedded in a 5 of SO(5) with ⇠ varying from 0 to 0.4.

and massive gauge bosons in the SO(5)/SO(4) case are all rescaled by the same factor compared to

SM values

kV = cos
hhi
f

=
p

1 � ⇠ . (1.6.1)

The rescaling of the SM Yukawa interactions depends on the fermionic embeddings, for the case of

5 of SO(5) we find from the Lagrangian (1.5.26)

kF =
1 � 2⇠p

1 � ⇠
+ O

✓
yv

m 

◆
, (1.6.2)

where the mass-dependent correction is typically irrelevant for the states lighter than the top quark.

In the SM the e↵ective H�� and Hgg vertices are generated by loops with SM states (mostly the

top and the W boson), but in the CH models also the composite resonances will run in loops, in

particular the top partners, which are expected to be relatively light. The peculiar structure of

Yukawa matrices in the case of partial compositeness can ensure the absence of the dependence

of H�� and Hgg couplings on the absolute mass scale of the top partners in the leading order in

⇠. For the reference two-site model (1.5.26) the resulting fermionic contribution is rescaled by a

factor kg,�
F = 1 � 3

2

⇠ [46], which coincides with kF up to O � y
m , ⇠

�
corrections. This allows us to use

the results of the fits (see Fig. 1.13) for kF and kV which assume that Hgg and H�� are rescaled

respectively as kF and ↵SMkF � �SMkV . For the moment the two fits presented by experimental

collaborations di↵er significantly, the CMS results allow for ⇠ . 0.4 while the ATLAS data point at

⇠ . 0.2.

Another possible bosonic decay channel, H ! Z�, in contrast to the ones discussed above,

can receive sizable corrections with respect to the SM predictions without conflicting with other

observables [44], like the ones of the EWPT, but the experimental sensitivity in this case is for the

moment quite poor [45]. Apart from the standard production channels the CH models allow for
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Figure 10: Bounds on the mass and couplings of a charge-5/3 state, decaying exclusively to Wt, in a presence
of an additional state (B1/3) with a mass equal to the mass of X5/3 (red area) or higher by 10% (yellow area)
or by 50% (green area) contributing to the same final states. Left panel: bounds obtained using

p
s = 8 TeV

data. Right panel: expected exclusion for
p

s = 13 TeV and integrated luminosity 100 fb�1, assuming that
the single production acceptance is 10 times lower than the one of the pair production (colored regions), or
2 times lower (red dashed lines).

b) (less universal, but in particular useful in the case of a not cut-and-count analysis) the
plots in M-c plane, for 4 benchmark relation between L and R couplings (L=0, R=0, L=+-
R, for which we discovered a big interference). For the case of more d.o.f. becomes more
complicated and less universal for presenting, one needs to account for BR’s, mass splitting
in case of several resonances etc. Therefore it might be good if experimentalists by themselves
at this stage do also the test of some concrete CH scenario.

• discussed some of the features of the 5/3 production (may be not to be put here)

• reinterpreted current bounds, showed what can be in the future depending on how careful
the s.p. is looked for

• provided a MG model
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A Appendix: MadGraph Model for the Top Partners Searches

In this section we present a description of the MadGraph model designed to simulate the signal from
the top partners. It incorporates the top partners which most often appear in the composite Higgs
models, but can also be used to describe any other type of heavy composite fermions interacting
predominantly with the third family of SM quarks, since we imposed the electric charge conservation
as the only restriction on the interactions. The model is available at http://hepmdb.soton.ac.uk
under a name “Simplified Model of Composite Top Partners (STP)”. The top partners, their
charges and conventions for their couplings are listed in Table 7.
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Recast of experimental searches:

features:	

!
• pair produced X5/3	

• 2 same sign leptons	

• (b-tag)	

• at least N (=2 for ATLAS and 5 
for CMS) jets

[ATLAS-CONF-2013-051,	
CMS PAS B2G-12-012,]
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•2 particles contribute to the same final states

Recast of experimental searches:
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•2 particles contribute to the same final states
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Bounds on charge-8/3 state
A Recast of Current and Future Two Same-Sign Leptons Searches 4
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FIG. 1: Pair production of the X8/3 with a subsequent decay via contact interaction (left diagram) or via intermediate
charge 5/3 state (right diagram).

8 TeV

M

[GeV]

Q = 8
3

(contact)

Q = 8
3

(via 5
3 )

Q = 5
3 Q = � 1

3 Q = 5
3

(from [? ])

600 51 101 11 15 13

800 97 108 19 22 23

1000 124 114 23 24 26

1200 133 119 24 25 –

1400 138 122 24 25 –

1600 139 125 24 24 –

14 TeV

M

[GeV]

Q = 8
3

(contact)

Q = 8
3

(via 5
3 )

Q = 5
3 Q = 5

3

(from [? ])

1000 22.7 76.6 5.53 7.10

1200 51.9 91.9 13.7 12.3

1400 83.1 103 17.6 15.0

1600 114 115 21.5 16.9

1800 128 118 23.7 16.8

2000 136 119 23.6 16.1

TABLE II: Acceptance ✏2ssl(M8/3) for the cuts of the 2ssl analysis of Ref. [? ] at 8 TeV (left panel) and of Ref. [? ] at
14 TeV (right panel), multiplied by BR⇥103, for top partners of di↵erent electric charges Q; numbers include the BR’s
of the W bosons but assume that all the 5/3 states decay exclusively to t+W . The acceptance for the X8/3 is given
separately for two possible decay channels: with intermediate X5/3 or Y5/3, Eq. (??), and via contact interactions with
a d-symbol, Eq. (??). The last columns corresponds to the original analyses [? ? ]. Given that their decays have
similar topology, at 14 TeV, e�ciencies for the charge -1/3 states are taken equal to the ones of the 5/3.

