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Main Goal of the LHC:

“Unveil the Nature of EWSB mechanism”

SM or not ?
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Figure 14: The observed local p-value for 7 TeV and 8 TeV data, and their combination as a
function of the SM Higgs boson mass. The dashed line shows the expected local p-values for a
SM Higgs boson with a mass mH.
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Figure 15: The observed local p-value for the five decay modes and the overall combination as
a function of the SM Higgs boson mass. The dashed line shows the expected local p-values for
a SM Higgs boson with a mass mH.
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Where is BSM scale       ?⇤UV
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SM or not ?

 The Hierarchy Problem

Good reasons to guess                      (e.g ,              ):⇤UV � TeV 1016GeV

• Accidental Symmetries

• Flavor

• Majorana neutrinos (?)

One reason to expect                  :⇤UV ⇠ TeV

t
H H
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SM or not ?

Option #1,  “just the SM”:                      ,  huge tuning⇤UV⇠1016GeV

Option #2,  “natural BSM”:                 ,  moderate tuning

� = 1 :   BSM at

� = 100 :   BSM at

⇤UV ⇠ 400GeV

⇤UV ⇠ 4TeV
} in LHC range

⇤UV⇠TeV
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SM or not ?

Option #1,  “just the SM”:                      ,  huge tuning⇤UV⇠1016GeV

Option #2,  “natural BSM”:                 ,  moderate tuning

� = 1 :   BSM at

� = 100 :   BSM at

⇤UV ⇠ 400GeV

⇤UV ⇠ 4TeV
} in LHC range

⇤UV⇠TeV

Is Hierarchy a problem of Nature or just a problem of theory ?

LHC data will answer !
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Composite Higgs

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. SM fermions and gauge coupled linearly to the strong sector

1/lHmH

Composite Sector Elementary Sector

fL, fRW 1,2,3
µ , Bµ

LintHiggs
+

resonances

gauge couplings:

fermion couplings:

Lint=gJµW
µ

Lint=yLqLOL+yRqROR
8



Composite Higgs

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. SM fermions and gauge coupled linearly to the strong sector

1/lHmH

Composite Sector Elementary Sector

fL, fRW 1,2,3
µ , Bµ

LintHiggs
+

resonances

gauge couplings:

fermion couplings:

Lint=gJµW
µ

Lint=yLqLOL+yRqROR
9



Composite Higgs

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. SM fermions and gauge coupled linearly to the strong sector

1/lHmH

Composite Sector Elementary Sector

fL, fRW 1,2,3
µ , Bµ

LintHiggs
+

resonances

gauge couplings:

fermion couplings:

Lint=gJµW
µ

Lint=yLqLOL+yRqROR

 Higgs Br. Ratios
 Higgs Production c    

�
O(v2/f2)�20%

⇥A) Corrections to SM: B) Non-ren. Couplings:

 In
 In Double His

WW � hh
gg � hh

Indirect effects from sigma-model couplings

Not easy to see with present data
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Composite Higgs

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

1/lHmH
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Composite Higgs

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

1/lHmH

Fermion (Top) Partners

Direct Production of new particles:

12

More promising



Composite Sector Elementary Sector

fL, fR

W 1,2,3
µ , Bµ

Lint

gauge couplings:

fermion couplings:

Lint=gJµW
µ

Lint=yLqLOL+yRqROR

Goldstone Boson Higgs

13

Let us focus on the Minimal Coset SO(5)/SO(4)



Goldstone Boson Higgs

14

Low energy Higgs phys. 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
µ

= AA

µ

TA ! A(g)

µ

= g [A
µ

+ i@
µ

] 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

A
µ

=
gp
2
W+

µ

�
T 1

L

+ iT 2

L

�
+

gp
2
W�

µ

�
T 1

L

� iT 2

L

�
+g (c

w

Z
µ

+ s
w

A
µ

)T 3

L

+g0 (c
w

A
µ

� s
w

Z
µ

)T 3

R

, (A.14)

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

t

)

µ

= U t [A
µ

+ i@
µ

]U , (A.15)

this transforms under SO(5) in a peculiar way

Ā
µ

! A(h·U t·gt·g)
µ

= Ā(h)

µ

= h
⇥
Ā

µ

+ i@
µ

⇤
ht (A.16)

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
µ

⌘ � di
µ

T i � ea
µ

T a , (A.17)

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

di
µ

! (h
4

)i
j

d
ˆ

b

µ

and e
µ

⌘ ea
µ

ta ! h
4

[e
µ

� i@
µ

]ht
4

. (A.18)

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

di
µ

=
p
2

✓
1

f
� sin⇧/f

⇧

◆ ~⇧ · r
µ

~⇧

⇧2

⇧i +
p
2
sin⇧/f

⇧
r

µ

⇧i

ea
µ

= �Aa

µ

+ 4 i
sin2 (⇧/2f)

⇧2

~⇧ttar
µ

~⇧ (A.19)

where r
µ

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

r
µ

⇧i = @
µ

⇧i � iAa

µ

(ta)i
j

⇧j . (A.20)

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
⇡

=
f2

4
di
µ

dµ
i

. (A.21)

26

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

the Goldstone Lagrangian becomes

L
⇡

=
1

2
(@h)2 +

g2

4
f2 sin2

h

f

✓
|W |2 + 1

2c2
w

Z2

◆
, (A.22)

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
hhi
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

 = @
µ

 + i ea
µ

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

~⇧(x) ! C
4

· ~⇧(x(P )) , U(x) ! C
5

· U(x(P )) · C
5

, (A.25)

where C
4

and C
5

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

C
4

= diag(�1,+1,�1,+1) , C
5

= diag(�1,+1,�1,+1,+1) . (A.26)

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 )

µ

· 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),

di
µ

! C
4

i

j

(d(P )

µ

)j , e
µ

! C
4

· (e(P )

µ

) · C
4

. (A.28)

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

 
i

! C
4

j

i

 (CP )

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

One parameter: Higgs decay constant f
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µ

in broken and unbroken generators

Ā
µ

⌘ � di
µ

T i � ea
µ

T a , (A.17)

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

di
µ

! (h
4

)i
j

d
ˆ

b

µ

and e
µ

⌘ ea
µ

ta ! h
4

[e
µ

� i@
µ

]ht
4

. (A.18)

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

di
µ

=
p
2

✓
1

f
� sin⇧/f

⇧

◆ ~⇧ · r
µ

~⇧

⇧2

⇧i +
p
2
sin⇧/f

⇧
r

µ

⇧i

ea
µ

= �Aa

µ

+ 4 i
sin2 (⇧/2f)

⇧2

~⇧ttar
µ

~⇧ (A.19)

where r
µ

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

r
µ

⇧i = @
µ

⇧i � iAa

µ

(ta)i
j

⇧j . (A.20)

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
⇡

=
f2

4
di
µ

dµ
i

. (A.21)

26

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

the Goldstone Lagrangian becomes

L
⇡

=
1

2
(@h)2 +

g2

4
f2 sin2

h

f

✓
|W |2 + 1

2c2
w

Z2

◆
, (A.22)

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
hhi
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

