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Composite Higgs scenario:
1. Higgs is hadron of new strong force 
                                  Corrections to       screened above 
                              The Hierarchy Problem is solved 

2. Higgs is a Goldstone Boson, this is why it is light
3. Partial Fermion Compositeness: linear coupling to strong sector
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Composite Higgs

Low energy Higgs physics from symmetries

Given that we will have to gauge the SM subgroup of SO(5), we must consider also local trans-

formations, g = g(x), in the above equation. We also have to define gauge sources AA

µ

A
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] gt , (A.13)

some of which we will eventually make dynamical while setting the others to zero. Explicitly, the

dynamical part of A
µ

will be
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where c
w

and s
w

denote respectively the cosine and the sine of the weak mixing angle and g, g0 are
the SM couplings of SU(2)

L

and U(1)
Y

. Notice that A
µ

belongs to the unbroken SO(4) subalgebra,

this will simplify the expression for the d and e symbols that we will give below.

The d and e symbols

Still treating A
µ

as a general element of the SO(5) algebra, we can define the d and e symbols as

follows. Start from defining

Ā
µ

⌘ A(U
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this transforms under SO(5) in a peculiar way
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Since h = h(⇧; g) is an element of SO(4) as in eq. (A.8), the shift term in the above equation, ih@
µ

ht,

lives in the SO(4) subalgebra. Therefore, if we decompose Ā
µ

in broken and unbroken generators

Ā
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we have that di
µ

transforms linearly (and in the fourplet of SO(4)) while the shift is entirely taken

into account by ea
µ

. We have
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Let us now restrict, for simplicity, to the case in which A
µ

belongs to the SO(4) subalgebra, as

for our dynamical fields in eq. (A.14). It is not di�cult to write down an explicit formula for d and

e, these are given by
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where r
µ

⇧ is the ”covariant derivative” of the ⇧ field:

r
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The first use we can make of the d
µ

symbol is to define the SO(5)-invariant kinetic Lagrangian

for the Goldstone bosons, this is given by

L
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=
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4
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i

. (A.21)

26

In the unitary gauge of eq. (A.11) and using eq. (A.14) for A
µ

the Goldstone Lagrangian becomes
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from which we can check that the field ⇢ is indeed canonically normalized and read the W and

Z masses m
W

= g/2f sin hhi
f

, m
Z

= m
W

/c
w

. This fixes relation among hvi and the EW scale

v = 246 GeV

v = f sin
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f

. (A.23)

The e
µ

symbol can instead be used to construct the CCWZ covariant derivatives, because the

shift term in its transformation rule of eq. (A.18) compensates for the shift of the ordinary derivative.

Consider for instance the field  defined in eq. (2.5) of the main text, which transforms in the 4 of

SO(4), i.e. like  ! h
4

· . The covariant derivative is

r
µ
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ta . (A.24)

The CP symmetry

By looking at eq. (A) and remembering that CP acts as H(x) ! H⇤(x(P )) on the Higgs doublet

we immediately obtain the action of the CP transformation on the Goldstone fields ⇧ and on the

Goldstone matrix U . It is
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where C
4

and C
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are respectively a 4 ⇥ 4 and a 5 ⇥ 5 diagonal matrices defined as

C
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In the above equations the superscript “(P )” denotes the action of ordinary spatial parity. Similarly,

the ordinary action of CP on the SM gauge fields in eq. (A.14) is recovered if we take

A
µ

! C
5

· A(P )
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· C
5

. (A.27)

From the above equations it is straightforward to derive the CP transformations of the d and e

symbols defined in eq. (A.17),
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In the fermionic sector, adopting for definiteness the Weyl basis, the CP transformation of the

q
L

and of the t
R

are the usual ones

�(x) ! �(CP ) = i�0�2 ⇤(x(P )) , (A.29)

for � = {t
L

, b
L

, t
R

}. For the top partners, in the case in which they transform in the fourplet of

SO(4) as in eq. (2.5), it is natural to define CP as
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j

, (A.30)

while for the case of the singlet we simply have  !  (CP ). Notice that with this definition the

charge eigenstate fields {T,B,X
2/3

, X
5/3

} defined in eq. (2.5) have “ordinary” CP transformation

as in eq. (A.29);

27

= i
g2

4
v
p

1� ⇠gHV V ⇠⌘ v2

f2
=sin2

hhi
f



Composite Higgs
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= Ā(h)

µ

= h
⇥
Ā
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Do depend on fermionic operator representations
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A rough comparison with data: courtesy of R.Torre

Higher order effects, from resonances exchange, should 
be also taken into account
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Lmass=m⇤
QQQ+ y fqQ

|SMni=cos�n|elementaryni+ sin�n|compositeni
|BSMni=cos�n|compositeni � sin�n|elementaryni

tan�n=
yf

m⇤
Q

physical particles are partially composite

                                     gives a mass-mixing in the IR:Lint=yLqLOL+yRqROR



Top Partners

|SMni=cos�n|elementaryni+ sin�n|compositeni

yf =P.C. generates Yukawas ...