The computed acceptances ✏2ssl

(M8/3)⇥BR are presented in the second column of the left panel of table ??
(contact interaction column). As explained in the next section, the accuracy of our analysis can be estimated
by comparing the results for the charge 5/3 states obtained using our analysis (4th column) and the analysis
of the original paper [? ] (6th column) and is of order 10%.

From Eq. (??) and by requiring N
signal

 N95, we obtain,

M8/3 � 940 GeV @ 95% C.L. , (II.3)

This bound is significantly more stringent than the one on the charge-5/3 state (M5/3 > 770 GeV) from the
original experimental analysis [? ]; the reasons are a factor ⇠ 3 higher branching fraction into 2ssl and a
factor ⇠ 2 higher acceptance of the N

con

cut caused by a larger multiplicity of the X8/3 decay products.
Similarly, the reach of the 14 TeV LHC on the X8/3 mass can be estimated by recasting the exploratory

analysis of Ref. [? ], tailored for charge-5/3 states. The main di↵erence with respect to the 8 TeV analysis
of Ref. [? ], is a harder cut on the transverse momenta. The e�ciencies for X8/3 and the 14 TeV cuts, are
reported in the second column of the right panel of table ?? and the mass reach is illustrated in Fig. ??.
Again, we can judge the accuracy of our study by comparing our e�cinecy for charge-5/3 states, with those
of Ref. [? ] (4th and 5th columns of the right panel). The two analyses di↵er here by at most 20% at low
masses and by up to 47% at 2 TeV. This means that our analysis, while still providing a good estimate of
the experimental sensitivity, misses some e↵ects, likely related to the high boost and the collinearity of the

2, 3 same-sign leptons
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Figure 3.13: A comparison of expected excluded masses of the charge 8/3 state for the 2ssl (green)

and 3ssl (blue) search channels in the complete model, with all the states of the nine-plet contributing

to the signal, for di↵erent integrated luminosities for 14 TeV experiment. Orange dashed lines

correspond to the exclusion provided by the 2ssl channel alone, assuming that only X
8/3 is produced.
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Summary of Exclusions
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Figure 3.11: Excluded (95%CL) regions in the (MX5/3
, c1) plane for ⇠ = 0.2 for the models M45 and M414,

using the searches [89, 90]. In blue: y = 3 (MB � MX5/3
), in green: y = 0.3 (MB & MX5/3

). Black dashed
lines correspond to the exclusions with ⇠ = 0.1.
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Figure 3.12: Maxmal and minimal bounds on the masses of top partners for y 2 [0.3, 3], c
1

2 [0.3, 3]

and ⇠ 2 [0.1, 0.3] for the models M9
14

, M4
5

, M4
14

, M1
5

and M1
14

. Grey regions are excluded

for all the considered range of parameters while blue can be allowed depending on which values are

taken by y, c
1

and ⇠. Red lines correspond to the exclusions for the reference values ⇠ = 0.1, c
1

= 1,

y = 1. For the states T and B upper and lower lines correspond to the exclusions obtained in the

models M4
5

and M4
14

respectively, while for the X
5/3, X

2/3 and eT the di↵erence between di↵erent

models is insignificant.

corresponds to the highest y, c
1

and 1/⇠ and the opposite for the lowest exclusion. In Fig. 3.12, we

show our results for the maximal and minimal exclusions obtained by varying the parameters in the
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EFT for composite fermions
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Goldstone matrix

yL4 f q̄L U  4
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yR4 f t̄R U  4
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Production mechanisms
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Figure 5: pT � ⌘ and energy distributions of the forward jets produced in a single production of the top
partner with a mass 600 GeV.

of forward jets in the background, QCD initial state radiation, tends to produce more central

and less energetic jets, however further investigations are needed. Present LHC searches are

designed for pair- rather than for single-production. Because of the ⌘jet and pjet
T

cuts that they

adopt, they are thus weakly sensitivity to forward jets. We believe that it would be worth to

explore the possible relevance of forward jets in designing the searches for top partners.
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is also light and therefore easier to produce than the heavier partners. At the leading order,
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association with a b quark rather than a t, is strictly forbidden in model M4
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and is suppressed
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a b is kinematically favored over that with t. Kinematics then compensates the suppressed
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By comparing with Fig. 4, we see that, in the case of X
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3

, single production in association
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EFT for composite fermions

 4-plet       4

 1

X2/3B

T

eT singlet

X5/3

rO = 52/3 rO = 142/3

r
 

= 92/3 – M9
14

r
 

= 42/3 M4
5

M4
14

r
 

= 12/3 M1
5

M1
14

Table 3.1: The nomenclature of the five models considered in the present Chapter, defined by the

choices of the representations r
 

, rO.