 = @
µ

 + i ea
µ

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

~⇧(x) ! C
4

· ~⇧(x(P )) , U(x) ! C
5

· U(x(P )) · C
5

, (A.25)

where C
4

and C
5

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

C
4

= diag(�1,+1,�1,+1) , C
5

= diag(�1,+1,�1,+1,+1) . (A.26)

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 )

µ

· 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),

di
µ

! C
4

i

j

(d(P )

µ

)j , e
µ

! C
4

· (e(P )

µ

) · C
4

. (A.28)

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

 
i

! C
4

j

i

 (CP )

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

One parameter: Higgs decay constant f

on Higgs VEV we get W/Z masses:     (        thank to custodial !)⇢=1

mW =
g

2
f sin

hhi
f

, mZ = mW /cw

v=246GeV=f sin
hhi
f

thus the EWSB scale is:
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the physical Higgs coupling to W is deviations from SM controlled by

= i
g2

4
v
p

1� ⇠ ⇠⌘ v2

f2
=sin2

hhi
f

Low energy Higgs phys. from symmetries
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In the unitary gauge of eq. (A.11) and using eq. (A.14) for A
µ

the Goldstone Lagrangian becomes

L
⇡

=
1

2
(@h)2 +

g2

4
f2 sin2

h

f

✓
|W |2 + 1

2c2
w

Z2

◆
, (A.22)

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
hhi
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

 = @
µ

 + i ea
µ

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

~⇧(x) ! C
4

· ~⇧(x(P )) , U(x) ! C
5

· U(x(P )) · C
5

, (A.25)

where C
4

and C
5

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

C
4

= diag(�1,+1,�1,+1) , C
5

= diag(�1,+1,�1,+1,+1) . (A.26)

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 )

µ

· 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),

di
µ

! C
4

i

j

(d(P )

µ

)j , e
µ

! C
4

· (e(P )

µ

) · C
4

. (A.28)

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

 
i

! C
4

j

i

 (CP )

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);
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In principle, departures from SM could be huge.

However the constraints from EWPT suggest             or            :⇠'0.1⇠'0.2

direct constraint on modified W coupling tree-level S from other resonances

⇢

the physical Higgs coupling to W is deviations from SM controlled by

= i
g2

4
v
p

1� ⇠ ⇠⌘ v2

f2
=sin2

hhi
f

Low energy Higgs phys. 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
µ

= AA

µ

TA ! A(g)

µ

= g [A
µ

+ i@
µ

] 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

A
µ

=
gp
2
W+

µ

�
T 1

L

+ iT 2

L

�
+

gp
2
W�

µ

�
T 1
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� iT 2
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w

Z
µ

+ s
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)T 3

L

+g0 (c
w
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� s
w
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, (A.14)

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

t

)

µ

= U t [A
µ

+ i@
µ

]U , (A.15)

this transforms under SO(5) in a peculiar way

Ā
µ

! A(h·U t·gt·g)
µ

= Ā(h)

µ

= h
⇥
Ā

µ

+ i@
µ

⇤
ht (A.16)

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
µ

⌘ � di
µ

T i � ea
µ

T a , (A.17)

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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and e
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. (A.18)

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

di
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where r
µ

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

r
µ

⇧i = @
µ

⇧i � iAa

µ

(ta)i
j

⇧j . (A.20)

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
⇡

=
f2

4
di
µ

dµ
i

. (A.21)
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In the unitary gauge of eq. (A.11) and using eq. (A.14) for A
µ

the Goldstone Lagrangian becomes

L
⇡

=
1

2
(@h)2 +

g2

4
f2 sin2

h

f
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|W |2 + 1

2c2
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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
hhi
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

 = @
µ

 + i ea
µ

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

~⇧(x) ! C
4

· ~⇧(x(P )) , U(x) ! C
5

· U(x(P )) · C
5

, (A.25)

where C
4

and C
5

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

C
4

= diag(�1,+1,�1,+1) , C
5

= diag(�1,+1,�1,+1,+1) . (A.26)

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 )

µ

· 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),

di
µ

! C
4

i

j

(d(P )

µ

)j , e
µ

! C
4

· (e(P )

µ

) · C
4

. (A.28)

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

 
i

! C
4

j

i

 (CP )

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);
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Fermion couplings from partial compositenes
Lint=yLqLOL+yRqROR
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Fermion couplings from partial compositenes
Lint=yLqLOL+yRqROR

MCHM5

MCHM4
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OL,R 2 10
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For each choice, fermion coupling fixed by symmetry
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p
1� ⇠

c =
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1� ⇠

MCHM4

MCHM5

MCHM10 . . .
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Some (not so) updated fit:
courtesy of G. Panico
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But why is this called “Partial compositeness”?

Partial Compositeness
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OL,R $ QL,Rh0|O|Qi 6= 0

Important Remark:

    and     carry color !O Q

Q = “vector-like colored fermions”

In the IR operators correspond to particles:

Partial Compositeness

(partners)

22

But why is this called “Partial compositeness”?



OL,R $ QL,Rh0|O|Qi 6= 0

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

Partial Compositeness

In the IR operators correspond to particles:
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But why is this called “Partial compositeness”?



yf = = g⇢ sin�L sin�R

Partial Compositeness

24

Yukawa couplings:



yf = = g⇢ sin�L sin�R

Light fermions are mostly elementary

Extremely helpful in suppressing Flavor violation

anarchic strong sector couplings

d

s d

s
SD

DS
⇠ g2⇢

suppressed FCNC

Partial Compositeness

Yukawa couplings:

⇠g2⇢ sin
2 �d sin

2 �s'ydys
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yf = = g⇢ sin�L sin�R

Partial Compositeness
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Top quark is largely composite

Yukawa couplings:

Light fermions are mostly elementary



Top Partners

Elementary/composite mixing breaks Goldstone symmetry.
Thus generates Higgs potential.       (like pion mass from QED)

top loops dominate because
the top is largely composite

Expected connection among top partners physics, Higgs 
mass and VEV

|SMqi = cos�q|qi+ sin�q|Qi
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Top Partners

Top partners cancel top quark divergence
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✓
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Light Higgs plus Low Tuning need Light Partners
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Top partners cancel top quark divergence
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Top partners cancel top quark divergence
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Q=2/3

Q=5/3
mH � [115, 130]

Striking Example:
   (Matsedonski, Panico,  AW 2012) 

MCHM4,5,10
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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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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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:   (larger tuning)⇠ = 0.1

Striking Example:
   (Matsedonski, Panico,  AW 2012) 
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In general, taking Higgs mass into account:
    (Panico, Redi, Tesi, AW 2012)

Low Tuning requires Light Partners

g ' 1

5L + 5R,14L + 14R, . . .

14L + composite tR, . . .

g ' g⇢ g ' g⇢

anomalously

MCHM5,10,4

ad hoc tuning

14L + composite tR, . . .

light partners

tu
n
in
g

top partners mass

Figure 7: Schematic representation of the properties of the three basic classes of composite-Higgs
models.

model with the 14 we expect light top partners in the 4, in the 1 and in the 9 of SO(4).
Alternatively, for similar tuning, one can also have models with heavy fermionic resonances
where the Higgs mass is tuned independently of the electro-weak VEV, we provided one
example based on the 14

L

and totally composite t
R

. This case is indicated in the upper
right corner of fig. 7. A model of this kind is rather di�cult to test directly at the LHC,
therefore if no top partners are found it might become the last corner where the Composite
Higgs scenario could hide.