 ... and the Higgs Potential

Top loop dominate because the top is largely composite.



Top Partners

Top partners cancel       divergence, thus are
 directly bounded by Naturalness

� � �m2
H

m2
H

'
✓
125 GeV

mH

◆2 ✓ MP

400 GeV

◆2

mH

SUSY:

light stops

Composite Higgs:

light fermionic partners



Top Partners

Top partners cancel       divergence, thus are
 directly bounded by Naturalness

� � �m2
H

m2
H

'
✓
125 GeV

mH

◆2 ✓ MP

400 GeV

◆2

mH

Q=2/3

Q=5/3

MCHM4,5,10

⇠ = 0.2

Ξ"0.2

#

0 1 2 3 4 5 6
0

1

2

3

4

m5!3$ "TeV#

m
T$

"T
eV
#

Ξ"0.1

#

0 1 2 3 4 5 6
0

1

2

3

4

m5!3$ "TeV#

m
T$

"T
eV
#

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

22

:   (low tuning)

In a class of explicit CH models

mH � [115, 130]

Light Higgs plus Low Tuning need Light Partners
(Matsedonsky,i Panico, AW 2012)
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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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:   (larger tuning)⇠ = 0.1

mH � [115, 130]
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nature of the Higgs and it would be generically violated, as previously discussed, if this assumption

was relaxed. This result also depends on t
R

being a composite singlet. If t
R

was instead a partially

composite state mixing to a non-trivial representation of SO(5) (for instance a 5) there would be

additional entries in the mass matrix. 8 In a sense our result depends on y being the only relevant

parameter that breaks SO(5) explicitly.

Once the mass-matrix has been put in the block-diagonal form of eq. (2.17) it is straightforward

to diagonalize it and to obtain exact formulae for the rotation matrices and for the masses of the

top and of the T partner. However the resulting expressions are rather involved and we just report

here approximate expressions for the masses. We have
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From the above equation we obtain the correct order of magnitude for the top mass if, as anticipated,

y ⇠ y
t

and g
 

& 1. In this region of the parameter space the corrections to the approximate formulae

are rather small, being suppressed by both a factor y2/g2
 

(which is preferentially smaller than one)

and by ⇠ ⌧ 1. However we will consider departures from this theoretically expected region and

therefore we will need to use the exact formulae in the following sections.

Similarly we can study the sector of �1/3 charge states. It contains a massless b
L

, because we

are not including the b
R

in our model, plus the heavy B particle with a mass

m
B

=
q
M2

 

+ y2f2 . (2.19)

This formula is exact and shows that the bottom sector does not receive, in this model, any con-

tribution from EWSB. By comparing the equation above with the previous one we find that the

8The top partner’s spectrum with partially composite t
R

has been worked out in Ref. [11, 10].
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As one can see from the last expressions the mass of the eT receives positive contributions proportional

to y2 and hence for a fixed mass of the eT , y must be limited from above. Unlike the models with

fourplet partners, in the singlet case y completely controls the couplings of the eT with the top and

bottom quarks (see Sec. 3.2). Therefore one can expect that for a given me
T

there exists a maximal

allowed coupling of the SM particles with the top partner and hence for small masses the single

production of eT is suppressed. In addition small values of me
T

become unnatural since they require

very small y together with a very large c
2

needed to recover correct top mass. By minimizing the

largest eigenvalue of the mass matrix with respect to M
 

for fixed y and f one can find a minimal

allowed mass of the eT which is given by

mmin, M1
5

e
T

= m
t

+
1p
2
yf sin ✏ ,

mmin, M1
14

e
T

= m
t

+
1

2
p

2
yf sin 2✏ , (2.28)

for the models M1

5

and M1

14

respectively. The bound given in eq. (2.28) will a↵ect the exclusion

plots in the following.

2.2.2 Trilinear Couplings

Other interesting qualitative aspects of our models are discovered by inspecting the explicit form

of the Lagrangians in unitary gauge. These are reported in Appendix B, and are written in the

“original” field basis used to define the Lagrangians in eq.s (2.5, 2.7, 2.11, 2.12), i.e. before the

rotation to the mass eigenstates. Appendix B contains, for reference, the complete Lagrangian

including all the non-linear and the derivative Higgs interactions. However the coupling that are

relevant to the present discussion are the trilinears involving the gauge fields and the Higgs in the

models M4

5

and M4

14

, reported in eq. (B.1), (B.2), (B.3) and (B.4).