M1
5

, M1
14

respectively. The model with a light 92/3 will be called M9
14

. The classification of the

various models is summarized in Table 3.1.

The explicit breakdown of SO(5) due to y in eq. (3.1.1) gives rise to a leading contribution to the

Higgs potential V (h). However, in order to be able to tune the Higgs vacuum expectation value v to

be much smaller that its natural scale f , one may need to tune among themselves contributions to

V (h) with a di↵erent functional dependence on h/f . In the case of rO = 142/3, the top Yukawa seed

y itself gives rise to two independent structures, whose coe�cients can be so tuned that v/f ⌧ 1.

On the other hand, in the case of rO = 52/3, the leading contribution to the potential consist of

just one structure / sin2 h/f cos2 h/f , with well defined, non-tunable, minima and maxima. In

the latter case then, in order to achieve v ⌧ f , one should assume there exists an additional of

SO(5) breaking coupling whose contribution to the potential competes with that of the top. If this

additional coupling does not involve the SM fields, which seems reasonable, then its contribution

to V will arise at tree level. In order not to outcompete the top contribution, which arises at loop

level, then this coupling should be so suppressed that its relative impact on strong sector quantities

is of order O(y2/16⇡2). The latter should be compared to the e↵ects of relative size (y/g
 

)2 induced

at tree level by the mixing in eq. (3.1.1). We conclude that, even when an extra SO(5) breaking

coupling is needed, it is not likely to a↵ect the phenomenology of top partners in a quantitatively

significant way.

Now back to the top partners. Our choices of their quantum numbers correspond to those

obtained in explicit constructions. However our choice could also be motivated on general grounds by

noticing that the operators O interpolate for particles with the corresponding quantum numbers. By

decomposing O under the unbroken SO(4) we obtain, respectively, 52/3 = 42/3 + 12/3 and 142/3 =

42/3+12/3+92/3. In both cases we expect to find a 42/3 and/or a 12/3 in the low-energy spectrum.

The top partners in the 92/3 instead appear only in the second case.

The coupling of eq. (3.1.1) breaks the SO(5) ⇥ U(1)X symmetry explicitly, but it must of course

respect the SM group. This fixes unambiguously the form of the tensor � and thus of the embeddings,

(QL)IO = �↵ IOq↵L, of the elementary qL in SO(5) ⇥ U(1)X multiplets. For the 5 and the 14,

respectively the fundamental and the two-indices symmetric traceless tensor, we have

�
Q5

L

�
I

=
1p
2

0

BBBBB@

ibL
bL
itL
�tL
0

1

CCCCCA
,

�
Q14
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=
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CCCCCA
. (3.1.2)

Though explicitly broken, the SO(5) ⇥ U(1)X group still gives strong constraints on our theory.
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Mass spectrum: 9-plet
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Figure 3.3: Mass spectrum of the new heavy states present in a model with (3,3)
2/3.

to the eq. (3.1.16) and therefore some of the mass eigenvalues are solely defined by M
 

. The masses

of the charge 2/3 states expanded in ✏ are given by

mt ' yv ,

mX
2

/

3

' M
 

✓
1 +

5c2
1

y2✏2

4g2
 

◆
,

mY
2

/

3

= M
 

,

mZ
2

/

3

= M
 

. (3.1.30)

For the charge -1/3 we have one massless bottom quark (because we neglected the bottom partners)

and two states with masses

mY
-1

/

3

' M
 

✓
1 +

c2
1

y2✏2

g2
 

◆
,

mZ
-1

/

3

= M
 

. (3.1.31)

The masses of charge -4/3, 5/3 and 8/3 states are all equal to M
 

because they don’t have the

elementary partners to mix with. The schematic representation of the mass spectrum is given on

the Fig. 3.3.

3.2 Top Partners Phenomenology

Let us now turn to discuss the main production mechanisms and decay channels of the top partners

in the models under consideration. We will first of all, in sect. 3.2.1, describe how the cross-

sections of the production processes can be conveniently parametrized analytically in terms of few

universal functions, extracted from the Monte Carlo integration. This method, supplemented with

tree-level event simulations to compute the acceptances associated with the specific cuts of each

experimental search, will allow us to explore e�ciently the multi-dimensional parameter space of

our model avoiding a time-consuming scan. In sect. 3.2.2 we will present an estimate of the various

processes based on the use of the Goldstone boson Equivalence Theorem [79], this will allow us to

classify (in sect. 3.2.3) the channels which are more promising for the search of the top partners at

the LHC.
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 is a non-SO(3) symmetric vacuum state

 - 2 goldstone bosons corresponding to excitations along broken rotations



Introduction: Composite Higgs

~f

h~� i

~f 0

‣ simplified example: SO(3)/SO(2)

position of the SO(2) inside of SO(3) is not fixed, goldstone fields have no potential
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•breaking scale of the external symmetry is lower:
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