Our results also have theoretical implications. If we insist on a moderate tuning we need
a separation among the mass scale of the fermonic and of the gauge resonances, and it is not
easy to imagine the origin of this separation. For examples in the models with a geometrical
origin, like the 5d holographic ones, the mass of the fermions is typically tied to the one of
the vectors since both originate from the compactification length of the space. Therefore
it is di�cult to describe the separation with 5d models, indeed in this paper we employed
non-geometrical 4d constructions where the fermonic and gauge masses are independent
parameters. However at the fundamental level the problem remains. “Normal” strongly-
coupled theories like QCD are characterized by a unique scale of confinement and all the
resonances (aside from the baryons in the large-N

c

limit) are expected to have comparable
masses. Moreover to obtain a light Higgs we are led to consider rather low masses, that
correspond to a weak fermonic coupling g

 

⇠ 1. Thus the interpretation of our models in
terms of a strongly-coupled dynamics could be improper. It would be interesting to identify
a possible UV-completion of these constructions.
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In general, taking Higgs mass into account:
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Figure 7: Schematic representation of the properties of the three basic classes of composite-Higgs
models.

model with the 14 we expect light top partners in the 4, in the 1 and in the 9 of SO(4).
Alternatively, for similar tuning, one can also have models with heavy fermionic resonances
where the Higgs mass is tuned independently of the electro-weak VEV, we provided one
example based on the 14

L

and totally composite t
R

. This case is indicated in the upper
right corner of fig. 7. A model of this kind is rather di�cult to test directly at the LHC,
therefore if no top partners are found it might become the last corner where the Composite
Higgs scenario could hide.

Our results also have theoretical implications. If we insist on a moderate tuning we need
a separation among the mass scale of the fermonic and of the gauge resonances, and it is not
easy to imagine the origin of this separation. For examples in the models with a geometrical
origin, like the 5d holographic ones, the mass of the fermions is typically tied to the one of
the vectors since both originate from the compactification length of the space. Therefore
it is di�cult to describe the separation with 5d models, indeed in this paper we employed
non-geometrical 4d constructions where the fermonic and gauge masses are independent
parameters. However at the fundamental level the problem remains. “Normal” strongly-
coupled theories like QCD are characterized by a unique scale of confinement and all the
resonances (aside from the baryons in the large-N

c

limit) are expected to have comparable
masses. Moreover to obtain a light Higgs we are led to consider rather low masses, that
correspond to a weak fermonic coupling g

 

⇠ 1. Thus the interpretation of our models in
terms of a strongly-coupled dynamics could be improper. It would be interesting to identify
a possible UV-completion of these constructions.

26

Even if light partners are 
needed also at large 

tuning in          \MCHM4,5,10



Top Partners

34
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models.

model with the 14 we expect light top partners in the 4, in the 1 and in the 9 of SO(4).
Alternatively, for similar tuning, one can also have models with heavy fermionic resonances
where the Higgs mass is tuned independently of the electro-weak VEV, we provided one
example based on the 14

L

and totally composite t
R

. This case is indicated in the upper
right corner of fig. 7. A model of this kind is rather di�cult to test directly at the LHC,
therefore if no top partners are found it might become the last corner where the Composite
Higgs scenario could hide.

Our results also have theoretical implications. If we insist on a moderate tuning we need
a separation among the mass scale of the fermonic and of the gauge resonances, and it is not
easy to imagine the origin of this separation. For examples in the models with a geometrical
origin, like the 5d holographic ones, the mass of the fermions is typically tied to the one of
the vectors since both originate from the compactification length of the space. Therefore
it is di�cult to describe the separation with 5d models, indeed in this paper we employed
non-geometrical 4d constructions where the fermonic and gauge masses are independent
parameters. However at the fundamental level the problem remains. “Normal” strongly-
coupled theories like QCD are characterized by a unique scale of confinement and all the
resonances (aside from the baryons in the large-N

c

limit) are expected to have comparable
masses. Moreover to obtain a light Higgs we are led to consider rather low masses, that
correspond to a weak fermonic coupling g

 

⇠ 1. Thus the interpretation of our models in
terms of a strongly-coupled dynamics could be improper. It would be interesting to identify
a possible UV-completion of these constructions.
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Case #1, fourplet of custodial SO(4)
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Figure 2: The typical spectrum of the top partners.

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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Spectrum: Couplings:
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Case #2, singlet of custodial SO(4)

For model M1
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instead we have
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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

13
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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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Three possible production mechanisms

QCD pair prod.
model indep.,
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Summary of production/decay:        \

are mediated by y. The couplings are

M1

5

, M1

14

(⇢ + i�0) eT
R

t
L

yp
2

�+ eT
R

b
L

y

(3.9)

The top partner eT now is in a SM singlet, therefore the interactions allowed before EWSB are the

ones with the left-handed doublet. The
p

2 suppression of the coupling with the top is due, once

again, to the SM symmetry. One important implication of eq. (3.9) is that the eT , contrary to the

partners in the fourplet, can be copiously produced singly in association with a bottom quark. We

will discuss this and other features of our models in the following section.

3.3 The Most Relevant Channels

We discuss here the most relevant production and decay processes of each top partner, identifying

the best channels where these particles should be looked for at the LHC. Obviously one would need

an analysis of the backgrounds to design concrete experimental searches for these promising channels

and to establish their practical observability. We leave this to future work and limit ourselves to

study, in section 4, the constraints on the top partners that can be inferred from presently available

LHC searches of similar particles

Let us first consider the models M4

5

, M4

14

and analyze separately each of the new fermions.

• X
5

/

3

X
5

/

3

, together with X
2

/

3

, is the lightest top partner, it is therefore the easiest to produce.

Production can occur in pair, via QCD interactions, or in association with a top quark through

its coupling with a top and a W+. The coupling, see eq. (3.8), is controlled by g
 

= m
X

5

/

3

/f ,

which grows with mass at fixed f . We thus expect single production to play an important

role at high mass, where it is enhanced with respect to pair production by both kinematics

and a larger coupling (at fixed f). This is confirmed, for a particular but typical choice of

parameters, by the plot in Figure 4.

Since it is the lightest partner, X
5

/

3

decays to W+t with unit branching ratio. The relevant

channel for its observation is X
5

/

3

! tW in association with a second top quark of opposite

charge. The latter is present in both single and pair production processes. This results in clean

signals consisting of either same-sign dileptons or trileptons plus jets. In the following section

we will recast the LHC searches for these signals and obtain a limit on X
5

/

3

production. In

addition to two top quarks and a W , pair production also leads to a second hard W while single

production (see Figure (3)) features a light-quark jet associated with virtual W emission.

Notice that the light-quark jet in single production is typically forward with a p
T

. m
W

because the emission of the virtual W is enhanced in this kinematical region [16] . In practice

this jet has the same features of the“tag jets” in VBF Higgs production and in WW–scattering.