The first remarkable feature of eq. (B.2) is that the Z boson couplings with the B is completely

standard: it is not modified by EWSB e↵ects and coincides with the familiar SM expression g
Z

=

g/c
w

(T 3

L

� Q). In particular it coincides with the Zb̄
L

b
L

coupling, involving the elementary b
L

,

because b
L

and B have the same SU(2) ⇥U(1) quantum numbers. The Z-boson coupling to charge

�1/3 quarks is therefore proportional to the identity matrix. Consequently the Z interactions remain

diagonal and canonical even after rotating to the mass eigenbasis. In particular, in the charge �1/3

sector, there will not be a neutral current vertex of the form B ! Zb.

This property is due to an accidental parity, P
LR

, defined in Ref. [8] as the exchange of the Left

and the Right SO(4) generators. This symmetry is an element of O(4) and it acts on the top partner
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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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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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Figure 19: Exclusion bounds in the 2-site model with ⇠ = 0.2 for the 8 TeV LHC data. The blue and green
region are excluded by the searches for the exotic X5/3 and the charge-2/3 resonances respectively. The solid

lines denote the excluded regions for c = 0, while the change in the bounds for c = 1/
p
2 is shown by the

dashed lines. The darker green region shows the exclusions on the charge-2/3 states if only pair production
is taken into account, while the estimates of additional constraints from single production are shown by the
light green area.
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Figure 20: Exclusion bounds in the 2-site model with ⇠ = 0.1 for the 8 TeV LHC data (left panel) and
projections for the 13 TeV run with L = 20 fb�1 integrated luminosity (right panel). For further details see
caption of fig. 19.
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Figure 21: Expected exclusion bounds in the 2-site model with ⇠ = 0.05 for the 13 TeV LHC run with
L = 20 fb�1 (left panel) and L = 100 fb�1 (right panel) integrated luminosity. For further details see
caption of fig. 19.

this value of ⇠, the whole parameter space of the model could be probed only in a high-luminosity
LHC program.

Add comment on what happens if we use the simplified analysis of the previous
paper!!!

5 Conclusions
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Conclusions and Outlook

• Composite Higgs is the perfect benchmark for present 
and future studies of Higgs couplings modifications

• Direct searches win over coupling determinations

• Important playground for (Un-)Naturalness tests from 
fermionic Top Partner searches

• Much to be learned (on both) from the 13 TeV run!
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Figure 3.3: Current experimental constraints in the (MV , gV ) plane in models A and B. The notation
is the same as in Figure 3.2.

jj with W/Z tagged jets [57] respectively.10 The black curves represent constraints coming

from EWPT, i.e. from the Ŝ parameter, which we computed in Appendix B. The black solid

curve corresponds to the strict 95% C.L. bound on Ŝ of Ref. [67], while the dashed line is

obtained by artificially enlarging the latter bound by a factor of two. This second line is

a more realistic quantification of the constraints than the strict limits because the EWPT

observables are eminently o↵-shell observables and thus not calculable within the Simplified

Model. Extra contributions, of the same order as the ones coming from the resonance exchange,

can easily arise in the underlying complete model. By enlarging the bound on Ŝ we take these

contributions into account and obtain a conservative exclusion limit.

Any given explicit model corresponds to one point in the plots of Figure 3.2. The two

points indicated by A and B correspond to the prediction of the two benchmarks models

for the assumed values of gV and MV . For small gV the lepton-neutrino search dominates

the exclusion (first plot) and only a narrow band around �1 . cF . 1 remains allowed. Here

EWPT are not competitive with direct searches and the di-boson searches are almost irrelevant

due to the relatively small di-boson BR (see the discussion at the end of Section 2.1). Moreover,

for small gV both our benchmark models are excluded. As gV increases we notice four main

features: the constraints from EWPT become comparable to the direct searches, di-boson

searches become more and more relevant due to the enhanced BRs, model B evades bounds

from direct searches more and more compared to model A which remains close to the excluded

region, and bounds from EWPT constrain model B more than model A. The last two features

are due to the larger value of cH predicted by model B, corresponding to a region which is

very di�cult to access with direct searches.

A second interesting way to present the experimental limits is to focus on explicit models

and draw exclusion curves in the plane of their input parameters. In both models A and B we

have two parameters, the coupling and the mass of the new vector. The limits in the (MV , gV )

10For recent theoretical developments in the search for vector resonances using boosted techniques see, for
instance, in Refs. [80–82].
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