The events are thus characterized by a forward isolated jet in one of the hemispheres. The

relevant kinematical distributions are shown in Figure (5) for the production of a 600 GeV

partner. Like in VBF or WW -scattering, one might hope to employ the forward jet as a tag

to discriminate single production form the background. Ref. [16] argued that the main source

21

Production:    QCD or single+t, comparable at 

        Decay: BR(Wt) = 1

Final states:                   ttW

Good channel is same-sign di-(tri-)leptons plus jets: 
ATLAS-CONF-2012-130 
CMS-PAS-B2G-12-003 
CMS-PAS-EXO-11-036

M⇠700GeV

+{ in QCD prod.W

fwd jet in sing. prod.
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Example I: recasting the CMS b’ search 
(CMS-PAS-EXO-11-036)

Sensitive to        pair and single, though not optimized for the latter one

are mediated by y. The couplings are

M1

5

, M1

14

(⇢ + i�0) eT
R

t
L

yp
2

�+ eT
R

b
L

y

(3.9)

The top partner eT now is in a SM singlet, therefore the interactions allowed before EWSB are the

ones with the left-handed doublet. The
p

2 suppression of the coupling with the top is due, once

again, to the SM symmetry. One important implication of eq. (3.9) is that the eT , contrary to the

partners in the fourplet, can be copiously produced singly in association with a bottom quark. We

will discuss this and other features of our models in the following section.

3.3 The Most Relevant Channels

We discuss here the most relevant production and decay processes of each top partner, identifying

the best channels where these particles should be looked for at the LHC. Obviously one would need

an analysis of the backgrounds to design concrete experimental searches for these promising channels

and to establish their practical observability. We leave this to future work and limit ourselves to

study, in section 4, the constraints on the top partners that can be inferred from presently available

LHC searches of similar particles

Let us first consider the models M4

5

, M4

14

and analyze separately each of the new fermions.

• X
5

/

3

X
5

/

3

, together with X
2

/

3

, is the lightest top partner, it is therefore the easiest to produce.

Production can occur in pair, via QCD interactions, or in association with a top quark through

its coupling with a top and a W+. The coupling, see eq. (3.8), is controlled by g
 

= m
X

5

/

3

/f ,

which grows with mass at fixed f . We thus expect single production to play an important

role at high mass, where it is enhanced with respect to pair production by both kinematics

and a larger coupling (at fixed f). This is confirmed, for a particular but typical choice of

parameters, by the plot in Figure 4.

Since it is the lightest partner, X
5

/

3

decays to W+t with unit branching ratio. The relevant

channel for its observation is X
5

/

3

! tW in association with a second top quark of opposite

charge. The latter is present in both single and pair production processes. This results in clean

signals consisting of either same-sign dileptons or trileptons plus jets. In the following section

we will recast the LHC searches for these signals and obtain a limit on X
5

/

3

production. In

addition to two top quarks and a W , pair production also leads to a second hard W while single

production (see Figure (3)) features a light-quark jet associated with virtual W emission.

Notice that the light-quark jet in single production is typically forward with a p
T

. m
W

because the emission of the virtual W is enhanced in this kinematical region [16] . In practice

this jet has the same features of the“tag jets” in VBF Higgs production and in WW–scattering.

The events are thus characterized by a forward isolated jet in one of the hemispheres. The

relevant kinematical distributions are shown in Figure (5) for the production of a 600 GeV

partner. Like in VBF or WW -scattering, one might hope to employ the forward jet as a tag

to discriminate single production form the background. Ref. [16] argued that the main source

21
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Figure 9: Excluded (95%CL) regions in the (MX5/3
, c1) plane for ⇠ = 0.2 for the models M45 and M414,

using the search for b0 ! W t. In blue: y = 3 (MB � MX5/3
), in green: y = 0.3 (MB & MX5/3

). Black dashed
lines correspond to the exclusions with ⇠ = 0.4. Gray regions correspond to a variation of the dileptons and
trileptons signal of approximately 10% and 30% respectively (see text for details).

Ref. [37].

We see in Table 8 that the e�ciency for the single production with the b is extremely low, below

1 h. This is because the single production signal (see Figure 3) is characterized by three leptons

plus one hard (b) jet from the top decay, plus one forward jet from the virtual W emission and a b

from the gluon splitting. But the gluon splitting is enhanced in the collinear region, therefore the

b-jet emitted from the gluon is also preferentially forward and with low p
T

. In order for the event

to pass the selection cut, that requires at least two jets with p
T

> 25 GeV and |⌘| < 2.4, at least

one of the two preferentially forward jets must be central and hard enough, implying a significant

reduction of the cross-section. However this is not yet the dominant e↵ect, the main reduction of the

signal is due to the cut R
T

> 80 GeV discussed before. Indeed R
T

is computed without including

the two hardest leptons and the two hardest jets, which in our case means, since we have only 3

leptons and typically only 2 jets, that the momentum of the softest lepton must be above 80 GeV.

Therefore in the end the signal is completely killed. The situation is better for the single production

with the t since one typically has more particles produced in this case and therefore the e�ciencies

are comparable with the ones of pair production.

The situation is better for the single production with the t, the e�ciencies are comparable with

the ones of pair production (see Table 8). However, we have seen in section 3.3 (see fig. 7) that

the rate of pair production is typically larger than the one of single production with the top, in the

relevant mass range. Since the e�ciencies are comparable we do not expect a sizable contribution

from this process. The signal is totally dominated by the pair production and the BR( eT ! Z t) is

fixed to be about 1/4, as discussed in section 3.3. Therefore the bounds one can infer are mainly

on me
T

, but a mild dependence on the other parameters (⇠ and y) is still residual in the BR. The

31

single prod. coupling

Significant improvement of the bound from single production

Top Partners at the LHC

40

De Simone, Matsedonski, Rattazzi, AW, 2012



700 800 900 1000 1100
0

1

2

3

4

5

mX5!3
"GeV#

c
1

Ξ"0.4

Ξ"0.4

Ξ"0.2

Ξ"0.2

Ξ"0.1

Ξ"0.1

CMS SSDL

y " 3

700 800 900 1000 1100
0

1

2

3

4

5

mX5!3
"GeV#

c
1

0.4
0.4

0.2
0.2

0.1
0.1

CMS SSDL

y ! 0.3

FIG. 9: The excluded region of (c
1

, mX) for a fixed set of ⇠ and y. Two choices of y-values are

shown. Left: y = 3, corresponding to the case with mB � m
5/3. Right: y = 0.3, corresponding

to the case with mB ⇠> m
5/3. For each y-value, we plot the contours for three di↵erent values of

⇠ ⌘ (v/f)2: ⇠ = 0.1 (dotted), ⇠ = 0.2 (solid), and ⇠ = 0.4 (dashed). Black lines are obtained by

our “l + jets” style cut-and-count analysis, assuming 20 fb�1 of LHC8 data. Red lines indicate the

recast CMS SSDL analysis.

at 14 TeV their decay products will be more boosted and their radiation will be confined

to a smaller area of the detector. Particularly for the reconstruction of isolated leptons

this can pose a severe challenge. However, already in searches at 8 TeV mini-isolation

criteria for the reconstruction of isolated leptons were proposed and successfully applied

[65]. In this kinematic regime boosted techniques will be indispensable. In fact, some of the

existing taggers might need further development to exploit the LHC’s energy reach to the

fullest [36]. In any case, the observables and search strategies discussed in this work will

be directly applicable at 13 (14) TeV, hereby helping to discover TeV-scale top partners or

constraining the parameter space of composite Higgs models.
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A recent progress:
(Azatov, Salvarezza, Son, Spannowsky, 2013)

Sensitive to        pair and single, though not optimized for the latter one

are mediated by y. The couplings are

M1

5

, M1

14

(⇢ + i�0) eT
R

t
L

yp
2

�+ eT
R

b
L

y

(3.9)

The top partner eT now is in a SM singlet, therefore the interactions allowed before EWSB are the

ones with the left-handed doublet. The
p

2 suppression of the coupling with the top is due, once

again, to the SM symmetry. One important implication of eq. (3.9) is that the eT , contrary to the

partners in the fourplet, can be copiously produced singly in association with a bottom quark. We

will discuss this and other features of our models in the following section.

3.3 The Most Relevant Channels

We discuss here the most relevant production and decay processes of each top partner, identifying

the best channels where these particles should be looked for at the LHC. Obviously one would need

an analysis of the backgrounds to design concrete experimental searches for these promising channels

and to establish their practical observability. We leave this to future work and limit ourselves to

study, in section 4, the constraints on the top partners that can be inferred from presently available

LHC searches of similar particles

Let us first consider the models M4

5

, M4

14

and analyze separately each of the new fermions.

• X
5

/

3

X
5

/

3

, together with X
2

/

3

, is the lightest top partner, it is therefore the easiest to produce.

Production can occur in pair, via QCD interactions, or in association with a top quark through

its coupling with a top and a W+. The coupling, see eq. (3.8), is controlled by g
 

= m
X

5

/

3

/f ,

which grows with mass at fixed f . We thus expect single production to play an important

role at high mass, where it is enhanced with respect to pair production by both kinematics

and a larger coupling (at fixed f). This is confirmed, for a particular but typical choice of

parameters, by the plot in Figure 4.

Since it is the lightest partner, X
5

/

3

decays to W+t with unit branching ratio. The relevant

channel for its observation is X
5

/

3

! tW in association with a second top quark of opposite

charge. The latter is present in both single and pair production processes. This results in clean

signals consisting of either same-sign dileptons or trileptons plus jets. In the following section

we will recast the LHC searches for these signals and obtain a limit on X
5

/

3

production. In

addition to two top quarks and a W , pair production also leads to a second hard W while single

production (see Figure (3)) features a light-quark jet associated with virtual W emission.

Notice that the light-quark jet in single production is typically forward with a p
T

. m
W

because the emission of the virtual W is enhanced in this kinematical region [16] . In practice

this jet has the same features of the“tag jets” in VBF Higgs production and in WW–scattering.

The events are thus characterized by a forward isolated jet in one of the hemispheres. The

relevant kinematical distributions are shown in Figure (5) for the production of a 600 GeV

partner. Like in VBF or WW -scattering, one might hope to employ the forward jet as a tag

to discriminate single production form the background. Ref. [16] argued that the main source
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Summary of production/decay:        \

Production:    sing.+b typically dominant

⇠ c
1

g
 

in eq. (3.8). Like in the case of T , SU(2) selection rules suppress the decay to WX
2

/

3

.

Moreover, the decay B ! WT , when kinematically allowed, proceeds either via a transverse

W , with SM gauge coupling g < g
 

, or via a longitudinal W , with e↵ective coupling suppressed

by ✏. Therefore also this decay is significantly suppressed. The decay B ! Zb is forbidden

because, as we explained in sect. 2.2.2, flavor-changing neutral couplings are absent in the

charge �1/3 sector. The B ! hb channel is forbidden in model M4

5

and suppressed by ✏ in

model M4

14

. In the latter model it can play a role, but only in a corner of the parameter

space.

Single production, since the ZBb vertex is absent, is always accompanied by a top quark. The

signature of single B production is therefore a resonant B ! Wt plus an opposite charge top,

the same final states of single X
5

/

3

production. In the end, B production, single and pair, has

the same signatures as X
5

/

3

production: same sign leptons or trileptons plus jets.

Let us now switch to models M1

5

and M1

14

, where the only new heavy fermion is the T̃ .

• eT
eT has a very rich phenomenology because it can be copiously produced through all the three

mechanisms described above. We see in eq. (3.9) that eT couples to both Zt and Wb, with a

coupling of order y ⇠ y
t

/c
2

. It can therefore be singly produced either in association with a

top or with a bottom quark. Notice that in the range c
2

⇠ 1 suggested by power counting, the

trilinear coupling is of order y
t

, which is expected to be generically smaller than the strong

sector coupling g
 

that controls the single production of top partners in a (2, 2). The bands

in the left panel of Fig. 7, indicate the single prooduction cross section12 for 0.5 < c
2

< 2:

comparing the blue band to the corresponding case of X
2

/

3

t and X
5

/

3

t production in models

M4

5

and M4

14

, one notices, as expected, a typically smaller rate for models M1

5

and M1

14

.

While y ⇠ y
t

(c
2

⇠ 1) is favored by naive power counting, one can entertain the possibility of

choosing y > y
t

(c
2

< 1), for which the single production rate can be sizeable. However, for

a given value of me
T

and f , there is a mathematical upper bound y
max

on y determined by

eqs. (2.28). The right plot in Fig. 7 shows that y
max

grows with me
T

and that it is comparable

in model M1

5

and model M1

14

. In the left panel of Fig. 7, the green line and the blue line

shows, respectively for T̃ b and T̃ t, the maximal allowed cross section, which basically coincides

with the choice y = y
max

13. For such maximal values the single production cross section can

be quite sizeable.

Single production of a T̃ -like partner was considered in the context of Little Higgs models

in Refs. [32, 33], and more recently for composite Higgs models in Ref. [34], where it was

also considered the possibility of using a forward jet tag as a handle for this kind of searches.

The total cross section in this channel is favored over single production with a t by both

kinematics and by the
p

2 factor in charged current transitions. Indeed, as shown in Fig. (7)

associated T̃ b production dominates even over pair production in all the relevant mass-range

12By fixing m
t

, ⇠, c
2

and m
˜

T

the result for model M1
14

and M1
5

coincide. Indeed, by comparing the la-

grangians (B.6) and (B.7), one notices that the gauge vertices and the mass spectrum of model M1
14

equal those

of model M1
5

when the equality yM15 sin ✏ = yM114 sin 2✏/2 holds.
13Note that, for a given m e

T

, y
max

does indeed correspond to the maximal value of the Wb̄ eT -coupling, while the

coincidence is not exact in the case of the Zt̄ eT -coupling.
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Figure 7: Left panel: cross sections for the di↵erent production mechanisms of eT for the models M15 and
M114 for ⇠ = 0.2. Red dashed: pair production; green line: T̃ b production with the maximal allowed coupling,
green band: T̃ b production for 0.5 < c2 < 2; blue line: T̃ t production for the maximal allowed coupling, blue
band: T̃ t production for 0.5 < c2 < 2. Right panel: maximal allowed y for the models M15 (in yellow) and
M114 (in red).

while single production with the t is rather small. The role of kinematics is especially important

in this result, as the large T̃ b cross section is dominated by the emission of a soft b, with

energy in the tens of GeV, a regime obviously unattainable in the similar process wih a t.

Indeed by performing a hard cut of order m
t

on the p
T

of the b, the T̃ b cross section would

become comparable to that for T̃ t. Unfortunately the current LHC searches do not exploit the

large inclusive rate of production with the b quark because they are designed to detect pair

production. We will show in the following section that the acceptance of single production,

with the cuts presently adopted is extremely low. We believe there is space for substantial

improvement in the search strategy.

Also concerning decays, all the possible channels are important in the case of eT . It decays to

Wb, Zt and ht at zeroth order in ✏, with a fixed ratio of couplings. By looking at eq. (3.9)

we obtain BR( eT ! Z t) ⇡ BR( eT ! h t) ⇡ 1

2

BR( eT ! W b) ⇡ 0.25. Actually the branching

fraction to Wb is even further enhanced by the larger phase space, though this is only relevant

for low values of me
T

. Given that the branching fraction is larger, ideally the resonant Wb

production would be the best channel to detect the eT . However one should manage to design

a search strategy to reject the background while retaining the signal. In particular one should

retain as much as possible the contribution from the large single production in association with

the b. A possibly cleaner decay channel could then be eT ! Z t with leptonic Z.

4 LHC Bounds

In this section we derive bounds on our models using the presently available LHC searches. Given

that the top partners are heavy fermions coupled to top and bottom, we focus on the experimental

searches for 4th family quarks, which present a somewhat similar phenomenology 14. We will make

14Significant bounds on the top partners could also emerge from unrelated studies like the searches of SUSY performed

with the ”razor” variable [35]. We thank M. Pierini for suggesting this possibility, obviously this is an interesting

direction to explore.
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Summary of production/decay:        \

Production:    sing.+b typically dominant

        Decay:

Plenty of possible final states, rich phenomenology          

Wb mode studied in one/two lep + one/two b + jets:    
ATLAS arXiv:1210.5468 
CMS arXiv: 1203.5410 

⇠ c
1

g
 

in eq. (3.8). Like in the case of T , SU(2) selection rules suppress the decay to WX
2

/

3

.

Moreover, the decay B ! WT , when kinematically allowed, proceeds either via a transverse

W , with SM gauge coupling g < g
 

, or via a longitudinal W , with e↵ective coupling suppressed

by ✏. Therefore also this decay is significantly suppressed. The decay B ! Zb is forbidden

because, as we explained in sect. 2.2.2, flavor-changing neutral couplings are absent in the

charge �1/3 sector. The B ! hb channel is forbidden in model M4

5

and suppressed by ✏ in

model M4

14

. In the latter model it can play a role, but only in a corner of the parameter

space.

Single production, since the ZBb vertex is absent, is always accompanied by a top quark. The

signature of single B production is therefore a resonant B ! Wt plus an opposite charge top,

the same final states of single X
5

/

3

production. In the end, B production, single and pair, has

the same signatures as X
5

/

3

production: same sign leptons or trileptons plus jets.

Let us now switch to models M1

5

and M1

14

, where the only new heavy fermion is the T̃ .

• eT
eT has a very rich phenomenology because it can be copiously produced through all the three

mechanisms described above. We see in eq. (3.9) that eT couples to both Zt and Wb, with a

coupling of order y ⇠ y
t

/c
2

. It can therefore be singly produced either in association with a

top or with a bottom quark. Notice that in the range c
2

⇠ 1 suggested by power counting, the

trilinear coupling is of order y
t

, which is expected to be generically smaller than the strong

sector coupling g
 

that controls the single production of top partners in a (2, 2). The bands

in the left panel of Fig. 7, indicate the single prooduction cross section12 for 0.5 < c
2

< 2:

comparing the blue band to the corresponding case of X
2

/

3

t and X
5

/

3

t production in models

M4

5

and M4

14

, one notices, as expected, a typically smaller rate for models M1

5

and M1

14

.

While y ⇠ y
t

(c
2

⇠ 1) is favored by naive power counting, one can entertain the possibility of

choosing y > y
t

(c
2

< 1), for which the single production rate can be sizeable. However, for

a given value of me
T

and f , there is a mathematical upper bound y
max

on y determined by

eqs. (2.28). The right plot in Fig. 7 shows that y
max

grows with me
T

and that it is comparable

in model M1

5

and model M1

14

. In the left panel of Fig. 7, the green line and the blue line

shows, respectively for T̃ b and T̃ t, the maximal allowed cross section, which basically coincides

with the choice y = y
max

13. For such maximal values the single production cross section can

be quite sizeable.

Single production of a T̃ -like partner was considered in the context of Little Higgs models

in Refs. [32, 33], and more recently for composite Higgs models in Ref. [34], where it was

also considered the possibility of using a forward jet tag as a handle for this kind of searches.

The total cross section in this channel is favored over single production with a t by both

kinematics and by the
p

2 factor in charged current transitions. Indeed, as shown in Fig. (7)

associated T̃ b production dominates even over pair production in all the relevant mass-range

12By fixing m
t

, ⇠, c
2

and m
˜

T

the result for model M1
14

and M1
5

coincide. Indeed, by comparing the la-

grangians (B.6) and (B.7), one notices that the gauge vertices and the mass spectrum of model M1
14

equal those

of model M1
5

when the equality yM15 sin ✏ = yM114 sin 2✏/2 holds.
13Note that, for a given m e

T

, y
max

does indeed correspond to the maximal value of the Wb̄ eT -coupling, while the

coincidence is not exact in the case of the Zt̄ eT -coupling.
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Example II: recasting CMS t’ to Zt 
(arXiv:1109.4985)

Sensitive to     pair and single+top, but not to single + bottom   

Small efficiency due to asking extra hard activity besides Z and top

⇠ c
1

g
 

in eq. (3.8). Like in the case of T , SU(2) selection rules suppress the decay to WX
2

/

3

.

Moreover, the decay B ! WT , when kinematically allowed, proceeds either via a transverse

W , with SM gauge coupling g < g
 

, or via a longitudinal W , with e↵ective coupling suppressed

by ✏. Therefore also this decay is significantly suppressed. The decay B ! Zb is forbidden

because, as we explained in sect. 2.2.2, flavor-changing neutral couplings are absent in the

charge �1/3 sector. The B ! hb channel is forbidden in model M4

5

and suppressed by ✏ in

model M4

14

. In the latter model it can play a role, but only in a corner of the parameter

space.

Single production, since the ZBb vertex is absent, is always accompanied by a top quark. The

signature of single B production is therefore a resonant B ! Wt plus an opposite charge top,

the same final states of single X
5

/

3

production. In the end, B production, single and pair, has

the same signatures as X
5

/

3

production: same sign leptons or trileptons plus jets.

Let us now switch to models M1

5

and M1

14

, where the only new heavy fermion is the T̃ .

• eT
eT has a very rich phenomenology because it can be copiously produced through all the three

mechanisms described above. We see in eq. (3.9) that eT couples to both Zt and Wb, with a

coupling of order y ⇠ y
t

/c
2

. It can therefore be singly produced either in association with a

top or with a bottom quark. Notice that in the range c
2

⇠ 1 suggested by power counting, the

trilinear coupling is of order y
t

, which is expected to be generically smaller than the strong

sector coupling g
 

that controls the single production of top partners in a (2, 2). The bands

in the left panel of Fig. 7, indicate the single prooduction cross section12 for 0.5 < c
2

< 2:

comparing the blue band to the corresponding case of X
2

/

3

t and X
5

/

3

t production in models

M4

5

and M4

14

, one notices, as expected, a typically smaller rate for models M1

5

and M1

14

.

While y ⇠ y
t

(c
2

⇠ 1) is favored by naive power counting, one can entertain the possibility of

choosing y > y
t

(c
2

< 1), for which the single production rate can be sizeable. However, for

a given value of me
T

and f , there is a mathematical upper bound y
max

on y determined by

eqs. (2.28). The right plot in Fig. 7 shows that y
max

grows with me
T

and that it is comparable

in model M1

5

and model M1

14

. In the left panel of Fig. 7, the green line and the blue line

shows, respectively for T̃ b and T̃ t, the maximal allowed cross section, which basically coincides

with the choice y = y
max

13. For such maximal values the single production cross section can

be quite sizeable.

Single production of a T̃ -like partner was considered in the context of Little Higgs models

in Refs. [32, 33], and more recently for composite Higgs models in Ref. [34], where it was

also considered the possibility of using a forward jet tag as a handle for this kind of searches.

The total cross section in this channel is favored over single production with a t by both

kinematics and by the
p

2 factor in charged current transitions. Indeed, as shown in Fig. (7)

associated T̃ b production dominates even over pair production in all the relevant mass-range

12By fixing m
t

, ⇠, c
2

and m
˜

T

the result for model M1
14

and M1
5

coincide. Indeed, by comparing the la-

grangians (B.6) and (B.7), one notices that the gauge vertices and the mass spectrum of model M1
14

equal those

of model M1
5

when the equality yM15 sin ✏ = yM114 sin 2✏/2 holds.
13Note that, for a given m e

T

, y
max

does indeed correspond to the maximal value of the Wb̄ eT -coupling, while the

coincidence is not exact in the case of the Zt̄ eT -coupling.
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pair prod. e↵. [%] single prod. e↵. [%]

M [GeV] T T̄ ! ZtZt̄ T T̄ ! ZtWb̄ T T̄ ! Zt ht̄ T t̄ j T b̄ j

300 1.78 1.22 1.51 1.13 0.03

350 1.93 1.47 1.64 1.17 0.03

450 2.21 1.81 1.81 1.25 0.05

550 2.34 1.93 1.95 1.30 0.06

650 2.40 2.12 1.96 1.35 0.08

Table 8: Cuts e�ciencies for the charge 2/3 top partners going to trileptons for the case of pair production and
di↵erent decay channels, and a single production for the cases of Z-t fusion(4th column) and W-b fusion(5th

column). E�ciencies contain the cuts losses and BR’s of W, Z and the SM Higgs boson.

resulting bound is about me
T

& 320 GeV in both models M1

5

,M1

14

, and it is maximized at large ⇠

and small y me
T

& 350 GeV in model M1

14

. These bounds are not competitive with those coming

from the t0 ! W b search, as we are going to discuss next.

4.3 Search for t0 ! W b

The last experimental study that we are going to consider is the search for a 4th generation t0 quark

decaying to Wb [38]. The search is performed in the channel of two opposite sign leptons (away from

the Z pole) with two tagged bottom quarks. A very important selection cut, which is needed to

suppress the background from the top quark production, is that the invariant mass of all the lepton

and b-jet pairs, M
lb

, is above 170 GeV. This forbids that the lepton and the b originate from the

decay of a top quark. Using data from 5fb�1 of integrated luminosity, a lower bound of 557 GeV

was set on the t0 mass [38].

In our models, only eT can decay to Wb with a sizable branching fraction. We will therefore

use Ref. [38] to put constraints on models M1

5

and M1

14

16. The single production mode with

the b is definitely not relevant in this case because it only leads to one lepton. The one with the

t is also irrelevant because the second lepton would come from the decay of the top quark and it

would not satisfy the cut on M
lb

. We are therefore left with pair production. Moreover, because of

the M
bj

> 170 GeV cut, and as was explicitly checked in Ref. [41], pair production contributes to

the signal only if both eT ’s decay to Wb. We are then left with the same channel, eT eT ! WbWb,

considered in Ref. [38]. The chirality of the coupling responsible for the decay is also the same as

in the 4th family case. Therefore the e�ciencies can be extracted directly from Ref. [38] without

any need for additional simulations. Given the e�ciency and taking into account that the branching

fraction of the eT to Wb, we can easily compute the signal yield and compare it with the bound

obtained in [38].

16Also pair produced B and X
5

/

3

decaying to Wt contributes to the final states considered in Ref. [38]. However

the resulting bound on these states is lower than the one obtained using Ref. [36]. In addition the signature used in

Ref. [38] is insensitive to single production. Thus we do not expect any improvement of the bounds on the models

M4
5

and M4
14

from this search.

32

Signal, instead, has fwd jet plus soft b

Having lost the main production signal, the bound is weak,                or less300GeV
44

De Simone, Matsedonski, Rattazzi, AW, 2012



Top Partners at the LHC

350 400 450 500 550
0.0

0.1

0.2

0.3

0.4

0.5

MT
é @GeVD

x

M15

350 400 450 500 550
0.0

0.1

0.2

0.3

0.4

0.5

MT
é @GeVD

x

M114

Figure 10: Excluded (95%CL) regions in the (MeT , ⇠) plane, using the search t0 ! Wb, for the models M15

and M114 for y = 0.5 (green), y = 2 (blue) (corresponding approximately to c2 ' 2 (green), c2 ' 0.5 (blue)).
In the gray dashed region there are no solutions for MeT (y, ⇠) when y = 2.

Plots and results

We show the excluded regions of the parameter space in terms of ⇠ and Me
T

on the Fig. 10. The

exclusion is stronger for larger y (and smaller c
2

) due to a larger BR( eT ! Wb) in this case. As was

already discussed in the Section 3.2 the gauge interactions of the model M1

14

are similar to the ones

of the model M1

5

and therefore the excluded regions are also similar. The di↵erence is sizable in the

region close to ⇠ = 0.5 where in the model M1

14

interactions with a Higgs boson vanish according

to Eq. (B.7) and therefore the BR of the competitive decay to Wb increases. The regions without

solutions for eT (y, ⇠) when y is large correspond to those defined by the Eq. (2.28).

Due to a larger amount of data analyzed and a higher BR of the eT ! W b decay mode the

search of Ref. [43] gives a better constraint on the parameters of our models than the previously

considered search eT ! Z t [42]. However one may expect that with increased amount of analyzed

data the search for eT ! Z t can become competitive due to its sensitivity to single production.

4.4 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

corresponds to the highest y, c
1

and ⇠ and the opposite for the lowest exclusion. Maximal eT mass

exclusion is reached when y and ⇠ are maximal and the minimal exclusion is obtained for minimal y

and ⇠. In Fig. 11, we show our results for the maximal and minimal exclusions obtained by varying

the parameters in the ranges: y 2 [0.3, 3], c
1

2 [0.3, 3] and ⇠ 2 [0.1, 0.3].
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Example III: recasting the CMS t’ Wb search 
(arXiv:1203.5410)
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T

on the Fig. 10. The

exclusion is stronger for larger y (and smaller c
2

) due to a larger BR( eT ! Wb) in this case. As was

already discussed in the Section 3.2 the gauge interactions of the model M1

14

are similar to the ones

of the model M1

5

and therefore the excluded regions are also similar. The di↵erence is sizable in the

region close to ⇠ = 0.5 where in the model M1

14

interactions with a Higgs boson vanish according

to Eq. (B.7) and therefore the BR of the competitive decay to Wb increases. The regions without

solutions for eT (y, ⇠) when y is large correspond to those defined by the Eq. (2.28).

Due to a larger amount of data analyzed and a higher BR of the eT ! W b decay mode the

search of Ref. [43] gives a better constraint on the parameters of our models than the previously

considered search eT ! Z t [42]. However one may expect that with increased amount of analyzed

data the search for eT ! Z t can become competitive due to its sensitivity to single production.

4.4 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

corresponds to the highest y, c
1

and ⇠ and the opposite for the lowest exclusion. Maximal eT mass

exclusion is reached when y and ⇠ are maximal and the minimal exclusion is obtained for minimal y

and ⇠. In Fig. 11, we show our results for the maximal and minimal exclusions obtained by varying

the parameters in the ranges: y 2 [0.3, 3], c
1

2 [0.3, 3] and ⇠ 2 [0.1, 0.3].
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Example III: recasting the CMS t’ Wb search 
(arXiv:1203.5410)

NEW RESULTS:
(ATLAS-CONF-2013-060)

(CMS PAS B2G-12-015)

M > 670 GeV
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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

22

Impact on a concrete model (roughly):

Q=2/3

Q=5/3

⇠ = 0.2

47



Top Partners at the LHC

Impact on a concrete model (roughly):

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
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Conclusions and Outlook

Natural models of EWSB will be tested at the LHC, even a negative 
result would change our perspective on Fundamental Interactions.

A pNGB Higgs with P.C. could work, robust visible signatures are:
• Higgs couplings modifications    
• Direct observation of Top Partners
• Don’t forget spin one resonances (good for 14 TeV)

Present data are already probing part of the natural par. space.

Top partner searches are still at a primitive stage, needs work from both 
the th. and exp. community.

Single production sizable or dominant, however searches for 
pair prod. ask extra hard objects sing. prod. instead leads to fwd jet

Significant improvements are possible in top partners bounds 
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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.

• X
2

/

3

X
2

/

3

is also light and therefore easier to produce than the heavier partners. At the leading order,

as eq. (3.8) shows, it couples with strength c
1

g
 

to the Higgs and Z bosons. The dominant

decay channels are thus X
2

/

3

! Zt and X
2

/

3

! ht and BR(X
2

/

3

! Z t) ⇡ BR(X
2

/

3

! h t) ⇡
0.5. In model M4

5

the coupling to Wb vanishes exactly, while in model M4

14

the coupling

is non-zero but suppressed by ✏ ⇠ v/f . The decay X
2

/

3

! Wb is therefore typically sub-

dominant and can become relevant only in a corner of parameter space characterized by low

mass, y✏ = O(1) and c
1

< 1. Given that X
2

/

3

! ht is probably di�cult to detect (see however

Ref. [36] for recent analyses), the search for X
2

/

3

must rely on the decay mode X
2

/

3

! Zt, with

Z further decaying to charged leptons. An extra suppression from the small branching ratio

must then be payed. This disfavors the X
2

/

3

signal compared to that of X
5

/

3

, for which the

branching ratio needed to reach the leptonic final state is close to one.

X
2

/

3

is produced in pairs via QCD interactions and singly via the ZX
2

/

3

t coupling,. In the

latter case a top quark is produced in association. Both production modes lead to a resonant

X
2

/

3

! Zt plus one top of opposite charge. In the case of single production there will be a

forward jet, as previously discussed in the case of X
5

/

3

. In the case of pair production there will

be either a Higgs or a Z from the other partner. Another possible single production mode, in

association with a b quark rather than a t, is strictly forbidden in model M4

5

and is suppressed

by the small coupling to Wb in model M4

14

. However single production in association with

a b is kinematically favored over that with t. Kinematics then compensates the suppressed

coupling and makes the two rates typically comparable in model M4

14

, as shown in Fig. 6.

By comparing with Fig. 4, we see that, in the case of X
2

/

3

, single production in association
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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.

• X
2
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3

X
2

/

3

is also light and therefore easier to produce than the heavier partners. At the leading order,

as eq. (3.8) shows, it couples with strength c
1

g
 

to the Higgs and Z bosons. The dominant

decay channels are thus X
2

/
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! Zt and X
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! ht and BR(X
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! Z t) ⇡ BR(X
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! h t) ⇡
0.5. In model M4

5

the coupling to Wb vanishes exactly, while in model M4

14

the coupling

is non-zero but suppressed by ✏ ⇠ v/f . The decay X
2

/

3

! Wb is therefore typically sub-

dominant and can become relevant only in a corner of parameter space characterized by low

mass, y✏ = O(1) and c
1

< 1. Given that X
2

/

3

! ht is probably di�cult to detect (see however

Ref. [36] for recent analyses), the search for X
2

/

3

must rely on the decay mode X
2

/

3

! Zt, with

Z further decaying to charged leptons. An extra suppression from the small branching ratio

must then be payed. This disfavors the X
2

/

3

signal compared to that of X
5

/

3

, for which the

branching ratio needed to reach the leptonic final state is close to one.

X
2

/

3

is produced in pairs via QCD interactions and singly via the ZX
2

/

3

t coupling,. In the

latter case a top quark is produced in association. Both production modes lead to a resonant

X
2

/

3

! Zt plus one top of opposite charge. In the case of single production there will be a

forward jet, as previously discussed in the case of X
5

/

3

. In the case of pair production there will

be either a Higgs or a Z from the other partner. Another possible single production mode, in

association with a b quark rather than a t, is strictly forbidden in model M4

5

and is suppressed

by the small coupling to Wb in model M4

14

. However single production in association with

a b is kinematically favored over that with t. Kinematics then compensates the suppressed

coupling and makes the two rates typically comparable in model M4

14

, as shown in Fig. 6.

By comparing with Fig. 4, we see that, in the case of X
2

/

3

, single production in association

22

fwd jet, similar to VBF tag jets
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Conclusions and Outlook

Natural models of EWSB will be tested at the LHC, even a negative 
result would change our perspective on Fundamental Interactions.

A pNGB Higgs with P.C. could work, robust visible signatures are:
• Higgs couplings modifications    
• Direct observation of Top Partners
• Don’t forget spin one resonances (good for 14 TeV)

Present data are already probing part of the natural par. space.

Top partner searches are still at a primitive stage, needs work from both 
the th. and exp. community.

Single production sizable or dominant, however searches for 
pair prod. ask extra hard objects sing. prod. instead leads to fwd jet

Significant improvements are possible in top partners bounds 
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